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Abstract

The Large Hadron Collider (LHC) at CERN (Geneva)

was commissioned and operated in the years 2009-2013

up to a beam energy of 4 TeV. A peak luminosity of

0.77 · 1034 cm−2s−1 was reached and an integrated lumin-

osity of around 29 fb−1 was delivered to both ATLAS and

CMS. This performance allowed the discovery of a scalar

boson. The LHC is presently in a shutdown phase ded-

icated to consolidation and maintenance that will allow the

restart of beam operation in early 2015 at an increased

beam energy of 6.5 to 7 TeV. Maximum acceptable pileup,

effectiveness of electron-cloud scrubbing, and fast loss

events are some of the issues that will shape the choice

of operational parameters, cycle setup, and the commis-

sioning strategy. The baseline choices and options for the

restart after the shutdown are presented. In addition the

roadmap for future performance upgrades is sketched.

INTRODUCTION

The Large Hadron Collider (LHC) at CERN is a 27 km

long circular accelerator and collider based on super-

conducting two-in-one magnets and designed for a beam

energy of 7 TeV [1]. It features 8 straight sections: 4

Interaction Points (IPs) are reserved for accelerator equip-

ment and 4 house particle physics experiments. IP3 and 7

are dedicated to the collimation system, IP4 houses the

RF system and most of the beam instrumentation, IP6 the

beam dump system. IP1 and 5 contain ATLAS and CMS,

the high luminosity experiments, while IP2 and 8 accom-

modate ALICE and LHCb, together with beam injection.

Initial commissioning with beam was re-started at the

end of 2009, and first collisions at 3.5 TeV were achieved

on 30 March 2010. The decision to limit the energy to

3.5 TeV was taken in order to reduce the risk of repeating

events similar to the 2008 incident, when a highly resist-

ive splice combined with a non-continuity in the copper

stabilizer caused localized over-heating and an accidental

release of the 600 MJ that were stored in the sector. After

two years of successful running at 3.5 TeV with no acci-

dental beam-induced quench at high energy, the decision

was taken to run at 4 TeV per beam (in 2012 and 2013) un-

til the start of the first Long Shutdown (LS1) during which

the machine is being consolidated to run safely at 7 TeV.

The few weeks in 2009 and the year 2010 were dedicated

to gaining the first operational experience. Initially,

operation was with “pilot” bunch intensity (few 10
9 ppb),

to commission the first squeeze. In June 2010 the bunch

intensity was increased to “nominal” (≈ 10
11 ppb) and the

summer was a period of steady running at ≈1 MJ to gain

experience with intense beams and Machine Protection. In

September the injection of bunch trains was commissioned

(150 ns bunch spacing) and by mid-October the yearly

target of an instantaneous luminosity of 10
32 cm−2s−1

was achieved.

Operation in 2011 started with 75 ns beams, and 50 ns

beams were used only after a scrubbing run. With 50 ns

beams, the number of bunches was slowly increased to

1380, then luminosity production was improved by reducing

the transverse emittance, by squeezing further (from

beta star 1.5 m to 1 m) and finally by gently increasing the

bunch intensity. Squeezing to 0.6 m in 2012 allowed the

production rates to increase even further and the year cul-

minated with the discovery of the Higgs boson on 4 July

2012. The main machine and beam parameters are recalled

in Table 1 for 2010-2012 and for the Design Report [1] for

comparison. Operation with lead ions was also very

successful [2, 3], but is not discussed here.

LONG SHUTDOWN 1

In the morning of 16 February 2013 the last LHC beam

of run 1 was dumped and the LS1 started. The duration of

the LS1 is planned to be approximately 20 months, and first

beam is supposed to be back in the LHC in early 2015. This

is to be compared to the winter shutdowns of 2010, 2011,

2012, that were as short as a couple of months and during

which only fundamental maintenance was carried out.

The LS1 [4] firstly addresses the need to consolidate the

interconnections between the LHC main magnets (soldered

joints of two superconducting cables, splices, stabilized by

a copper bus bar) to allow the LHC to operate at the

nominal centre-of-mass energy of 14 TeV. It additionally

targets consolidation activities to guarantee reliable operation

of the LHC and its injectors until the next long shutdown

(presently foreseen for 2018). Quality controls are per-

formed on the splices and, in case of failure, the splices are

remade. Consolidation activities include also the installa-

tion of shunts to improve electrical continuity and insula-

tion boxes that provide mechanical restraints in addition to

dielectric strength.

At the time of writing, the shutdown activities are pro-

gressing well. The consolidation activities spread across

most of the machine, with hte interconnections being

opened in sectors 12 and 23 being opened, the electrical
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Table 1: Main Beam and Machine Parameters for Design Peport, 2010, 2011, 2012 and Options for 2015

Parameter 2010 2011 2012 Nominal 2015 (50 ns) 2015 (25 ns)

collision energy [TeV] 3.5 3.5 4 7 6.5 6.5

Nb [1011 ppb] 1.2 1.45 1.6 1.15 1.6 1.15

k 368 1380 1380 2808 1260 2508

bunch spacing 150 75/50 50 25 50 25

stored energy [MJ] 25 112 140 362 210 300

tr. emittance [μrad] 2.4 2.4 2.5 3.75 1.6 1.9

beta star (β∗) [m] 3.5 1.5, 1 0.6 0.55 0.4 0.5

L [cm−2s−1] 2 · 10
32

3.5 · 1033 7.7 · 1033 1 · 10
34

2 · 10
34

1.5 · 1034

pile-up μ 8 17 38 26 120 44

quality of the old splices being tested in sector 81, shunts

and insulation boxes being installed in sectors 67 and 78.

The activities in sector 56, the first to be opened, are com-

pleted apart from few non-conformities, and the first vac-

uum leak tests gave positive results.

The activities have so far accumulated a delay of 3 weeks

with respect to the initial schedule. This can be traced

back to a few causes: a few technical issues (which are

being solved), the summer vacation period and the conse-

quent slow down of activities, and the fact that more splices

than expected are to be redone (15% was expected, while

30% failed the quality tests so far, on 40% of the machine).

A few bad surprises were also discovered, e.g. damaged

bellows in the cryogenic system and in the electrical feed

boxes, for which the repair is under study.

PREPARATION FOR RESTART

At the end of the shutdown activities a number of tests

are performed on a sector by sector basis: electrical qual-

ity assurance tests are performed at room temperature, fol-

lowed by flushing and cool down to cryogenic tempera-

tures, further electrical quality tests and a full campaign of

powering tests.

The hardware commissioning powering tests verify cor-

rect behaviour of the superconducting circuits and the as-

sociated protection systems, and are currently foreseen for

the second half of 2014. All circuits but the main ones are

tested up to the 7 TeV equivalent current values. Concern-

ing the main circuits, the current baseline is to train them

to 6.55 TeV (for which about 100 quenches are expected to

be needed [5]), to allow to initially operate at 6.5 TeV beam

energy.

In parallel to the powering campaigns, the other accel-

erator systems are also tested in “dry runs”, so to verify

the equipment control from the central control room (e.g.

beam dump, RF, injection kickers, etc.). Also, in parallel

to the end of the powering tests, a “sector test” with beam

is foreseen for the end of 2014. It plans the injection of

beam from point 8 to point 7 to the dump in point 6. It

requires the readiness of sectors 67 and 78 and many other

systems, and allows verifying system-wide integration and

pre-commissioning many key procedures.

Finally, a global machine checkout takes place, in which

the integration of all systems is verified, including inter-

locking functionality. The goal is to run the machine

through the full cycle without beam.

BEAM COMMISSIONING

The LHC commissioning with beam starts after a suc-

cessful machine cold checkout. The breakdown of the

beam commissioning into phases to build the nominal cycle

is rather standard. Traditionally, the first injections are used

to “thread” the beam around the machine: with the small-

est intensity detectable by the beam position monitors, the

trajectory is corrected one sector at a time, and the beam

stopped on collimators. When a closed orbit is established,

the setup of the RF system can start, allowing to capture the

beam. Injection of a bunch of nominal intensity is used to

record a flat orbit reference and setup primary collimators,

beam instrumentation, transverse damper, etc.

The first energy ramp and beta star squeeze require the

commissioning of orbit, tune and radial feedback, then

optic measurements and corrections are also performed.

Then, crossing and separation bumps are added through-

out the cycle, allowing further measurements of aperture

and beta star. Finally, collisions are established in all in-

teraction points and RF cogging is performed to align the

collision in the center of the experiments. Note that the

protection by the collimators is verified by performing con-

trolled tests of losses at injection, flat top, after squeeze and

in collisions.

A total of about 2 months in the beginning of 2015 is

required for completing these steps, including testing thor-

oughly all machine protection systems. While in this initial

phase everything is performed with at most 2-3 nominal

bunches in the machine, the injection of many bunches at

a time (bunch trains) and the increase of intensity in the

machine is performed in steps, i.e. “intensity ramp-up”.

Intensity Ramp-up

The intensity increase from few nominal bunches to a

full machine is staged in steps. Some fills with limited

number of bunches allow verification of the nominal cy-
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(a) Number of bunches per fill in April 2012.

(b) Luminosity per fill in April 2012 [1030 cm−2s−1].

Figure 1: Intensity ramp-up in April 2012.

cle and the procedures, e.g. scaling of losses. Fills with

more bunches allow approaching intensity (or luminosity)

related problems slowly, e.g. effects on vacuum or heating

of machine components. This procedure took about one

month in April 2012 and it was divided in 7 steps: 2-3 fills

and 4-6 hours each with 48, 84, 264 and 624 bunches for

cycle validation, and 3 fills for a total of at least 20 hours

with 840, 1092, 1380 bunches for intensity-related prob-

lems. The resulting number of bunches and luminosity are

shown in Figure 1.

For the restart in 2015, the uncertainty on the duration of

the intensity ramp-up is dominated by the effectiveness of

electron-cloud scrubbing.

OPEN QUESTIONS

Three effects that are expected to shape beam commis-

sioning in 2015 are recalled next: electron cloud effects

and their scrubbing, the so-called Unidentified Falling Ob-

jects (UFOs) and beam stability. Additionally the issue of

radiation effects on electronic components is included.

Electron-cloud and Scrubbing

The operation of an accelerator with closely spaced pro-

ton bunches can give rise to local accumulations of elec-

trons inside the vacuum chamber depending on beam struc-

ture and properties of the chamber (e.g. the Secondary

Electron Yield, SEY). In particular if the SEY is higher

than a threshold value, an avalanche effect can take place

and cause vacuum pressure rise, increased heat load on the

cryogenic system, increased beam emittance, and single

and multi bunch instabilities.

Electron cloud effects were observed in the LHC as soon

as bunch trains were injected, with 150, 75, 50 and 25 ns

bunch spacing. Scrubbing runs took place in 2011 and

2012 as dedicated periods during which the electron cloud

generation is enhanced so to “clean” the vacuum chamber

walls, and thus decrease the SEY and effectively improve

beam quality for physics operation. Additionally, Machine

Development time was allocated for electron cloud studies

for 25 ns beams. In particular, in December 2012, a short

run was dedicated to study 25 ns beams to assess the evo-

lution of the SEY and other possible differences compared

to 50 ns beams [6]. After an initial improvement of heat

load and beam lifetime, a sharp slow down of the scrub-

bing process was observed in the studies at 450 GeV (see

Figure 2). This lead to the conclusion that, at restart in

2015, at least one week of scrubbing will be required for

50 ns running, an additional week for 25 ns running, and

that coexistence with electron cloud will be probably in-

evitable in the first part of the physics run (so that physics

will be performed with degraded beam parameters). The

understanding of the observations and underlying physical

phenomena is progressing well at the moment of writing,

and this could impact positively on the above statements.

Figure 2: Single beam lifetime during the December 2012

scrubbing run.

Unidentified Falling Objects

UFOs are micrometer size dust particles that, when in-

teracting with the beam, produce fast beam losses (approx-

imate duration of about 10 turns). Such events were ob-

served since 2010 and caused a non negligible number of

beam aborts (about 5% of the total number of dumps above

injection energy, or ≈20 dumps/year).

The occurrence of such events has been thoroughly stud-

ied [7]. There is evidence for a “scrubbing” effect over the

course of 2011 and 2012, e.g. the rates in 2011 decreased

from 10 to 2 events/hour. There is also evidence for de-

conditioning after periods without beam as technical stops,

e.g. an increase of a factor 2.5 after the 2011-12 winter

stop. Because of this, an increase in rates is expected af-

ter LS1. Additionally, during the 25 ns studies, UFO rates

increased by a factor 10 at 4 TeV. This, combined with the
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energy dependence of UFOs, indicate that they might be a

major source of beam dumps (extrapolations indicate over

100 dumps per year). In a very pessimistic scenario they

might impose to start with 50 ns beams, or at a lower beam

energy.

Beam Stability

Many instabilities were observed during run 1, in all

phases of the operational cycle, and many different coun-

termeasures have been deployed to cure them (see for ex-

ample [8]). Transverse instabilities caused emittance blow

up at injection (2010 and 2011) and were cured by increas-

ing the octupole strength for increased Landau damping.

“Dancing bunches” (longitudinal dipolar and quadrupolar

motion) are observed at high energy for low longitudinal

emittance, and are cured by controlled emittance blow up

by phase noise since 2010. Lack of Landau damping was

also observed in 2012 for beams colliding only in LHCb,

and was solved by changing the filling scheme to have ad-

ditional collisions in ATLAS and CMS for these bunches

so to increase the tune spread by the beam-beam interac-

tion. A transverse instability was reproducibly observed at

the end of squeeze in 2012 and caused mostly emittance

increase: it was not fully understood, but it could be mit-

igated by high chromaticity and high transverse damper

gain.

Beam instabilities are expected also at 6.5-7 TeV and

will shape many operational choices. The option to collide

the beam already during the squeeze is being considered to

profit from Landau damping by head-on beam-beam force.

The amount of opening of collimator jaws is still under dis-

cussion as it compromises between cleaning efficiency and

machine impedance. The high setting of chromaticity and

transverse gain will be kept if needed, the efficiency of the

octupoles might be limited by the available hardware cur-

rent and the small emittance.

Radiation to Electronics

The Radiation To Electronics project (R2E) aims at lim-

iting the Single Event Effects so to reduce the R2E induced

beam dumps and the impact on machine availability [9].

A thorough analysis allows identifying which beam dumps

are likely to be caused by radiation effects, correlate them

with radiation levels in the tunnel and integrated luminos-

ity. The systems that were the most sensitive in 2012 op-

eration were the Quench Protection System and an auxil-

iary power supply of 600 A Power Converters, followed by

cryogenics and vacuum equipment.

R2E mitigation actions consist of equipment relocation

from critical to safer areas or addition of shielding to re-

duce the exposure to radiation, and equipment upgrades or

redesign to improve radiation hardness. These measures al-

ready improved the number of dumps from 12 dumps/fb−1

in 2011 to 3 in 2012, and a major campaign during the LS1

aims at reducing the rate further to 0.5 dumps/fb−1.

EXPECTED PEAK PERFORMANCE

The main machine and beam parameters for 2015 op-

eration are shown in Table 1. With a baseline beta star

of 40 cm, peak luminosities of 1.5 to 2 · 10
34 are within

reach with 25 ns and 50 ns beams. The excessive pile-up

that characterizes the 50 ns beams makes 25 ns the pre-

ferred choice for having cleaner physics events. Electron

cloud scrubbing might be slow or impose initial physics

operation with degraded beam parameters, but would be an

investment until LS2 (2018).

Conversely, 50 ns beams are the fallback plan in case in

of insurmountable problems with 25 ns beams, e.g. electron

cloud or UFOs. The higher brightness that can be provided

by the LHC injectors for the 50 ns beams allows achieving

higher luminosity with less stored energy in the machine,

but would impose the need for luminosity leveling at AT-

LAS and CMS.

UPGRADES

The present LHC will reach the end of its usefulness

in the early 2020s, when the running time necessary to

halve the statistical error in the measurements will be more

than 10 years, making a substantial increase in luminos-

ity necessary to maintain scientific progress. At the same

time, the triplet and cleaning insertion magnets will reach

the end of their lifetime due to radiation, and the limit

of cooling and cryogenics systems will be reached (at

≈ 1.75 · 10
34 cm−2s−1. A novel machine configuration,

called High Luminosity LHC (HL-LHC), will be installed

during the LS3 to overcome these limitations.

High Luminosity LHC

The High Luminosity LHC (HL-LHC, [10]) is an ap-

proved project aiming at obtaining 3000 fb−1 within ten-

twelve years of operation. This translates to the goal of an

integrated luminosity of 250 fb−1 per year, i.e. about ten

times the present LHC, which can achieved with peak lu-

minosities of 5 · 1034 cm−2s−1 , leveled down from higher,

“virtual” luminosities.

These specifications require a number of equipment up-

grades. Large aperture magnets are needed for the IP

quadrupoles to accommodate for very low beta star. Crab

cavities are also needed to profit from the small beta star

despite the large crossing angle. Additional dispersion sup-

pressor collimators remove cleaning bottlenecks, but re-

quire the use of high field dipoles to free up space longi-

tudinally to allow their installation. Additional cryogenics

plants for P1, P4, P5 will provide the same cooling power

in all arcs. The use of new, super-conducting links (300-

700 m long) allow power converters to be moved to surface,

effectively reducing radiation-induced risks and increase

availability (critical aspect when working with leveled lu-

minosities). Additionally, an upgrade of the LHC Injector

Chain is foreseen that will help both beam brightness and
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availability, and an upgrade of the high-luminosity experi-

ments will allow them to cope with higher pile-up density

(i.e. 140 events per crossing).

Options for the Farther Future

The HL-LHC will also reach the end of its lifetime af-

ter 10-12 years of operation, i.e. in the mid-2030’s. For the

LHC, the lead time was about 25 years, so that similarly the

design phase of a new accelerator should start now for it to

be operational few years after the end of HL-LHC. A num-

ber of new designs are being studied at present at CERN,

to take advantage of the existing accelerator complex and

infrastructure.

Studies aiming at very high field magnets (16-20 Tesla)

are ongoing [11], and would allow a High Energy LHC [12]

to be installed in the LHC tunnel, that could reach center of

mass energies of 26-33 TeV. With similar, high field mag-

nets, and a tunnel with larger circumference (84-104 km),

a Very High Energy LHC could be installed with center of

mass energies of 100 TeV (see for example [13]).

Similarly to the LEP/LHC experience, where the same

tunnel was reused for two different machines, lepton-

proton collisions could be explored in the LHC tunnel

with LHeC [14], or e+e- in the 84-104 km tunnel with

TLEP [15.

CONCLUSIONS

The LHC is presently in a shutdown phase and operation

with beam resume in early 2015 at a higher beam energy,

the present baseline is 6.5 TeV. The use of 25 ns beams is

imposed by the need to limit the pile-up and provide clean

physics events to the experiments, but might bring other

important issues along, as degraded beam parameters due

to electron cloud effects or impaired machine availability

due to excessive UFO rates. Work is already ongoing to

prepare the High Luminosity upgrade of the LHC, that is

supposed to start operating in about 10 years, and studies

are taking place to devise what the next circular accelerator

might look like.
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THE CLIC PROJECT - STATUS AND PROSPECTS∗

E. Adli† , University of Oslo, Norway
On behalf of the CLIC/CTF3 collaboration

Abstract
Following the feasibility demonstration of the novel

CLIC technology and the publication in 2012 of a CLIC
Conceptual Design Report for a Multi-TeV Linear Collider
to be built in stages, a new phase towards a technical de-
sign is being launched by a global collaboration of volun-
teer institutes. This paper reviews the status and plans of
the CLIC study outlining the developments planned for the
next project phase.

INTRODUCTION
The CLIC project is a study for a Multi-TeV e+ e- col-

lider based on normal-conducting X band technology, and
a Two-Beam Acceleration scheme in order to provide com-
pressed rf pulses for the main accelerating structures with
high efficiency. The compressed rf pulses allow the main
charge to be accelerated at a very high loaded gradient of
100 MV/m, in short pulses of 156 ns. CLIC completed the
CDR in 2012 [1] and the project is currently in a project
preparation phase where further optimization, system tests
and detailed design of the machine will take place. In addi-
tion, the CLIC project has started collaborations for the use
of CLIC X band technology in compact free electron lasers
and medical applications.

The CLIC project is linked to the European Strategy Par-
ticle Physics priorities related to the Energy Frontier. The
LHC may discover Beyond Standard Model physics when
operation starts at full energy in 2015, and, depending on
the findings, higher-energy hadrons as part of LHC energy
upgrades or a high energy e+ e- collider might be the best
option to access the new physics. The CLIC work in this
period is also integrated under the Linear Collider collab-
oration, where the ILC technology provides an option for
an early exploration of the Higgs sector in particular, while
CLIC remains the only option for a Multi-TeV e+ e- col-
lider. Wherever possible, shared activities for ILC and
CLIC are being coordinated.

This paper will discuss the main conclusions of the Con-
ceptual Design Report and highlight key activities foreseen
in the project period from 2012 to 2018, which we will re-
fer to as the “next period”.

CONCEPTUAL DESIGN REPORT
The CLIC conceptual design report (CDR) was com-

pleted in 2012, and documents a proof of principle of all as-
pects related to the Two-Beam Acceleration scheme, both
by comprehensive simulation studies of all parts of the ma-
chine and by a detailed experimental program in the CLIC
∗This work is supported by the Research Council of Norway.
† Erik.Adli@fys.uio.no

Figure 1: a) The Two-Beam Test Stand at the CLIC Test
Facility. b) Experimental results of two-beam acceleration,
up to and beyond the nominal CLIC gradient.

Test Facility 3 at CERN [2]. Figure 1 shows a) the CLIC
Test Facility Two-Beam Test Stand and b) data points for
the achieved two-beam accelerating gradient as function of
input power to the X band accelerating structure. Drive
beam generation has been verified and the achieved gradi-
ent is up to and beyond the CLIC target of 100 MV/m. Fur-
thermore, ongoing rf based tests of the main linac struc-
ture gradient are close to or on target for all parameters
(gradient, pulse length and breakdown rate), and Figure 2
shows a summary of the latest results. Uncertainty from
beam loading will be tested in the current next period.
Studies of the deceleration versus power production shows
good consistency [3]. Concerning emittance generation,
the CLIC damping ring has similar specification to an am-
bitious light source, and no show stoppers were identi-
fied for generation of the ultra low emittances. Concern-
ing emittance preservation, the alignment system principle
has been demonstrated, the stabilization system have been
developed and benchmarked and integrated simulations of
emittance preservation in the main linac meet or exceed the
luminosity targets.

STAGING AND OPTIMIZATION
The Two-Beam Acceleration scheme is particularly

suited for energy staging of the machine; once the drive
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Figure 2: Structure test results, where gradients are scaled to the CLIC allowed breakdown rate of 3 × 10−7. A fully
optimized CLIC structure with damping waveguides have recently reached an unloaded gradient of 106 MV/m.

beam complex is constructed, rf power for additional
lengths of the main linac can be provided simply by in-
creasing the drive beam length in the drive beam accelera-
tor. No upgrades are needed for the drive beam complex,
and once the drive beam complex has been constructed, the
addition cost per GeV of center of mass energy is favorable
to klystron based alternatives. Furthermore, lower energy
machines can run most of the time during the construction
of the next stage. A consistent three stage implementation
scenario has been defined. Schedules, cost and power are
being developed, although the energies of the individual
stages will be determined by LHC physics results. The
minimum center of mass energy being considered is about
375 GeV, which will allow precision studies of the Higgs
and the Top quark. Figure 3 illustrates an example of the
various stages of a CLIC machine.

Figure 3: Example of CLIC energy stages. The center of
mass energy can be increased without modifications to the
drive beam accelerator complex. The actual energy of each
stage will be guided by LHC physics results.

Figure 4: A rf unit for a klystron based CLIC. Two 60
MW klystrons can power 8 CLIC accelerating structures
at a gradient of 100 MV/m.

The CLIC machine is currently being re-optimized for
the lowest energy stage (375 GeV). The optimization in-
cludes overall design and system optimization, technical
parameters for all systems, cost, power/energy optimiza-
tion, scheduling and site studies. Examples of areas which
can give increased machine power efficiency are the use
of permanent magnets for the drive beam, and studies of
high-efficiency L-band multi-beam klystrons for the drive
beam acceleration. The goal is to push the tube efficiency
towards 80%, and increase the drive beam klystron power
output.

As part of the preparation for an optimal implementation
strategy, a 500 GeV CLIC where the main linac are pow-
ered by klystrons (as opposed to a drive beam) has been
studied in detail [4]. 4,400 klystrons would be required
for a 500 GeV machine and a simple cost study indicated a
comparable cost as for a drive beam-based CLIC linac. The
luminosity is comparable to that of the drive-beam based
design. The pulse length is the same as for the drive-beam
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Figure 5: Three areas where main alignment and stabilization will be further studied in the next period: 1) development
of an automatic alignment and stabilization test stand, 2) experimental tests of beam-based alignment at FACET, 3)
experimental tests of wakefield monitors.

design. The drive beam design has the advantage of a com-
parably lower cost per additional GeV. Figure 4 shows one
rf unit for a klystron-based CLIC, where a compressed rf
pulse from two 60 MW klystrons powers 8 CLIC acceler-
ating structures.

LUMINOSITY AND ALIGNMENT
In order to reach the target luminosity of 1034 /cm2/s

CLIC requires a normalized vertical emittance of 20 nm at
the interaction point, and a maximum emittance growth of
10 nm in the main linacs. Robust emittance preservation
in the main linac is foreseen to be achieved using beam-
based alignment and integrating wakefield monitors on the
structures. In the next period, the two topics will be ad-
dressed experimentally. The 2 km FACET linac test facil-
ity at SLAC [5] now provides a unique opportunity to test
beam-based alignment for linear colliders experimentally,
and a proof of principle of the dispersion free correction
algorithm as planned for CLIC has recently been experi-
mentally demonstrated [6]. The experiments have shown
that an automatic global correction scheme can success-
fully control the dispersion and reduce the emittance over
500 m of linac. Wakefield monitors are currently being
developed, with the aim of providing the required resolu-
tion of 3.5 um with a robust and economical design. The
monitors will be tested in CTF3 to ensure that the target
precision can be reached [7]. Figure 5 illustrates the CLIC
alignment techniques and some of the developments fore-
seen in the next period.

In addition, the machine components in the main linac
and the beam delivery system must be pre-aligned at a
10 um level, and the final doublet quadrupoles must be
stabilized to a sub nm level. Proof of principles of both
pre-alignment and stabilization has been demonstrated with

the CDR, and in the next period a sizable research project
funding ten PhD student grants, “PACMAN”, has been ap-
proved [8]. The technical goal of the program is to develop
very high accuracy metrology and alignment tools and in-
tegrate them in a single automatic alignment test stand.

CLIC TEST FACILITY
The CLIC Test Facility 3 (CTF3) has demonstrated drive

beam generation and two-beam acceleration in the CDR
period. CTF3 is planned to be operated up to the end of
2016 to address further system tests and perform more de-
tailed studies. The facility has recently demonstrated drive
beam combination by a factor four with the nominal emit-
tance of 150 um in both planes, and the current stability of
the drive beam has earlier been demonstrated to better than
the CLIC requirements of ∆I/I = 7.5 × 10−4 [9]. The
final step of a full demonstration of the CTF3 drive beam
generation is stable factor 8 combination. The progress has
been impeded the last year by technical problems with the
traveling wave tubes required for the sub-harmonic bunch-
ing, required for delay loop operation. A fast phase feed-
forward system has been designed to correct the drive beam
phase profile and jitter, with the aim of demonstrating the
CLIC drive beam phase requirements [10]; the first kickers
and amplifiers are to be installed in 2013. As a prototype
of a CLIC injector, a 1 GHz klystron test stand to test a
drive beam accelerating structure at full power is planned,
including a gun and a sub-harmonic buncher [11].

In the two-beam test stand, new structures will be condi-
tioned with drive beam rf and the breakdown rates mea-
sured. Kicks imparted to the beam during breakdown
events will be measured and characterized, and the preci-
sion of the CLIC wakefield monitors will be measured. A
dogleg halfway down the linac allows the drive beam to
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Figure 6: A new beam loading test facility: a 1 A CTF3
beam and X-band rf power will be simultaneously deliv-
ered to an accelerating structure.

Figure 7: The first prototype of the CLIC two-beam module
has been completed, and is undergoing thermo-mechanical
validation.

be directed to a test accelerating structure. Using this to
deliver a 1 A beam from the linac, simultaneously as it is
filled with the nominal X-band rf power [12], breakdown
rates in the accelerating structure can be tested with beam
loading and compared to operation without beam loading.
Figure 6 shows the sketch of the planned beam loading test
facility.

Finally, full prototypes of the CLIC two-beam modules
are being constructed and tested [13]. Two modules will be
build for laboratory system integration tests and thermo-
mechanical validation. Figure 7 shows a picture of the
first of the laboratory modules, completed and installed at
CERN. The first tests results are promising and in line with
simulations [14]. A similar two-beam module is currently
under fabrication for installation in CTF3, fully equipped
with X-band structures and components. The power ex-
traction structures will provide the nominal power for the
accelerating structures, thus giving a complete system test
of a full CLIC main linac module with rf and beams.

X-BAND TECHNOLOGY
In the coming project period, the CLIC project will see a

significant increase in X-band structure test capacity. One
12 GHz klystron based X-band test stand (“XBOX 1”) has
been operating at CERN for a year [12], allowing 12 GHz

Figure 8: a) a new X-Band test facility, with a SLAC-
provided 12 GHz klystron. b) Planned X-Band test facili-
ties will include commercially acquired tubes from CPI and
Toshiba. In total these facilities will provide X-band power
for testing up to 8 accelerating structures simultaneously.

structure to be tested at 50 Hz. This test stand uses a scaled
version of the XL4 klystron tube developed for the NLC,
provided by SLAC. With the use of a SLED1-type pulse
compressor output power of up to 100 MW can be provided
in pulses of 250 ns, sufficient to power two CLIC accelerat-
ing structures at nominal power and pulse length. A second
test area (“XBOX2”) is under construction and planned to
be commissioned by end 2014. A SLAC XL5-type tube
will be commercially procured from CPI, and will provide
XBOX2 similar capabilities as XBOX1. A cluster of four 6
MW tubes from Toshiba (“XBOX3”) is planned to be com-
missioned by the end of 2015 and will give additional test
capabilities. In total we estimate that more than 40 accel-
erating structures will be tested in these facilities by 2017.
Figure 8 shows the XBOX test facilities.

The basic high gradient structure research will continue
in the next period, including further development of the un-
derstanding of rf breakdown from first principles by theo-
retical studies, and multi-scale simulation studies. Model-
ing and simulations efforts for understanding the formation
of vacuum arcs in breakdowns are being pursued [15], and
the simulation results will be benchmarked against experi-
ments at the DC spark test stand at CERN [16].

Two CLIC X-band technology application projects have
recently been started. The first is use of CLIC X-band
structures for compact FELs in the few GeV range. An
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early collaboration with Turkey has been followed by a
recent initiative where countries or institutes can collabo-
rate with CLIC on common CDR work for a FEL based on
CLIC X-band technology [17]. Institutes from 5 different
countries have already shown interest. Example parame-
ters for an X-band FEL are an electron energy of 6 GeV
and a charge of 250 pC, as proposed in [18], however, dif-
ferent institutes could pick different parameters. Collabo-
rators may profit from the planned X-band test facilities at
CERN, thus reducing the risk of starting a new project. For
CLIC, development and eventually operation of GeV level
e- linacs with high gradient X-band structures will provide
an increased technology maturity for the X-band technol-
ogy. A second project studies the potential for technology
transfer of CLIC high-gradient research to 3 GHz high gra-
dient structures for proton therapy, where a main goal is to
increase the effective gradient in proton therapy linac struc-
tures to about 50 MV/m (a factor of two with respect to the
state of the art).

CONCLUSIONS
The CLIC project has demonstrated the two-beam ac-

celeration proof of principle, documented in the compre-
hensive Conceptual Design Report completed in 2012. In
the next period up to 2018, the CLIC study will continue
a number of technical studies on power and cost optimiza-
tion, system tests including full CLIC module tests with
rf and beam and experimental verifications of methods to
preserve nm emittances. New X-band test facilities are be-
ing constructed and will greatly increase the capacity for
12 GHz rf testing. Finally, projects for the use of CLIC
X-band technology in high-gradient FELs and CLIC high-
gradient research technology transfer have been initiated
with a potential outcome of increased technology maturity
of a linear collider X-band technology.
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COLLIDERS – “QUO VADIS?” : PAST 20 YEARS, NEXT 20 YEARS, AND 
BEYOND* 

V.Shiltsev#, Fermilab, Batavia, IL 60510, USA

Abstract 
Particle colliders for high-energy physics have been in 

the forefront of scientific discoveries for more than half a 
century. The accelerator technology of the colliders has 
progressed immensely, while the beam energy, 
luminosity, facility size, and cost have grown by several 
orders of magnitude. The method of colliding beams has 
not fully exhausted its potential but has slowed down 
considerably in its progress. This paper briefly reviews 
the colliding beam method and the history of colliders, 
discusses the development of the method over the last two 
decades in detail, and examines near-term collider 
projects that are currently under development. The paper 
concludes with an attempt to look beyond the current 
horizon and to find what paradigm changes are necessary 
for breakthroughs in the field. 

PAST AND PRESENT COLLIDERS 
It is estimated that in the post-1938 era, 

accelerator science has influenced almost 1/3 of 
physicists and physics studies and on average 
contributed to physics Nobel Prize-winning research 
every 2.9 years [1]. Colliding beam facilities which 
produce high-energy collisions (interactions) 
between particles of approximately oppositely 
directed beams did pave the way for  progress since 
the 1960’s. Discussion in this section mainly follows 
recent publication [2].  

 

Figure 1: Colliders over the decades (after [2]). 

Twenty nine colliders reached operational stage 
between the late 50’s and now. The energy of colliders 

has been increasing over the years as demonstrated in Fig. 
1. There, the triangles represent maximum CM energy 
and the start of operation for lepton (usually, e+e- ) 
colliders and full circles are for hadron (protons, 
antiprotons, ions, proton-electron) colliders. One can see 
that until the early 1990’s, the CM energy on average 
increased by a factor of 10 every decade and, notably, the 
hadron colliders were 10-20 times more powerful. Since 
then, following the demands of  high energy physics, the 
paths of the colliders diverged to reach record high 
energies in the particle reaction.  The Large Hadron 
Collider (LHC) was built at CERN,  while new e+e- 
colliders called “particle factories” were focused on detail 
exploration of phenomena at much lower energies. Over 
the last 50 years, the luminosity of the colliders has 
improved by more than 6 orders of magnitude and 
reached record high values of over 1034cm-2s-1. At such 
luminosity, one can expect to produce, e.g., 100 events 
over one year of operation (about 107 s) if the reaction 
cross section is 1 picobarn (pb)=10-39 cm2.  

Table 1: Past, Present and Possible Future Colliders; 
hadron colliders are in bold, lepton colliders in Italic, 
facilities under construction or in decisive design and 
planning stage are listed in parenthesis (…) 

 early 1990‘s early 2010’s 2030’s 

Europe  HERA, (LHC) 
LEP (Dafne) 

LHC (Super-B, 
HL-LHC, LHeC, 

ENC) 

HE-LHE  
CLIC? 

Russia VEPP2, VEPP4 
(UNK, VLEPP) 

VEPP2000, 
VEPP-4M 

(NICA, Tau-C) 

NICA ? 
Higgs Factory ? 

US  Tevatron, 
(SSC) SLC, 

CESR,(PEPII) 

RHIC 
(eRHIC, ELIC) 

Muon Collider ? 
PWLA/DLA ? 

Asia  Tristan, BEPC 
(KEK-B) 

BEPC 
(Super-KEKB) 

ILC ? 
Higgs Factory ? 

Total  9 (7) 5 (9) 1 + ? 
At the same time, the number of the facilities in operation 
has dropped from 9 to 5, as indicated in Table 1 which 
lists all operational colliders as of the early 1990’s and 
now (early 2010’s) and accounts for the projects under 
construction or under serious consideration at this  time 
(in parenthesis).  

NEXT TWO DECADES  
 

There are several colliders currently under construction 
or at the design stage and which, therefore, have good 
prospects of becoming operational and deliver results in 
the next 20 years. Schematically they can be categorized 
by as follows:  

Energy Frontier: the LHC luminosity upgrade project 
HL-LHC [3] to quintuple the performance of the  energy 
frontier machine by mid-2020’s to 5·1034cm-2s-1 with 
luminosity leveling at 14 TeV c.m. energy in proton-

 ___________________________________________  

*Fermi Research Alliance, LLC operates Fermilab under  contract No. 
DE-AC02-07CH11359 with the U.S. Department of Energy 
#shiltsev@fnal.gov                
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proton collisions; the LHC energy upgrade to ~33 TeV 
cme will require development 20T dipoles [4].  

Low-Energy Hadron Collders: like, e.g., Nuclotron-
based Ion Collider fAcility (NICA) currently under 
construction at JINR  (Dubna, Russia) [5] which will 
allow for the study of ion-ion (Au+79) and ion-proton 
collisions in the energy range of 1-4.5 GeV/amu with 
average luminosity of 1027 cm−2 s−1 and also polarized 
proton-proton (5-12.6 GeV) and deuteron-deuteron (2-5.8 
GeV/amu) collisions.   

Electron-Hadron Colliders: such as LHeC [6], in 
which polarized electrons of 60 GeV  to possibly 140 
GeV collide with LHC protons of 7000 GeV with design 
luminosity of about 1033 cm−2s−1; eRHIC at BNL 
(polarized nuclear beam to 100 GeV/nucleon and 
polarized protons upto 250 GeV colliding with 20-30 
GeV ERL-accelerated polarized electrons, the luminosity 
varies from 1033 cm−2s−1 to 1034 cm−2s−1) [7] and 
Electron-Ion Collider (ELIC) at JLab (30-7 GeV 
polarized electrons and 30 to 150 GeV storage ring for 
ions, high luminosities of ~5·1033 cm-2s-1 to 1035 cm-2s-1 
require continuous electron cooling) [8]; and electron-
nucleon collider ENC at FAIR (GSI, Darmstadt, 
Germany) utilizing the 15 GeV antiproton high-energy 
storage ring HESR for polarized p and d beams, with the 
addition of a polarized e- 3.3 GeV storage ring with peak 
luminosities in the range of 1032 to 1033cm−2s−1 [9].  

Electron-Positron Factories: such as asymmetric 
e+e−  Super-B factory in KEK [10]  with beam energies 
of about 4 GeV and 7 GeV and with a design luminosity 
approaching  1036 cm−2 s−1; and Tau-Charm factory in 
Novosibirsk [11] which calls for c.m. collision energy  
variable from 3 GeV to 4.5 GeV (from J/psi resonances to 
charm barions) and luminosity in excess of 1035 cm−2 s−1.  
    Higgs Factories:  e+e- coliders with an optimal Ecm ~ 
mH + (110±10) GeV ~250 GeV can be either ring-based 
as, e.g., TLEP [12] or be based on the ILC-type linear 
collider [13]; their issues and challenges are discussed in 
[14].  A possible alternative can be a µ+µ- collider with 
factor of two lower c.m. energy Ecm~mH which would 
have advantageously large cross section  some 
(mµ/me)2~40,000 times higher than for e+e-, and 
significantly smaller c.m.e. spread δEcm/Ecm~ 0.01-
0.003% (compared to ~0.2% for the e+e- factories) [15]. 

Energy Frontier Lepton Colliders: if - as presently 
believed - a multi-TeV lepton collider  will be needed to 
follow the LHC discoveries, then the most viable options 
currently under consideration are e+e− linear colliders 
ILC and CLIC [16] or μ+μ− Muon Collider [15] – see 
Table 2.  Each of these options has its own advantages 
and issues  [17].  

FAR FUTURE COLLIDERS 
 

The forecast on the far future of colliders beyond, say, 
the 2030’s, will require several things: understanding of 
the available resources, the desired science reach, and on 
the possibilities. As of today, the world’s particle physics 
research budget is some 3B$. Assuming that it will not 

change by much in the future (in todays’ dollars) and that 
not more than 1/3 of the budget can be dedicated to 
construction of the next energy frontier collider, one can 
estimate the cost of an affordable future facility to be 
about or less then 10B$ (in current prices). Other desired 
features of such flagship could be: it ideally should not 
exceed 10 or few 10’s of km in length, it should stay 
under O(100MW) of AC wall power consumption, and, 
of course, it would be great if  its energy reach 
significantly (> ×10) exceeds that of the LHC.   
 
Table 2: Comparison of Lepton Collider Alternatives 

 ILC CLIC MC 
c.m.e., TeV 
dE/E, rms 
L, cm−2s−1 

0.5 
~2% 
2·1034 

3 
>5% 
2·1034 * 

1.5-4 
~0.1% 
(1-4)·1034  

Feasibility 
Techn.design  

2007 
2013 

2012 
2016 

~2016 
~2020 

# elements 
Σ length, km 
AC pwr,MW 

38,000 
36 
230 

260,000 
~60 
580 

10,000 
14-20 
~170-220 

* peak luminosity within 1% c.m. energy spread 
 

The cost estimates of the modern colliders are quite 
complicated, but an attempt to analyse known costs of 15 
large accelerators (SSC, RHIC, VLHC, ILC, B-Factories, 
FNAL MI, NLC, SNS, LHC, XFEL, FAIR, ESS, CLIC, 
SPL, NuFactory) has resulted in a phenomenological cost 
model [18] that matches the actual costs (in terms of TPC, 
the Total Project Cost, widely used in the US DOE 
accounting ) within approximately  ±30% :  

2/12/12/1

100110
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+
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MW
P

TeV
E

km
LTPC γβα

 
where, L is the total length of the tunnel, E is cm energy, 
P is total site AC power for the facility; and technology 
dependent coefficients are α=2B$, β=1B$ for NC 
magnets, 3B$ for SC magnets, and ≈10B$ for NC/SC RF, 
γ=2B$ - see Fig.2.  

 
Figure 2: Phenomenological cost model vs actual cost for 
large accelerator facilities.  
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The model predicts that if currently available 
technologies are employed, then only Higgs factories or a 
few-TeV Muon Collider can potentially meet the desired 
cost requirement. If the costs of civil construction and 
power infrastructure  are not changed, i.e., α and γ are as 
of today, then future 100 TeV, 10 km and 100MW 
collider should be based on technology that guarantees 
cost of the accelerator components of about 6B$, i.e.,  the 
coefficient β< 0.6B$, that is two times cheaper than for 
modern NC magnets.  Are there now or can we think of 
such technologies?  
 

ARE THERE WAYS TO THE FUTURE? 
 

To the date, the community thinking was more about 
fast acceleration to get to the energies of interest within a 
smaller footprint, rather than explicitly about the cost. 
The opportunities for high energy colliders under  active 
discussion now are :  

Acceleration in Dielectric Structures: direct beam 
excitation of wakefields in dielectric structures allows  
accelerating gradients of ~100 MV/m and ~1 GV/m at the 
microwave O(10) GHz and THz ranges [19]. 
Conceptually, a DWA-based linear collider would consist 
of a large number of ~100 GeV modules (stages) with 
some  ~0.3 GeV/m gradient each driven by a separate ~1 
GeV high intensity electron beam. Even without going 
into difficulties associated with staging, cost and power 
considerations, it is hard to imagine that more than 3 TeV 
c.m. energy DWA facility can fit within in a 10 km site.  
Further increase of the gradient to ~1-3 GV/m is thought 
to be possible in µm scale dielectric structures driven by 
lasers operating in optical or near-infrared regime [20, 
21].  

Acceleration in Plasma: generation of the PWA 
gradients on the order of 30-100 GV/m by beams or lasers 
in plasma densities of n0=1017-1018 cm-3 have been 
already demonstrated in small scale (few cm to a meter) 
experiments [22, 23]. Laser-PWA collider would operate 
at relatively low densities n0~1017cm-3 and energy gain 
per ~2m stage of 10 GeV and average gradient 
~5TeV/km, while   a beam-PWA collider design needs a 
conventional high power 25 GeV electron drive beam 
accelerator and many (dozens to hundreds, depending on 
the final energy) 1-m long plasma cells with an average 
geometric accelerating gradient ~0.25 TeV/km. Without 
going into the luminosity considerations [24] and just 
projecting such gradients further one can think of an 
ultimate ~10 TeV e+e- collider within 10 km footprint.  
   More than an order of magnitude reduction of the cost 
of accelerator components in such colliders is predicted to 
be needed in order to fit under the expected TPC limit 
[18]. In addition, due to radiation in the focusing channel 
and beamstrahlung at IPs acceleration of electrons is 
limited to only few TeV. Heavier particles are required.  

Acceleration in Crystal Channels: field gradients of 
upto 100 GeV/cm or 10 TV/m are possible in solids due 
to high density of charge carriers n0~1022-23 cm-3.  Muons, 

which do not interact with nuclei, would the particles of 
choice.  X-ray lasers can efficiently excite solid plasma 
and accelerate muons inside a crystal channel waveguide 
[25], though ultimate acceleration gradients ~10TeV/m 
might require relativistic intensities, exceeding those 
conceivable for X-ray sources as of today. Side injection 
of powerful x-ray pulses into continuous fiber of 0.1 – 10 
km long fiber allows to avoid multiple staging issues 
intrinsic to other methods and reach 10-1000 TeV collider 
energies – see Fig.3.  
  

 
Figure 3: Layout of linear X-ray crystal muon collider [2].   
 

It is not possible to even guess-timate the cost of such 
unproven acceleration method. One can only foresee that  
a quest for 100-1000 TeV energies will come at the price 
of the expected luminosities and will require at least three 
paradigm shifts [2]: 1) development of the new 
economical technology for ultrahigh acceleration 
gradients ~0.1-10 TeV/m in sub-nm structures (crystal 
fibers); 2) acceleration of heavier particles, preferably, 
muons; and 3) new approaches to HEP at such energies 
research with luminosities limited to ~1030-32 cm-2s-1.    
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STATUS OF THE ELECTRON-POSITRON COLLIDER VEPP-2000 ∗

A. Romanov, D. Berkaev, A. Kasaev, I. Koop, A. Kyrpotin, A. Lysenko, E. Perevedentsev,
V. Prosvetov, Yu. Rogovsky, A. Senchenko, P. Shatunov, Yu. Shatunov, D. Shwartz,

A. Skrinsky, I. Zemlyansky, Yu. Zharinov
BINP SB RAS and Novosibirsk State University, Russia

Abstract
VEPP-2000 began high energy physics experiments in

the end of 2010 and finished its third experimental season
in July of 2013. The last season was dedicated to the energy
range of 160-510 MeV per beam. Compton back-scattering
based energy measurements were used for the regular en-
ergy calibration of the VEPP-2000 together with resonance
depolarization and NMR based methods. The concept of
the round colliding beams lattice along with the precise or-
bit and lattice correction yielded the high peak luminosity
of 1.2×1031cm−2s−1 at 505 MeV with average luminosity
of 0.9× 1031cm−2s−1 per run. The total beam-beam tune
shift up to 0.174 was achieved in the runs at 392.5 MeV.
This corresponds to beam-beam parameter ξ = 0.125 per
one interaction point. The injection system is currently be-
ing upgraded to allow for the injection of particles at the top
energy of VEPP-2000 collider and to eliminate the present
lack of positrons.

COLLIDER OVERVIEW
VEPP-2000 collider was designed for the refinement of

the cross section of the e+e− annihilation to hadrons in
the energy range 0.4 ÷ 2 GeV [1]. The lattice design was
aimed to fulfill the conditions of round colliding beams [2],
which promised higher luminosity performance because of
an additional integral of motion.

The main proposed collider parameters are given in Ta-
ble 1. VEPP-2000 was designed for one-by-one bunch op-
eration with two functional interaction points. The ring
consists of four 90 degree achromatic bends with four
straight sections (Fig. 1). Two of the straight sections are
occupied by the CMD-3 and SND detectors along with fi-
nal focus superconducting solenoids, the third is used for
injection, and the RF cavity is placed in the fourth.

The focusing system consists of six quadrupole families,
three focusing and three defocussing, and four final focus
configurable solenoids. Three sextupole families are avail-
able for the chromaticity correction. All sextupoles have
additional coils that form skew-quadrupole fields to cor-
rect the coupling. Due to dense element placement, the or-
bit steering fields are generated by additional coils in main
dipoles and quadrupoles resulting in 20 horizontal and 16
vertical correctors.

The beam diagnostics system consists of 4 electrostatic
pickups that are capable of taking turn-by-turn data; 16

∗Work supported by the Ministry of Education and Science of the Rus-
sian Federation

Figure 1: VEPP-2000 layout.

Table 1: VEPP-2000 Parameters at 900 MeV
Circumference, m C 24.388
RF frequency, MHz f0 172
RF voltage, kV V 100
RF harmonic number q 14
Momentum compaction α 0.036
Transverse emmitances, cm · rad εx, εy 2.2 · 10−5

Betatron tunes νx, νy 4.1, 2.1
Twiss β at IP, cm βx, βy 6.3
Particles/bunch e−, e+ 1.0 · 1011

Tune shifts ξx, ξy 0.075
Luminosity/IP, cm−2 · s−1 Lmax 1.0 · 1032

CCD cameras that take beam images using synchrotron
light; two photomultipliers for bunch current measure-
ments; one DCCT for measurements of full circulating cur-
rent; two phi-dissectors [3] that give information about the
longitudinal distributions of particles in both bunches.

The first beam was injected to the VEPP-2000 in the end
of 2007 without final focus solenoids. This special “warm”
configuration of lattice was used to test all vital systems of
the collider. After installation of the final focus solenoids,
the first luminosity runs were done in 2010. These runs
were done only with SND detector, while the CMD-3 de-

MOOAA2 Proceedings of PAC2013, Pasadena, CA USA

14C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

01 Colliders

A02 - Lepton Colliders



tector and its solenoidal field were off. The CMD-3 field
of 8-13 kGs breaks the lattice symmetry with greater influ-
ence at lower energies.

ENERGY CALIBRATION
The requirement for the precise measurement of the

hadron creation cross sections applies strict constraints on
the precision of the energy measurement tools. The rel-
ative uncertainty of the beam energy should be within
∆E/E ≤ 10−4. VEPP-2000 has a number of tools to solve
this complex task.

The most precise absolute method is based on resonant
depolarization of the beam [4]. The series of spin res-
onances of the experimental ring leaves only several en-
ergy points that could be used for this method, also non-
ideal orbit inside the final focus solenoids affects the mea-
surements in unpredictable way. Therefore the main goal
of the resonant depolarization method is to calibrate and
test faster techniques using special lattice without solenoid
fields. The other, even longer, absolute method of en-
ergy calibration is measuring the cross sections of the well-
known resonances, for example, of φ and ω mesons.

The fastest and the least precise method is based on
power supplies readings and a complex calibration model.
It gives the precision of about 1 MeV and is used for the
preliminary energy adjustments. Another fast method is
based on readings from the NMR probes installed in each
main dipole. The data from the NMR should be calibrated
and combined with readings from steering magnets located
inside the achromatic bends to give the energy measure-
ment. These measurements have very low statistical jitter
of about 0.2 · 10−4 but the systematic errors are still quite
big ∼ 10−3.

The main energy measurement tool is based on the
Compton backscattering [5]. The laser beam interacts with
the electron bunch inside the main dipole and the germa-
nium calorimeter detects spectra of the reflected photons.
The short interaction length results in lower flux in com-
parison to the regular configurations where the interaction
occurs in the straight section, but it also produces a non-
trivial energy distribution of these photons that is used to
compensate low statistics. Figure 2 shows the typical edge
of the backscattered photons.

In January 2013, a detailed comparison of Compton,
NMR and depolarization methods of energy measurements
was done. During these tests the precise calibration co-
efficients for NMR based method have been worked out
(Fig. 3).

LATTICE AND CLOSED ORBIT
CORRECTION

Fast and reliable closed orbit and lattice correction algo-
rithms are extremely important for successful operation of
the VEPP-2000 because of regular energy change in very
wide range.

Figure 2: Compton backscattering spectrum at VEPP-
2000. Reconstructed energy is E = 993.662± 0.016MeV.

Figure 3: Comparison of three different method of energy
measurements: blue circles – resonance depolarization; red
squares Compton backscattering; light-blue curve – cali-
brated NMR.

The main task of the orbit correction in VEPP-2000 is to
set the closed orbit as close to magnetic axes of elements as
possible. After the best orbit is achieved, one can save and
store ideal positions of the beam at locations of the BPMs
and use them for future orbit corrections.

To correct the lattice of VEPP-2000, a program was writ-
ten to implement expanded LOCO algorithms [6–8]. First,
a model that best describes the experimental data is found.
Second, based on this model, the corrections can be found
that fix supposed distortions. The first task is usually per-
formed by minimizing χ2:

χ2 =
∑
i

(Mmod,i −Mmes,i)
2

σ2
i

=
∑
i

V 2
i (1)

where Mexp,i and Mmod,i are the experimental and theo-
retical sets of data points; σi is precision of corresponding
measurement. If the model has the set of parameters pj ,
then one can linearize the dependence Vi(pj):

∆Vi(∆pj) '
∑
j

∂Vi
∂pj

∆pj = −Vi, (2)
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Inverting the Eq. 2 with help of singular value decomposi-
tion (SVD) one can find the variation of the model param-
eters to reduce χ2:

∆pj =
∑
i

(
∂Vi
∂pj

)∣∣∣∣−1

SV D

(−Vi) . (3)

Several iteration are needed because of nonlinear depen-
dence of the model on the parameters.

Before the last season, one of the main drawbacks of the
full lattice correction procedure was required time of 2-3
hours. During the shutdown in the summer of 2012, the
replacement of the old CCD cameras with the new ones
was performed. Additionally, the image treating software
was rewritten so the overall time required for the correction
decreased to 40-50 minutes.

LUMINOSITY PERFORMANCE
Last season started with unexpectedly small dynamic

aperture in the collider ring. Investigations revealed that it
was reduced by strongly nonlinear dipole correctors. Due
to dense element placement, most steering magnets are lo-
cated in the quadrupoles and create significant sextupole
fields. To fix huge initial distortion of the uncorrected
closed orbit, the superconducting final focus solenoids
were slightly moved. This hardware orbit correction in
combination with of other tuning tools allowed to reach
very good results during the last season.

VEPP-2000 team steadily increases the luminosity pro-
duction rate over the whole running period. Recently the
careful lattice tuning with and the bunch length control re-
sulted in world largest beam-beam parameter ξ = 0.125
per one IP that corresponds to the observed tune differ-
ence between frequencies of the π and σ modes of ∆ν =
0.174. This outstanding result was obtained during regu-
lar runs in the strong-strong regime at the energy level of
E = 392.5 MeV per bunch.

Figure 4 illustrates comparison of the predicted luminos-
ity and the one obtained in the best runs. Blue dashed line
illustrates the case of constant lattice scaling with energy:

β∗ = const; ε ∝ γ2; L ∝ γ4. (4)

The final focus solenoids could provide lower β∗ at ener-
gies lower than 1000 MeV. Red dashed lines in Figure 4
represent the luminosity dependence in the case of variable
final focus strength, so that:

β∗ ∝ γ; ε ∝ γ; L ∝ γ2. (5)

Finally, there is another trick to boost the luminosity at
lower energies. The final focus solenoids have complex
inner structure with longitudinal and radial sectioning. At
lower energies, it is possible to switch the current supplies
to move the effective center of the final focus closer to the
interaction point. Three solid lines on Fig. 4 illustrate the
predicted limit of luminosity for three different configura-
tions of the final focus fields. The tests of this approach

revealed a dramatic decrease of dynamic aperture, proba-
bly because of increased influence of the solenoid fringe
fields.

During the last season, VEPP-2000 collected data at en-
ergies down to 160 MeV per beam that is the world record
for modern electron-positron colliders.

Figure 4: Luminosity dependence on energy. Lines – the-
oretical estimations; dots – performance in best runs over
the entire VEPP-2000 operation time.

Figure 5 illustrates luminosity integrals in different en-
ergy ranges over the entire VEPP-2000 operation time. The
last season was dedicated to the low energy range, but de-
spite this the total integral is of the same order of magnitude
as in the previous seasons aimed at higher energies.

Figure 5: Luminosity integrals collected by SND in dif-
ferent energy ranges over the entire VEPP-2000 operation
time.

LUMINOSITY MONITORING
There are a number of theoretical and empirical consid-

erations regarding lattice configuration depending on the
energy [8], but the last step of the final tuning is almost
always unique and done manually. To optimixe the lumi-
nosity performance, the operator should fine tune parame-
ters such as beta-functions at the IPs, closed orbit position,
betatron tunes, chromaticity, betatron coupling and others.
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Figure 6: Comparison of the luminosity values from dif-
ferent measurements: green dots – CMD-3, purple dots –
SND, red and blue lines – estimation methods.

Figure 7: Correlation of the current dependence of the ex-
tracted energy spread and the measured bunch length.

To help the operator with this task both detectors provide
luminosity measurements. Unfortunately, the time needed
for one data point is too long and, in addition, at low en-
ergies statistics become to poor. To overcome these limita-
tions, two luminosity estimation methods were developed
based on machine diagnostics [9].

Both presented methods of luminosity estimation as-
sume that the accurate optics model of the real accelera-
tor ring is available. If there are no focusing perturbations
in the lattice other than those caused by the collisions, and
thus located at the IP, one can use known transport matri-
ces to evaluate the beam sizes at the IPs from the beam size
measurements by CCDs.

The first method was implemented in the software called
”LumiMeter” and is based on the fitting of the emitances
and effective beta functions for e− and e+ bunches and
both IPs. The second method was implemented in Java
code called ”SMLumiMeter” and is based on fitting of the
set of second moments for both bunches.

Bunch lengthening
At the end of the last experimental season, the e− and e+

phi-dissectors were installed at VEPP-2000, that can mea-
sure bunch length with the precision of about 2 mm [3].
The bunch length measurements combined with energy
spread estimations produced by ”SMLumiMeter” revealed
the presence of microwave instability that could be con-
trolled by RF voltage (Fig. 7).

UPGRADE STATUS
Starting from the first experimental season it became ob-

vious that old injection complex strongly limits the op-
eration of the VEPP-2000 at high energies. Last season
also demonstrated insufficient positron production range at
lower energies when the beam lifetime in the collider goes
down.

To overcome the listed difficulties, a deep upgrade of the
injection system was started in July 2013 at VEPP-2000.
Booster BEP will be modified to be able to cover the full
energy range of VEPP-2000. In the new configuration, par-
ticles will be transported to the BEP from the VEPP-5 in-
jection system by about 200 meters channel. Table 2 shows
comparison of the old and new injection systems. Figure 9
illustrates VEPP-2000 facility after upgrade.

Table 2: Comparison of the Old and New Injection Facili-
ties

e+ production rate, e+/sec 2× 107 3× 108

e− production rate 109 1× 1011
Max booster energy, MeV 825 1000
Booster accum. energy, MeV 125 500
Max pulses rate, Hz 0.7 12.5

Figure 8: VEPP-2000 upgrade schedule.

In general, there are five major parts of the started up-
grade. First of all VEPP-5 injection system should be fully
commissioned and become a reliable source of high qual-
ity beams. Next, some elements of new channel K-500
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Figure 9: Layout of the facilities related to the VEPP-2000 collider after upgrade.

should be manufactured, installed and tested. The third
part is aimed at booster BEP upgrade. Some subsystems of
VEPP-2000 will be modified for better beam control. In ad-
dition, the old transport lines between BEP and VEPP-2000
were designed for the old BEP energy and, therefore, must
be significantly modified. Figure 8 illustrates a timetable
for the listed activities.

Due to funding limitations it was decided to upgrade the
BEP booster rather than to build a completely new ring.
The main dipoles and quadrupoles will be manufactured
by reshaping existing yokes. The preserved bending ra-
dius and cross section of conductors apply extreme require-
ments to the design. At 1GeV, it will be possible to op-
erate BEP only in rapid-cycling mode with fast ramping
up and down with top guiding field almost 26 kGs. The
first prototype of the upgraded main dipole was recently
tested and demonstrated all necessary parameters (Fig. 10).
Quadrupole prototype manufacturing is in progress. The
vacuum chamber will be also re-shaped by compressing
and milling the old one.

Figure 10: Comparison of the calculated and measured
magnetic field vs current for the upgraded BEP dipole.

CONCLUSION
Correction techniques from precise magnet alignment to

versatile beam-based algorithms, as well as bunch length
adjustments and manual fine tuning, based on computer
control, allowed to reach the limits of the VEPP-2000. It
became obvious that main limitations come from the obso-
lete injection facility, therefore its upgrade will be neces-
sary for the long term, high luminosity performance of the

VEPP-2000. The long shutdown for the serious upgrade
was stared in July of 2013.

Among the main VEPP-2000 achievements over the past
years are:

• The total integral in the energy range 160÷1000MeV
is about 64pb−1.

• The world record of the beam-beam parameter ξ =
0.125 obtained during the regular run.

• Data collection in lowest energy range for the e+e−

colliders down to 160 MeV per bunch.
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PERSPECTIVES AND CHALLENGES FOR DIFFRACTION-LIMITED 
STORAGE RING LIGHT SOURCES* 

R. Hettel, SLAC NAL, Menlo Park, CA 94025, USA 
M. Borland, ANL, Argonne, IL 60439, USA

Abstract 
This paper provides an overview of the scientific 

motivation for developing diffraction limited storage ring 
(DLSR) light sources, reviews the main R&D challenges 
associated with DLSR implementation and summarizes 
the worldwide effort presently in progress to build a new 
generation of very low emittance rings. 

INTRODUCTION 
Synchrotron radiation from storage rings is the 

dominant source of high brightness photons from the 
infrared to hard X-rays, serving a multitude of scientific 
applications.  Recently X-ray free electron lasers (FELs) 
have emerged, offering orders-of-magnitude higher peak 
brightness in ultra-short pulses. FELs offer nearly 
complete transverse coherence and energy bandwidth that 
will approach the transform-limit with seeding. Both ring- 
and FEL-based sources will play a vital role as they offer 
complementary beam properties, with rings providing low 
peak brightness with high average brightness and pulse 
repetition rate, which does not over-excite or damage 
samples as FELs do [1].  Another complementary 
capability for some storage ring sources is the production 
of high repetition rate (MHz), picosecond pulses for 
probing materials dynamics on the >10 ps timescale.   

There are scientific applications and experimental 
methods that would greatly benefit from ring-based 
sources having much higher average brightness and 
transverse coherence.  These include nanometer imaging 
applications; X-ray correlation spectroscopy and 
spectroscopic nanoprobes; and diffraction microscopy, 
holography and ptychography [2]. These applications will 
benefit from X-ray sources with average spectral 
brightness exceeding ~1022 photons/s/mm2/mrad2/0.1% 
BW and significantly higher coherent photon flux than 
presently available. This can best be provided only by 
reducing the electron beam emittance well below the 
present-day standard of nanometer-radians, towards the 
diffraction limit for X-ray beams.  

WHAT IS A DLSR? 
Diffraction-Limited Photon Emittance 

While diffraction is typically associated with the 
divergence of a photon beam as it passes through a 
limiting aperture, it can be shown by solving the electric 
field wave equation that diffraction also occurs for a 
transverse spatially restricted photon beam, such as a 

Gaussian laser beam [3]. The transverse size and 
divergence of the electric field are related by a Fourier 
transform and the observed radiation intensity pattern, 
proportional to the square of electric field strength,  
satisfies the following:  

)(
4

)(')( rrr
                   (1) 

where r ( ) and ’r ( ) are the rms size and divergence, 
respectively, and r ( ) is the diffraction-limited emittance 
for a Gaussian photon beam having wavelength .   

Extensive calculations of the radiation emitted by an 
undulator having N periods and length L have been 
carried out by several authors [3,4]. They reveal 
transverse beam size and divergence profiles that are only 
approximately Gaussian, so that the transform-limited 
value for the radiation emittance in (1) does not hold 
exactly. The rms size and divergence associated with the 
Gaussian fits to the calculated patterns are [4] 

L
L

rr 2
)('

4
29.1)(           (2) 

and thus 

)(
2

)(')( rrr
 .                      (3) 

It should be noted that the factor of 1.9 for r( ) in (2) is 
missing in [3].  This is not a serious issue – in fact, 
several other values can be derived depending on 
calculation and fitting assumptions. For the remainder of 
this paper, 4  will be used since that value is commonly 
used by the synchrotron radiation community. 

Diffraction-Limited Electron Emittance 
A hypothetical filament of electrons having essentially 

no transverse size or divergence (“single electron” 
dimensions) passing through an undulator would emit 
radiation having the dimensions and emittance given in 
(2) and (3).  A real electron beam has transverse size and 
divergence, which must be convolved with the single-
electron photon parameters to determine the photon beam 
properties.  Assuming Gaussian profiles, total horizontal 
or vertical emittance x,y is given by 

 
(4) 

 
 

where  denotes convolution, and x,y(e-) and ’x,y(e-) 
are electron size and divergence, respectively, given by 

yxyxyxyxyxyx eeee ,,,,,, /)(-)(')(-)( (5)     

at the waist of the electron beam (and assuming zero 
dispersion). Total emittance is minimized when photon 

 

 

___________________ 
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and electron phase space orientations are matched, i.e. 
2/)(')/(-)('-)/( ,,, Lee yxrryxyx   (6)                  

(Fig. 1). This result assumes r = /4  and imposes a 
demanding requirement, e.g., = 0.6 m for L = 4 m, a 
difficult value to achieve in the horizontal plane when 
using accumulation-based injection. Relaxing x to ~10 m 
can increase effective emittance by a factor of ~2 for 
emittances near the diffraction limit.  This condition is 
less difficult if actual r = /2 hen x = L/ . An 
optimization of beta functions that depends on undulator 
and electron beam properties is required in real designs.

From the above it can be inferred that a diffraction-
limited emittance is reached when x,y(e-) << r( ). 
However it is conventional to say a ring is diffraction-
limited when x,y(e-) = r( ). The diffraction-limited 
emittance for 1-Å X-rays (~12 keV) is 8 pm-rad, far 
below the nm-rad horizontal emittances for present-day 
storage ring light sources. However, vertical emittances at 
or below this scale are routinely reached in present 
machines by reducing vertical dispersion and coupling. 

 
Figure 1:  Total emittance (pink) is minimized when 
electron (green) and photon (blue) phase space ellipse 
orientations are matched. εr = λ/4π is assumed. 

Brightness and Coherence 
The average brightness for a photon beam having 

wavelength  is defined as the photon density in 6-
dimensional phase space at that wavelength: 
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Closely related to brightness is the fraction fcoh of 
photons that are transversely coherent in each plane: 
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When ex (e-) = er ( ), the horizontal coherence is 50%. If 
both horizontal and vertical electron emittances are at the 
diffraction limit, the total coherent fraction is 25%. 
Horizontal coherent fraction as a function of electron 
emittance for different wavelengths is shown in Fig. 2. 

From (7) it is evident that brightness can be increased 
either by reducing emittance in the denominator, or by 
increasing photon flux (Nph( )/s) in the numerator.  The 
latter can be achieved by increasing the stored beam  
 

 
Figure 2:  Horizontal coherent fraction versus emittance 
for various X-ray wavelengths. Dashed curves indicate 
the gain coherence for 4-m undulators when βx is reduced 
from 4.9 m to 0.64 m (= L/2π). 
current and through the use of longer or higher-
performance undulators. Nevertheless, while X-ray users 
are interested in high coherent flux, achieving it by 
increasing coherent fraction is more desirable since this 
reduces the amount of “unusable” incoherent flux and 
mitigates issues associated with high heat loads. 

The brightness and coherent fraction for various 
existing, imminent and potential future storage ring light 
sources are shown in Fig. 3. While these parameters will 
be increased ten-fold in the 0.1 to 10 keV range by 
sources now in construction, an even greater increase in 
that spectral range, and an enhancement of 2 or more 
orders of magnitude in the 10 to 100-keV range should be 
achieved by converting existing high energy rings (ESRF, 
SPring-8, APS) to lattices with emittances in the 60-150  

 

 
Figure 3:  Brightness and coherence for present day 
storage rings (light gray), rings in construction (MAX-IV, 
NSLS-II, dark gray) and future rings (colored curves). 
Ring parameters given in Table 1. 

X

X’

X

X’

Photon 
phase space

r = 8 pm

Electron 
phase space

e- = 12 pm

Total phase space
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pm-rad range. Large circumference green-field machines 
having emittances of 1 to 10 pm-rad (e.g. PEP-X [5], 
TauUSR [6]) would approach maximal brightness and 
coherent fraction for hard X-rays. 

Reducing Emittance 
The natural electron emittance 0 is given by [7] 
 

(9) 

where F( ,cell) is a function of the betatron tune and cell 
type, E is the electron beam energy, Nd is the number of 
dipoles in a given sector, Ns is the number of sectors (and 
straights) in the ring, and C is ring circumference. The C-3 
scaling is valid only when the cell type is fixed. Stated 
simplistically, ring emittance for a given electron energy 
is reduced by increasing the total number of dipoles in the 
ring and by increasing focusing between dipoles to 
maintain low dispersion. Horizontal and vertical 
emittances are set by the coupling factor : 

)(
1

-)()(
1

1-)( 00 eeee yx
 (10) 

Present-day rings have  < 0.1. As 0 is reduced towards 
the diffraction limit, it is reasonable to set  = ~1, 
enabling operation with a quasi-round beam that is 
beneficial to users. This increases Touschek lifetime and 
combats emittance growth caused by intra-beam 
scattering (IBS) in the very small electron bunch volumes.  

Emittance can also be reduced by introducing more 
damping to combat radiation- and IBS-induced emittance 
growth. This can be accomplished using high-field 
damping wigglers (DW) and is effective if the energy loss 
per turn UW in the wigglers is greater than the energy loss 
per turn U0 in the dipole magnets, in which case 

00 /1
1

UUW

W              (11) 

The dipole field strength for large rings can be low (~0.5 
T), making damping wigglers a practical way to reduce 
emittance by a factor of 2-3.  

 A third way to reduce horizontal emittance is to 
increase the horizontal damping partition Jx by a factor of 
two or so by passing the beam through magnets having a 
combination of positive dipole and defocusing gradient 
fields, e.g., gradient dipoles, Robinson wiggler [8], or by 
orbit offset in quadrupoles [9]. This method increases 
horizontal damping at the expense of longitudinal 
damping, reducing emittance while increasing the energy 
spread. Once gradient dipoles are used in the lattice, the 
other two methods do not add a significant benefit. 

DLSR Properties
Given the discussion above, the properties of DLSRs 

can be summarized as follows: 
 Brightness and coherence are as high as possible for 
a given beam current. 

 Beam sizes and divergences are small in both 
transverse dimensions (microns and microradians). 

 High coherence and small size allows beams to be 

focused to very small sizes – “nano-focusing” not 
achievable with present day sources, . 

 High coherence preserves X-ray wavefront phase 
uniformity, enhancing coherent imaging techniques 
by providing high coherent flux with minimal need 
for aperturing slits, etc. 

 “Round” beams are possible with the appropriate 
adjustment of coupling, betatron functions and 
vertical dispersion, enabling optimal use of H-V 
symmetric x-ray optics, circular zone plates, etc. 

 Large circumference for multi-GeV rings allows 
reaching the diffraction limit for hard X-rays. 

 Damping wigglers can be used to combat IBS, 
reduce emittance and increase lifetime. 

As noted below the strong focusing lattices needed to 
reach a minimum emittance have small dynamic aperture 
(DA), potentially inadequate for normal beam 
accumulation using off-axis injection.  In this case, an 
additional property for some designs is the need for on-
axis “swap-out” injection [10] where stored electron 
bunches are completely replaced with new incoming 
bunches. Such lattice designs also tend to have a low 
momentum compaction factor, resulting 5-10 ps rms 
natural bunch lengths in some cases for rings having 
~500-MHz RF systems, a factor of ~3 lower than present-
day sources.  In these cases, bunch lengthening RF 
cavities are needed to increase lifetime and reduce IBS.  

CHALLENGES AND SOLUTIONS 
The science case for high coherence storage rings has 

gained sufficient momentum to motivate existing 
facilities (e.g., ESRF, SPring-8, and APS) to develop 
plans to replace their lattices with ultra-low emittance 
designs. These lattices will increase brightness and 
coherent fraction by orders of magnitude, reaching 
diffraction limited horizontal emittances for few-keV X-
rays.  To reach the diffraction limit and maximal 
brightness for hard X-rays (<10 pm-rad), new machines 
with large circumference (~1.5 km for ~5-GeV electrons) 
will be required. The challenges and technological 
solutions related to these designs are discussed below. 

Fundamental Challenges 
The main path to reducing emittance in a storage ring is 

to increase the number of dipoles while limiting 
dispersive orbit amplitudes using many strong 
quadrupoles.  These quadrupoles introduce chromatic 
aberrations that must be corrected with strong sextupoles, 
which in turn introduce higher order aberrations that must 
be corrected in order to achieve adequate dynamic and 
momentum aperture (MA).  Without sufficient MA and 
DA, beam lifetime will be reduced, increasing beam loss, 
and off-axis injection becomes difficult, if not impossible.  

The ~2-fold stronger quadrupoles and ~10-fold stronger 
sextupoles required by these rings, necessitates bore radii 
2-3 times smaller than today’s light sources.  Small 
magnet bores imply small-aperture vacuum chambers in 
both transverse dimensions, reducing vacuum system 
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conductance, and increasing issues with synchrotron 
radiation power absorption.  Furthermore, the impedance 
from small aperture chambers exacerbates single- and 
mutli-bunch beam instabilities.  

Challenges for DLSRs have been discussed in several 
workshops, including [11-13] and others. 

DLSR Technology 
Multi-bend achromat (MBA) lattices having more 

than 3 dipoles per sector has been envisioned as a way to 
increase the number of dipoles while providing many 
insertion device straight sections beginning with 4BAs in 
the early 1990s [14], an early 7BA lattice for the Swiss 
Light Source [15] and a 7BA, 3-GeV lattice reaching 0.5-
nm-rad emittance with a 400-m circumference [16] (Fig. 
4). Still, the challenges associated with compact magnets 
and small-bore vacuum chambers were daunting enough 
at the time to prohibit construction of such a machine.  

 
Figure 4: 7BA lattice [16]. 

Compact magnet and vacuum chamber technology 
for DLSRs has now been developed, primarily by MAX-
Lab in Sweden, enabling construction of MAX-IV, the 
first 7BA light source [17]. MAX-IV will have a 2.6-cm 
diameter, primarily round copper vacuum chamber with 
shallow antechambers where needed to extract the X-ray 
beams (Fig. 5). To achieve sufficient vacuum pumping the 
chambers will be NEG-coated, using CERN technology 
already exploited in nearly 1/3 of the vacuum chambers at 
Soleil. NEG-coated chambers are now used routinely for 
small-gap insertion devices (IDs) in many light sources.  

 
Figure 5: MAX-IV machined magnet block and vacuum 
chamber (top); a different style magnet block assembly on 
its concrete support (bottom). 

MAX-IV magnets are machined from single blocks of 
iron, each containing a dipole and adjacent multipoles; the 
gradient dipole poles are machined directly from the 
block, while the highly precise multipole poles are 
machined separately and bolted in place, giving alignment 
precision on the order of 10 m. The blocks are mounted 
on elevated concrete blocks, eliminating both support 
girders and individual magnet supports (Fig. 5). A magnet 
measurement system employing rotating coils, Hall probe 
sensors and precise alignment technology has been 
developed. The technology has been tested, first by 
constructing similar combined function magnets for the 
700-MeV MAX-III ring in 2008, and then by testing the 
NEG-coated vacuum chamber system in one area in the 
1.5-GeV MAX-II ring. Other DLSR designs use 
independent magnets having high alignment tolerances. 

Accelerator physics methods and modeling tools for 
storage ring design have advanced appreciably over the 
last two decades, driven by the design of high-luminosity 
colliders, low-emittance damping rings, and enhanced 
light sources. Tools include symplectic tracking methods 
to accurately determine DA and MA, tracking-based 
lattice optimization codes and methods (e.g. multi-
objective genetic algorithms, frequency map analysis, 
etc.) and analytical methods (e.g Lie algebra, amplitude 
dependent tune shift and resonance driving term 
minimization). These methods have been benchmarked on 
real machines with beam-based lattice calibration tools 
(e.g. LOCO [18]) and parameter measurement techniques.  

Other relevant advances include: success of top-up 
injection in accommodating short beam lifetime; 
advances in electron and photon beam diagnostics, 
allowing precise characterization and correction of the 
ring, as well as stabilization of the beam to the sub-
micron and sub-microradian level; development of fast 
high-voltage stripline kickers for the ILC effort, 
supporting on-axis injection with closely-spaced bunches; 
advances in electronics, from power supply stability to the 
speed of digital processors used for orbit feedback; 
development of highly stable solid state RF power 
sources; high performance undulator development 
(including superconducting); and coherence-preserving 
X-ray optics being developed for FELs. 

DLSR Design Optimization 
The optimization of parameters for any storage ring is a 

complex process that can only be briefly addressed here. 
In the case of DLSRs, the scientific community is likely 
to be a mixture of users seeking high brightness and 
coherence and those whose experiments are flux- rather 
than brightness-limited, leading to tension between 
reducing emittance and increasing stored current – an 
optimization that impacts facility cost since it is generally 
less expensive to increase current than it is to build an 
ultra-low emittance ring. As mentioned, it is possible to 
get high coherent flux with a high current, low coherent 
fraction ring. As seen in Fig. 2 there is a diminishing 
return in coherent fraction for decreasing emittance that 
must be weighed in the optimization. 
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Another consideration is the electron energy needed to 
fulfil spectral requirements.  Higher energy, larger 
circumference rings (e.g. 6 GeV or more) will produce 
higher brightness hard X-rays, but competing brightness 
(within an order of magnitude) can be achieved with less 
expensive, lower energy, smaller circumference rings (e.g. 
3-4 GeV) using harmonics from high performance 
undulators. Another factor is that ring energy can be 
optimized to minimize emittance growth due to IBS for a 
given beam current; for ~1-km rings, the optimal energy 
from this standpoint is ~4-5 GeV, while it is 5-6 GeV for 
2-km rings. However the gain in hard X-ray emission at 
higher energy can lead to higher brightness, even if 
emittance is degraded. There is thus a trade-off between 
spectrum, emittance, circumference and cost. 

A final comment on design optimization concerns the 
number, length and spacing of straight sections. Designers 
must decide whether long straight sections will be used 
for two IDs in a chicane, as opposed to providing more 
short straight sections holding single IDs. The spacing 
between straight sections, lattice bending radius, and thus 
the angle between adjacent photon beam lines, ultimately 
determines the length of X-ray beam lines and the amount 
of expensive experimental floor space needed for them.  
Experimental halls for very large rings can become overly 
expensive unless ID straights are spaced for efficient 
beam line alignment. In some cases this could lead to a 
hybrid lattice design for very large rings where beam line 
straight sections are consolidated in specific arcs having 
optimal spacing using one lattice type, while another 
minimal emittance lattice type is used elsewhere [19].  
Table 1:  Parameters for some low-emittance rings. 
(IC/IP/ID = in construction, planning, development; DW 
= damping wiggler.) 

Facility E(GeV)
/ I(A) 

C 
(m) 

0 

 (pm) Features 

NSLS-II 3/0.5 792 600 DBA, DW, IC 

MAX-IV 3/0.5 528 250 7BA, 100 MHz RF, IC 

Sirius 3/0.5 518 280 5BA, superbend, IC 

ESRF 6/0.2 844 150 7BA w/dispersion 
bumps, long. grad., IP 

APS  6/0.2 1104 60 ESRF style, swap-out, 
IP 

SPring-8  6/0.2 1436 280 QBA, ID 

ALS 1.9/0.5 200 100 9BA, superbend insert, 
swap-out, IP 

SLS 2.4/0.5 288 250 Pre-conceptual design 

BAPS 
(Beijing) 5/0.2 1500 30-

50 Pre-conceptual design 

SLAC 6/0.2 2.2 10 7BA, 90m DW, 
conceptual design 

TauUSR 9/0.2 6280 3 7BA, DW, pre-
conceptual design 

A summary of low emittance rings and future DLSRs 
being considered for the future is given in Table 1.  

SUMMARY AND OUTLOOK 
Storage ring light source technology has reached the 

stage where construction of a new generation of sub-nm-
emittance rings is feasible. Machines having horizontal 
emittances as low as 0.25 nm-rad are now in construction, 
and several others having sub-100-pm emittances are in 
planning stages. Longer range plans envision rings having 
sub-10-pm emittances – machines whose technology will 
build on that developed for rings to be built in the next 
several years and which may require R&D in accelerator 
technology [12]. The longer range future for DLSRs 
might include enhanced capabilities, such as ring-based 
high repetition rate, low peak power FELs [20] and short 
bunch operation that offer beam properties 
complementary to linac-based FELs while serving a 
larger number of simultaneous users. The “MBA 
generation" is an exciting time for light source designers. 
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ULTRA-LOW EMITTANCE UPGRADE OPTIONS FOR THE DIAMOND 
LIGHT SOURCE 

R. Bartolini1,2, N. Hammond2, J. Kay2, T. Pulampong1 and R.P. Walker2 
1John Adams Institute, University of Oxford, UK  

2Diamond Light Source, Oxfordshire, UK

Abstract 
Many synchrotron radiation facilities are studying 

lattice upgrades in order to lower the natural emittance 
and hence increase the radiation brilliance and transverse 
coherence. While large circumference  rings are favoured 
for reaching ultra small emittance, recent advances in 
design and optimisation tools allow also medium size 
rings to reach emittances down to the some 100s of pm 
region, with workable lattices. Diamond is investigating a 
novel design whereby low emittance is conjugated with 
doubling of the capacity of the ring, based on a double-
double bend achromat (DDBA) cell. Plans for the 
installation of one or more low emittance cells will be 
presented. This will serve as a prototype for a possible 
full phased upgrade of the storage ring in the longer term. 

INTRODUCTION 
The Diamond Light Source is actively pursuing a 

research programme for the development of an ultra-low 
emittance upgrade of the storage ring in order to achieve 
emittances in the range of 270 pm and below [1,2] which 
would improve the present emittance by a factor 10 or 
more. This emittance will allow the facility to remain 
competitive with the next generation high brightness light 
sources by substantially increasing the brilliance and the 
transverse coherence of the synchrotron radiation.  

Accelerator physics studies have shown that lattices 
based on Multiple Bend Achromats (MBAs) can produce 
appealing emittance even with medium size rings such as 
the 561.6 m of the Diamond storage ring. The Diamond 
lattice upgrade is constrained by the requirement of 
maintaining the tunnel geometry and the position of the 
beamlines. The possibility of phasing the upgrade on a 
cell-by-cell basis to avoid long shutdowns was also 
considered in the studies. Reusing as much hardware as 
possible was considered, however it turned out that the 
magnets of the present lattice are not adequate for a 
reduced emittance lattice and so new magnet designs are 
now developed. Other technical subsystems are also 
under design, notably vacuum and diagnostics, while the 
RF system [3] and the power supplies  will be reused. In 
this report we present the advances on the accelerator 
physics design. 

MBAs have been proposed in the early ‘90s as a 
promising lattice design that allows reducing the 
emittance towards the diffraction limit [4] in the hard X-
ray region. We therefore investigated the possibility of 
replacing our DBA lattice with an MBA. Various options 
were analysed starting with a very aggressive 7BA design 
with 45 pm emittance but with a very small dynamic 

aperture. More relaxed lattices 5BA and 4BA produced 
slightly larger emittance, 150 pm and 270 pm 
respectively. These values are in any case meeting the 10-
fold emittance reduction target. In the analysis of the 4BA 
lattice it transpired that the 4BA cell can be split in two, 
inserting a new straight section in the middle of the cell. 
We later found that a similar concept was proposed in [5]. 
In this way the lattice strongly resembles again a DBA, 
despite the fact that the outer and inner dipoles in the cell 
have different lengths, and was therefore named “Double 
Double Bend Achromat” (DDBA). The additional straight 
section in the middle of the cell allows doubling the 
capacity of the present Diamond ring for Insertion 
Devices (IDs), while still maintaining a very small  
horizontal emittance.  

The possibility of introducing an additional straight 
section has triggered the study of the installation of one or 
more such DDBA cells into the present Diamond lattice. 
The VMX [6] and the DIAD [7] beamlines have 
expressed strong interest in utilising a DDBA cell located 
in cell 2 and cell 11 respectively. A third modification of 
the lattice in cell 20 would allow the installation of a third 
harmonic cavity for bunch lengthening which will support 
the increase in the operational current to 500 mA and is in 
line with the potential phased upgrade of the full lattice. 

The installation of the DDBA cells in the present lattice 
will provide the opportunity of testing many critical areas 
of a possible full upgrade of the machine. In particular it 
has kick-started the necessary R&D on several technical 
subsystems such as magnets, vacuum, diagnostics and the 
engineering integration of the subsystems. 

MBA LATTICE STUDIES 
The first options investigated to replace the existing 

DBA was a 7BA lattice, providing an emittance of 45 pm. 
The basic cell, shown in Fig. 1, is built on gradient 
dipoles with 0.45 T and 30 T/m quadrupole component 
and 90 cm length. The larger number of dipoles is 
accommodated by slightly reducing the lengths of straight 
sections. The natural chromaticity of this lattice is very 
high and requires strong sextupoles for correction. A 
dispersion bump is created between dipole 1 and 2 and 
symmetrically between dipole 6 and 7 to locate the 
chromatic sextupoles and reduce their required strength. 
The lack of a proper phase advance ( or 3 usually) 
between the chromatic sextupoles in the cell prevents the 
cancellation of the geometric driving terms. The phase 
advance was matched to complete 2 within one super 
period (4 cells). Most of the resonance driving terms 
(RDTs) can be cancelled in one super period in this way 
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[8]. However, higher order terms are still large, difficult 
to compensate and the resulting dynamic aperture is only 
 1mm. With such a small dynamic aperture, off-axis 
injection is excluded and a major reconsideration of the 
injector system would be required. Furthermore the effect 
of intra-beam scattering quickly blows up the emittance 
for beam currents under consideration: at 300 mA in 900 
bunches and 10% coupling, the emittance is double to 90 
pm. Given the constraints on the geometry and layout of 
the beamlines, we do not have the flexibility to install 
damping wigglers to compensate for this effect. It was 
therefore decided not to pursue this option further for the 
moment.  

A similar design based on a 5BA providing an 
emittance of 156 pm also showed similar, albeit 
mitigated, difficulties: the dynamic aperture is only 3 
mm. The layout of the optics function in the cell for these 
two options is shown in Fig. 1. The main parameters of 
the two lattices are reported in Tab. 1.  

 
Figure 1: Optics functions for 5BA and 7BA lattices. 

Table 1: Parameters for 5BA and 7BA Lattices 

Parameters 5BA 7BA 
Circumference [m] 561.6 561.6 
Emittance [pm.rad] 156 45.7 
Tune Point [Qx / Qy] 53.66/  28.87 75.42/52.17 
Chromaticity(ξx / ξy) -130 / -50 -348/ -119 
Length of straights [m] 9.5 / 6.5 8.0 / 5.0  
Momentum compaction 1.30e-04 7.98e-05 

THE DDBA LATTICE 
Given the above difficulties, more relaxed optics were 

then considered. The usual 4BA cell, based on standard 
TME cells and matching cells, has been modified to 
accommodate an additional straight section in the middle 
of the cell, in the so called DDBA cell shown in Fig. 2. In 
this way the number of straight sections per cell is 
doubled. Table 2 reports the main parameters of the 
DDBA lattice and a comparison with the present lattice 
design. 

The length of the additional middle straight section is a 
parameter of the optimisation and it turned out that a good 
matching can be achieved only up to 3.4 m. This length is 
sufficient to install one of the existing 2m in-vacuum ID 
and leaves sufficient space for flanges, BPMs, bellows 
and correctors. The excellent control of the optic 
functions in this straight allows the use of narrow gap 
~5mm IDs without any detrimental effect on emittance 
and gas lifetime. 

 
 

Table 2: Parameters for Existing DBA and DDBA Lattices 

Parameters Existing 
DBA 

DDBA 
lattice 

Energy [GeV] 3.0 3.0 
Circumference [m] 561.6 561.0 
Emittance [pm.rad] 2750 276 
Tune Point [Qx / Qy] 27.20/ 13.37 50.76/18.36 
Chromaticity(ξx / ξy) -80.4 / -35.6 -128/ -94 
Length of straights [m] 11.3 / 8.3 9.1- 6.7 / 3.4 
Mom. compaction 1.66e-04 1.02e-04 

 
The combined function dipoles play an important role in 

making the cell compact as almost all the vertical 
focussing is provided by the gradient in such dipoles. The 
maximum gradient of all quadrupoles and combined 
function dipoles was limited at 55 T/m and 15 T/m 
respectively. The dipole at the edge of the cell is shorter 
than the middle dipole by the factor of 31/3 in order to 
minimise the contribution to the beam emittance and 
matching to zero dispersion in the straight section [9]. To 
achieve a more efficient chromaticity correction, we 
introduced a dispersion bump between dipoles 1 and 2 
and dipoles 3 and 4. Chromatic sextupoles are introduced 
in these locations.   

 
Figure 2: Optics functions for the DDBA cell. 

 
The dynamic aperture and the momentum aperture were 
further optimised with a Multi-Objective Genetic 
Algorithm (MOGA) implemented in elegant [10], using 
the 10 sextupole families in the ring. The dynamic 
aperture is about  5 mm while the momentum aperture 
exceeds 2 % everywhere in the ring and corresponds to a 
Touschek lifetime of 2.2 h. While the dynamic aperture is 
still too small for off-axis injection we believe that a more 
thorough search for the optimal phase advance per cell 
and using more sextupole families can improve the 
dynamic aperture to values compatible with our off axis-
injection that currently produces a residual oscillation of 
8.3 mm. This work will be the subject of forthcoming 
investigation. More details on the nonlinear dynamics 
optimisation can be found in ref. [1]. Alternative injection 
schemes in small dynamic apertures are under 
investigation [11]. 
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IMPLEMENTATION OF ONE DDBA CELL 
The DDBA cell opens the possibility of adding new 

straight sections to the ring and therefore accommodating 
new beamlines.  This opportunity was used to modify the 
layout of the VMX beamline [6] by implementing one 
DDBA cell in the present cell 2 of the lattice. The VMX 
beamline was originally designed with two branches 
which were served by one in-vacuum ID and one short 
ex-vacuum ID respectively. With the DDBA cell, both 
branches can be served by 2m in-vacuum IDs with a 
considerably better performance. The modified lattice is 
shown in Fig. 3.  

 
Figure 3:  Optics functions with cell 2 upgraded to a 
DDBA cell. 

The optimisation of the beam dynamics with MOGA 
showed that the insertion of the DDBA can be made 
almost transparent, as the dynamic aperture and Touschek 
lifetime of the ring are restored to the values of the 
original lattice. Figure 4 shows the DA of 15 mm and 
the corresponding frequency map. The computed 
Touschek lifetime is 27h compared to the 29h of the 
original lattice. 

 
Figure 4:  Dynamic aperture and frequency map for the 
Diamond lattice with one DDBA cell. 

TWO AND MORE DDBA CELLS  
In following studies, cell 11 was altered to a DDBA cell 

in correspondence of the DIAD beamline [7]. A new set 
of extensive numerical simulation was set up to optimize 
the dynamic aperture and the Touschek lifetime. Also in 
this case MOGA was used to set the values of ten existing 
sextupole families as parameters and the sextupoles in the 
new cell 11. A marginal readjustment of the sextupoles in 
the DDBA cell2 was required. The result presently 
achieved shows that the dynamic aperture is still about 

15 mm. The Touschek lifetime is 18h, that is a reduction 
to 62% of the existing value of the Touschek lifetime. We 
believe that, while already very promising, these values 
can still be improved to make also the second cell 
installation transparent to the operation of the existing 
ring. 

Consequently we have started the analysis of a third 
DDBA cell. While this exercise is driven by the 
requirement to install a third harmonic cavity for bunch 
lengthening, it is also in line with the concept of a phased 
upgrade of the full ring and serves to prove the flexibility 
of our lattice. The lattice functions were matched as 
reported in Figure 5. The study of nonlinear beam 
dynamics will be carried out in the near future. 

 
Figure 5: Optics functions with three cells upgraded to a 
DDBA (cell 2, cell 11 and cell 20). 

CONCLUSION 
Several MBA lattice options are considered for a 

possible low emittance upgrade of the Diamond storage 
ring. Lattices based on 7BA cells promise very small 
emittance, but their optimisation appears to be 
challenging. A modified 4BA lattice providing small 
beam emittance and doubling the number of beamlines 
appears to be a strong candidate for the upgrade of 
Diamond. The beam dynamics optimisation of one and 
two DDBA cells in the present lattice has shown that their 
installation will not compromise the operation of the ring, 
while providing substantial benefits for the corresponding 
beamlines. The implementation of a third DDBA cell is 
under investigation. 
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ANALYSIS OF TRANSVERSE INSTABILITIES OBSERVED AT J-PARC 

MR AND THEIR SUPPRESSION USING FEEDBACK SYSTEMS 

Y. H. Chin, KEK/Sokendai, Tsukuba, Japan

Abstract 
This paper presents an analysis of head-tail instabilities 

observed at the J-PARC MR (Main Ring) and their 

suppression using feedback systems. Instabilities were 

mainly observed at low energies. About 30% of particles 

are lost due to the instabilities if the feed-back system is 

turned off at the beam power of 120kW. Both horizontal 

and vertical instabilities were observed. Measurements of 

the horizontal oscillations initially suggested the 

excitation of higher-order head-tail modes during the 

injection. An analysis unveils that a dipole mode has a 

temporal appearance of higher-order head-tail modes if 

the chromaticity is sufficiently large. The development of 

instabilities in the presence of a large chromaticity should 

be considered for conditions beyond the Sacherer’s text 

book case. 

INTRODUCTION 

J-PARC consists of three proton accelerators: a 400 

MeV linear accelerator (currently operating at 180 MeV), 

a 3 GeV Rapid-Cycling Synchrotron (RCS) and a 50 GeV 

(currently 30 GeV) Main Ring (MR). The main 

parameters of the MR are summarized in Table 1.  

Table 1: Main Parameters of the MR Ring 

Circumference  1568 m  

Injection Energy 3 GeV 

Extraction Energy  30 GeV 

Repetition Period 3 sec 

RF Frequency  1.67-1.72 MHz 

Number of bunches 8 

Synchrotron tune 0.002-0.0001 

Betatron tune 22.4, 20.77 

 

In the normal operation mode, over 90% of the protons 

accelerated in the RCS are directed to the muon and 

neutron production targets in the Materials and Life 

Science Experimental Facility (MLF). The remaining 

protons are transported to the MR for further acceleration 

before being extracted via one of two (fast and slow) MR 

extraction ports.  

The MR impedance is dominated by the transverse 

resistive-wall impedance of the stain-less steel chamber 

and the horizontal kicker impedance [1]. The kicker 

impedance has sharp peaks at about 1MHz and 10MHz. It 

is almost halved after four injection kickers were replaced 

by parasitic-impedance-free new models with HOM 

dampers (we still use five old-type kickers). The 

transverse resistive-wall impedance is exceptionally high, 

since the first betatron unstable line appears at around 

40kHz on the vertical plane where the skin-depth is 

comparable to the wall thickness and the transverse 

impedance is proportional to the inverse of the frequency, 

not the square root of the frequency [2]. The beam 

instability evaluation before the commissioning of MR 

predicted that beam instabilities would start to hurt beam 

operation from the beam power of 100-200kW. Although 

the necessity of a damper system has been recognized, 

actual development has been delayed due to financial 

constraints. After the commissioning of MR started, the 

careful inventory of the existing hardware revealed that 

we already have some key components necessary to 

compose the damper system: several unused Stripline 

Position Monitors (SPM), and the exciters for tune 

measurements that can be exploited as damper kickers. It 

was found that only remaining component to be 

developed is a signal processing circuit to filter and 

process SPM data and then to produce kick signals. The 

whole project costs only less that 100k USD. 
Figure 1 sketches the transverse (narrow-band) bunch-

by-bunch feedback system. The beam position signals are 

sampled at an RF frequency times 64 rate (108.8MHz at 

3GeV). The signal processing and digital filtering circuits 

consist of two LLRF4 boards with four 14-bit ADCs and 

two 14-bit DACs. They extract the betatron oscillation 

signals using 8-tap FIR filters. Its system integration and 

firmware development including EPICS interface was 

done by the Dimtel Inc. The kick signals are sent to the 

stripline damper kickers through the power amplifiers 

(two 500W/ 10kHz-250MHz ones for the horizontal plane 

and two 1kW/100kHz-8MHz ones for the vertical plane) 

to provide a single kick per bunch per passage for the 

both directions.  

 

Processing 

circuit 

amp. or att.)

Pickups

Hor. Ver.
HorizontalVertica

Digital 

module
Hybrid 

0-180 
RF power amplifier

Dummy

load

Beam

10k-250MHz, 500W 

100k-8MHz, 1kW 

Signal sampling at  

RF frequency x64 

Single kick per bunch 

operating at RF frequency 
 

Figure 1: Schematic view of the transverse bunch-by-

bunch feedback system (narrow-band). 

Figures 2 (a) and (b) show the beam oscillation signals 

from the SPM recorded at a 500MHz sampling rate for 

the first 128ms period that covers the injection of the last 

batch of bunches from RCS (K4) and the onset of 

acceleration (P2) where all instabilities take place. The 

top figure (a) shows the signals with the feedback (FB) 

off, while the bottom figure (b) shows one with the FB on. 
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The strong vertical oscillations are visible just after the 

onset of acceleration when the FB is turned off. The large 

horizontal oscillation can be also seen just after the 

injection of the last batch of bunches. They are strongly 

damped when the FB is tuned on. The DCCT monitor 

shows that the particle losses at the injection and at the 

onset of acceleration are about 500W and 4,800W, 

respectively, which are far larger than the collimator 

tolerance (400W). They are reduced to 100W and 25W, 

respectively, when the FB is turned on.  Figures 3 (a) and 

(b) show the beam intensity measured by the DCCT 

monitors without and with FB, respectively. It can be seen 

that almost 30% of particles are lost due to the beam 

instabilities when FB is turned off. The FB is now 

indispensable in daily operation of MR. 

 

 

Figure 2: The beam oscillation signals from SPM for the 

first 128ms (a) when FB is turned off and (b) when FB is 

turned on. 

 

Figure 3: The beam intensity measured by the DCCT 

monitors (a) when FB is turned off and (b) when FB is 

turned on. 

 HEAD-TAIL INSTABILITY THEORY 

Let us revisit the Sacherer’s head-tail instability theory 

[3]. The chromaticity is defined by 

δω
ωξ
β
β

/
d=  ,                                  (1) 

where  is the angular betatron frequency and βω
pp /Δ=δ is the relative momentum deviation. In other 

words, the betatron frequency depends on the momentum 

deviation as 

)1()( 0 ξδωδω ββ += .                            (2) 

When a particle moves along the ring, the accumulated 

betatron phase advance is given by 

τωβω
τη

ξ
βωβδωφ

ξβ

βββ

−≡
−== ∫

c

s

c

s

c

ds
s

0

0 )()()(
,             (3) 

FB:On

H: 

20ms 

H: 

V: 

FB:Off 

FB:On 

V: 

(a) 

(b) 

K4 

Injection of the  

last batch 

P2 

Acceleration starts 

where τ is the arrival time difference of the particle at the 

position s (positive toward the head of bunch), cβ is the 

velocity of the particle, and η is the slippage factor. Thus, 

the betatron phase advance varies linearly along the 

bunch and attains its minimum (maximum) at the head 

(tail) of the bunch.  

To investigate how the difference of phase advance 

between the head and the tail of the bunch varies over one 

synchrotron oscillation period, we have developed the 

four particle model in the synchrotron phase space, as 

illustrated in Fig. 4. We assume that the arrival time is 

oscillating as 

)2cos(ˆ ksπνττ = ,                           (4)  

where
sν is the synchrotron oscillation tune and is the 

revolution turn. We also assume that the chromaticity is 

negative and the ring is operated below the transition 

energy (

k

0<η ). Thus particles move clockwise in 

synchrotron phase space. 

FFBB::OOnn  

FFBB::OOffff  (a) 

(b) 

       
Figure 4: (a) The initial phase advance setting of the four 

particles. (b)The phase advance after a quarter period of 

the full synchrotron oscillation.   

(a)

τωξ ˆ− τ
0

0

δ

0

βφ

τωξ ˆ

τωξ ˆ τωξ ˆ−

(b) 

τωξ ˆ− τ
0 

0 

δ

0 

βφ

τωξ ˆ

τωξ ˆ τωξ ˆ−

 

In principle, the betatron phase advance slows down 

(quickens up) by τωξ ˆ for every quarter period of 

synchrotron oscillation as the particle moves forward 
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(backward) along the synchrotron orbit, respectively. As 

can be seen in Fig.4, the initial phase relationship along 

the bunch is preserved after the quarter period of 

synchrotron oscillation. One can quickly check that the 

phase pattern remains stationary over the full period of 

the synchrotron oscillation. In other words, the difference 

of the phase advance between the head and the tail of the 

bunch is constant, and we denote this constant as χ : 

.constant ˆ2ˆ2 0 ===−= τωη
ξτωφφχ βξββ HeadTail

   (5)  

Let us assume that the dipole moment observed at a 

single point in the ring has the following standing wave 

pattern: 

⎪⎪⎩
⎪⎪⎨
⎧

=+
=+

=
,...5,3,1)1sin(

,...4,2,0)1cos(

)(

m
t

m

m
t

m

tp

L

L
m

τπ
τπ

 ,             (6) 

where ττ ˆ2=L
is the total bunch length. The transverse 

pick-up signal observed at that point on the k-th 

revolution turn is given by 

)2exp()()( 0βξ νπω kititptI mm +∝ ,              (7) 

where 
0βν is the betatron tune. The effect of the 

travelling-wave component )2exp( 0βξ νπω kiti + over the 

standing-wave dipole moment is to shift the bunch 
spectrum by

)(tpm

ξω . Figure 5 shows an example where the 

transverse resistive-wall impedance and the narrow-band 

kicker impedance are shown as impedance examples. The 

spectra are drawn for the head-tail modes 0 and 1 with 

positive phase difference χ . In this example, the mode 0 
is stabilized, while the mode 1 becomes unstable by the 

transverse resistive-wall impedance at low frequency. 

 

 

Figure 5: An example of the bunch spectrum shift by non-

zero chromaticity. 

The shift of the left peak of the bunch spectrum of the 

mode 1 means that a part of the mode now oscillates 

slowly. The head and the tail of the bunch will move 

almost in phase, not out of phase, to synchronize with the 

low frequency impedance. On the other hand, the shift of 

the right peak of the mode 1 bunch spectrum implies that 

this part of the mode now oscillates faster. In summary, 

the mode m=1 is degenerated at zero chromaticity, but it 

now splits to slower and faster oscillating parts by non-

zero chromaticity. These split modes are equally excited 

due to the standing-wave condition of head-tail modes, 

and thus they always have a node at the centre just like 

the m=1 mode at zero chromaticity. 

B

kW.  The typical chromaticity pattern is 

sho

 

Ve

by ces. The

EAM SIGNAL MEASUREMENT AT MR 

We have made several beam studies to investigate 

beam oscillation signals from the SPM in more depth. 

The studies were done with 8 bunches with the beam 

power of 120-140

wn in Fig. 6. 

Figure 6: The typical chromaticity pattern. 

rtical Instability at the Onset of Acceleration 

The vertical instability at the onset of acceleration (see 

Fig. 2(a)) is a text book case of the head-tail instability: it 

starts with a noise with the right phase relationship as 

shown in Fig.4 and then grows. Let us estimate head-tail 

modes that could be excited at the onset of acceleration 

 the MR transverse impedan  phase difference χ  is 4.4 fo ticity 45.1−=r the chroma ξ , the total bunch 

length of nsL 150ˆ2 == ττ and the slippage factor of 0.058. 

That leads to the excitation of the m=0 or m=1 mode by 

the low frequency transverse resistive-wall i nce. 

The 10MHz kicker impedance can produce 8.13

mpeda

=χ  and 

thus the m=3 mode is likely to be excited. Figures 7 show 

the maximum amplitude of the vertical oscillation when 

the FB is turned off (left) and is turned on (right), 

respectively. 

 

 

Figure 7: The time evolution of the maximum amplitude 

of vertical oscillation for the FB off (left) and on (right).  

From these figures, the growth time can be estimated as 

about 1.2ms. The huge damping effect by the FB is 

recognizable in the right figure of Fig. 7. Figure 8 shows 

the vertical oscillation signals superimposed on 10 

consecutive turns (when FB is tuned off). No node is 

visible, suggesting that the vertical oscillation is just a 

200ms 50ms 50ms 

K4

Acceleration starts 

ξx=-1.42 ξy=-1.47 

ξx=-4.53ξy=-4.7

ξx=-4.53ξy=-4.7
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the last batch 

ξω  

ω 
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)(0 ξωω −F  

)(1 ξωω −F  

Transverse 

resistive-wall 

impedance 

unstable 

Narrow-band 

kicker impedance 

Proceedings of PAC2013, Pasadena, CA USA MOYBB1

05 Beam Dynamics and Electromagnetic Fields

D05 - Instabilities - Processes, Impedances, Countermeasures 29 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



dipole mode. The BBU approach for the growth time 

estimate delivers the growth time of 1.5ms, in a 

reasonable agreement with the measurement of 1.2ms [4]. 

 

Figure 8: The vertical oscillation signals superimposed on 

H

middle) and 501-th (bottom) turns, 

respectively. 

10 consecutive turns when FB is turned off. 

orizontal Instability at the Injection 

The horizontal instabilities during the injection evolve 

from very different initial conditions compared to 

conventional head-tail instabilities. They start, not from 

noise, but from a large transverse displacement due to 

injection errors or ones by kicks by the mismatching field 

of the kicker magnets. There is no betatron phase 

difference along the bunch at the moment of the injection 

or the kicks by the mismatching field. Nevertheless, if we 

still apply the Sacherer’s text book analysis to this case, 

the head count of head-tail modes that could be excited at 

140kW is the m=3 mode by the low frequency resistive-

wall impedance and the m=6 mode by the 10MHz kicker 

impedance. Figures 9 show the time evolution of the 

maximum amplitude of horizontal oscillation of the first 

bunch at the injection of the last batch when the FB is 

turned off (left) and on (right), respectively. Figures 10 

show the measured horizontal oscillations of the same 

bunch for the FB on (left) and FB off (right) at the 1st 

(top), 250-th (

 

Figure 9: The time evolution of the maximum amplitude 

of horizontal oscillation of the first bunch at the injection 

of the last batch (K4) for the FB off (left) and on (right), 

re

easured 

intra-bunch oscillations to find their true identity. 

spectively. 

One can see that main growing mode with the FB off is 

the dipole mode and it is very quickly and effectively 

damped by the FB system. However, complex intra-bunch 

oscillations occasionally emerge and fade out. It looks 

like that a lower-order head-tail mode appears first and 

then it is transmuted into higher-order modes (m=6 or 7), 

and then transmuted back to the lower-order mode again 

after one full synchrotron oscillation period (∼500 turns). 

No large particle loss has been observed associated with 

these intra-bunch oscillations at present. However, if they 

are indeed head-tail modes excited by the 10MHz kicker 

impedance, it is likely that they will impose a significant 

limit on the beam power in future, since the present 

narrow-band FB system is ineffective to damp such intra-

bunch oscillations. To defuse such possibility, first we 

started to develop a broadband intra-bunch feedback 

system based on the iGp12 module [5]. At the same time, 

we made more in-depth investigation of the m

 

Figure 10: The measured horizontal oscillations of the 

first bunch at the injection of the last batch (K4) for the 

FB off (left) and FB on (right) at the 1st (top), 250-th 

(m

if it is a small 

bu

de 

is visible in the both cases with and without active FB. 

iddle) and 501-th (bottom) turns, respectively. 

The iGp12 digital signal processing module is widely 

used in electron rings. It is operated at the rate of RF 

frequency times 64 and replaces the present narrowband 

digital module shown in Fig. 1, which is operating at just 

the RF frequency. It divides each RF bucket into 64 

segments (bins) and acts on each bin as 

nch (bunch-let) in a narrowband mode.  

Let us take a closer look at the horizontal oscillations 

signals to see if they are forming envelops, one of 

signatures of head-tail modes. Figures 11 show the 

horizontal oscillation signals superimposed on 10 

consecutive turns starting from 251-th turn. No clear no

 

Figure 11: The horizontal oscillation signals 

superimposed on 10 consecutive turns starting 251-th turn 

for the FB off (left) and the FB on (right), respectively. 
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One possible explanation is that the kicker 10MHz 

impedance is not strong enough to sustain higher-order 

head-tail modes alive for long period of time. Another 

possible explanation is that the simple application of 

Sacherer’ text book analysis is inadequate in the present 

case. 

Let us re-investigate how the betatron phase difference 

between the head and the tail of a bunch evolves over a 

full synchrotron oscillation period using the four particle 

model again (see Fig. 12).  All the particles have the same 

betatron phase at the beginning. At every a quarter period 

of the full synchrotron oscillation, the phase difference 

between the head and the tail increases by τωξ ˆ2 till the 

half of the synchrotron oscillation.  Then, the phase 

difference starts to decrease and come back to zero at the 

full synchrotron oscillation (namely, the picture next to 

(d) comes back to (a)).  More detailed analysis shows that 

the phase difference oscillates like 

)).2cos(1(0 ksLHeadTail πντωη
ξφφχ βββ −⋅===        (8) 

          
Figure 12: (a) The initial zero phase difference. (b-d) 

Change in phase advance after every quarter period of the 

full synchrotron oscillation. After (d), the phase 

difference comes back to (a). 

 

Let us see how a simple dipole mode changes its 

oscillation appearance when the phase difference between 

the head and the tail oscillates as specified in Eq. (8). 

Figures 13 show the simulated horizontal oscillations and 

their superposition on 10 consecutive turns at the 1st (top), 

251-th (middle) and 501-th (bottom) turns, respectively. 

They are strikingly similar to the right figures of Figs. 10 

and Figs. 11. We also analysed the frequency spectra of 

the horizontal oscillation signals and found that the low 

frequency signal (lower than ∼5MHz) is dominant and 

there is no clear peak at higher frequency. These results 

demonstrate that a simple dipole mode can create a 

temporal deceptive appearance of higher-order head-tail 

modes, when the betatron phase difference between the 

head and the tail of the bunch is oscillating as in Eq. (8). 

 

(a) 

τ
0 

0 

δ

0 

βφ

0 0 

0 0 

(b) 

τωξ ˆ− τ

δ

0 

βφ

τωξ ˆ

τωξ ˆ τωξ ˆ−
τωξ ˆ

τωξ ˆ−
Figure 13: The simulated horizontal oscillations and their 

superposition on 10 consecutive turns at the 1st (top), 251-

th (middle) and 501-th (bottom) turns, respectively. 

SUMMARY 

The present (narrowband) bunch-by-bunch feedback 

system is found to be quite effective to suppress 

transverse beam instabilities at MR, allowing the beam 

power to reach 230kW with only particle losses of 400W. 

The initial analysis of the horizontal instabilities during 

the injection raised concern over the excitation of higher-

order head-tail modes. However, the detailed analysis 

revealed that a simple dipole oscillation can be deceived 

as higher-order head-tail modes, when a bunch starts to 

oscillate from a large transverse displacement. The new 

broadband intra-bunch feedback system is under testing. 
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TRANSVERSE IMPEDANCE AND TRANSVERSE INSTABILITIES IN
THE FERMILAB BOOSTER∗

A. Macridin, J. Amundson, P. Spentzouris, V. Lebedev, T. Zolkin Fermilab, Batavia, IL 60510, USA

Abstract
The Fermilab Booster is characterized by large space

charge and large wake fields, leading to beam loss and in-
stabilities at high intensity. Using the Synergia simulation
package with a realistic lattice model and realistic wake
functions we investigate the coherent tune shift and the in-
stabilities at injection energy. We calculate the wake func-
tions in the laminated magnets and find them to be four
orders of magnitude larger than the wakes in the metallic
straight sections. We find a large decrease of the verti-
cal tune shift and a small increase of the horizontal tune
shift with intensity, in good agreement with experiment. In
agreement with measurements, we find that a large chro-
maticity is required to avoid a horizontal instability. The
instability is caused by short-range bunch-bunch interac-
tion and is due to the large coupling between the horizontal
wake function and large lattice beta function at the loca-
tions of the focusing magnets.

INTRODUCTION
The Fermilab Booster [1] is a 40-year-old machine

which provides protons for the Fermilab Main Injector. It
runs at an intensity of 4.5 × 1012 protons per batch, which
is about two times larger than the originally designed in-
tensity. The machine shows beam loss and instabilities
at high intensity. For machine improvements required by
the demand of future Fermilab programs for high intensity
beams, it is essential to have a good understanding of these
instabilities.

The particular thing about the Booster is the presence of
the dipole-quadrupole combined-function focusing (F) and
defocusing (D) magnets, which cover about 60% of the ma-
chine length. The rest of the machine is made by straight
metallic beam pipe sections. Since there is no beam pipe
in the combined-functions magnets, the beam is exposed
directly to the magnets’ laminations. A consequence of the
presence of bare laminations is the formation of very large
wake fields. Since the machine runs at low energy (injec-
tion E/final E = 0.4GeV/8GeV ), the space charge is also
strong. The presence of both large wakes and space charge
effects together with complex single-particle optics makes
any attempt of analytical treatment very difficult.

∗This work was performed at Fermilab, operated by Fermi Research
Alliance, LLC under Contract No. De-AC02-07CH11359 with the United
States Department of Energy. It was also supported by the ComPASS
project, funded through the Scientific Discovery through Advanced Com-
puting program in the DOE Office of High Energy Physics. We also used
resources of the Argonne Leadership Computing Facility at Argonne Na-
tional Laboratory, which is supported by the Office of Science of the U.S.
Department of Energy under contract DE-AC02-06CH11357.

We address these effects by using Synergia [2], a state
of the art simulation package developed at Fermilab. We
perform single- and multibunch simulations at the injec-
tion energy. Since the RF sets the number of buckets in the
Booster to 84, a full machine simulations requires simula-
tions with 84 bunches.

In order to properly take into account the wake fields, we
calculate the wake functions in the laminated magnets. We
find that the wake functions in the laminated magnets have
a non-metallic behavior and are four orders of magnitude
larger than the wakes in the metallic pipe section.

The measurements of the coherent tune shift show a
large negative shift for the vertical tune and a small pos-
itive shift for the horizontal tune [3, 4]. Close to injection,
the beam is horizontally unstable unless the machine runs
with a large horizontal chromaticity [5]. The result of our
simulations are in good agreement with experiment. We
find that the instability is due to short range bunch-bunch
interactions. The instability is caused by the large value
of the coupling between the lattice horizontal beta function
and the horizontal wake at the location of the F magnets.

SYNERGIA CODE
Synergia [2] is a simulation package for beam dynam-

ics in accelerators developed at Fermilab. It can address
single-particle optics by using direct symplectic integra-
tion through the lattice elements or/and by using arbitrary-
order polynomial maps. Collective effects are incorpo-
rated by employing the split-operator method [6]. A va-
riety of space-charge solvers (such as 3D Poisson solvers
with different boundary conditions, 2.5D solversand semi-
analytical 2D solvers) can be used with Synergia. Syner-
gia can accommodate arbitrary wake functions by reading
them from external files.

In our Booster simulations, in order to account for the
large nonlinear lattice effects, we used direct symplectic
integration for particle propagation. Space charge was ad-
dressed by using three different 3D Poisson solvers with
appropriate boundary conditions for the F magnets, D mag-
nets and straight sections, respectively. We used different
wake functions for the F and the D magnets. The wake
functions for the laminated magnets were calculated sepa-
rately, as is described in the next section.

WAKE AND IMPEDANCE
The electromagnetic field created by a particle moving

through the accelerator induces currents in the vacuum
chamber walls. The field created by these currents will af-
fect a trailing particle. This effect can be addressed by a
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Figure 1: a) The vertical impedance caused by the source
displacement in the F magnet (ReZY (ω) -solid line,
Im(ZY (ω) -dashed line) and in the pipe section. (See inset
for the plot using a logarithmic scale). The impedance in
the laminated magnets is four orders of magnitude larger
than in the pipe. b) Longitudinal wake in the D magnet. c)
Transverse horizontal and vertical wakes in the D magnet.
The vertical wake caused by the source displacement (red)
is about two times larger than the corresponding horizontal
one (black). Due to nonultrarelativistic effects, the wakes
are nonzero up to a small distance (≈ 0.1m) in front of the
source particle.

simple formalism [7],

βc∆pz = −qQW ||(z) (1)
βc∆px = −qQ (WX(z)X +Wx(z)x) (2)
βc∆py = −qQ (WY (z)Y +Wy(z)y) . (3)

Here Q,X, Y (q, x, y) represent the charge and horizontal
and vertical displacements of the source (witness) particle.
The momentum of a witness particle going through a lat-
tice element is kicked with a term proportional to a wake
function which depends only on the distance, z, between
the source and the witness particle. Only the terms up to
the first order in the particles displacements are considered.
Note that for highly symmetric chambers, such as circular
or rectangular, and in the ultrarelativistic limit, the terms
proportional to the witness particle displacement are zero.
For a flat chamber like the one we use to model the Booster
magnets, WX = −Wx due to the horizontal translational
symmetry.

For a realistic simulation it is important to have an ac-
curate estimate of the wake functions. Calculation of the
wakes requires solving the electromagnetic problem for the
vacuum chamber. This is usually done in the frequency do-
main. The impedance, which is related to the wake function
via a Fourier transform is proportional to the force acting
on the witness particle. The solution is dependent on the
chamber geometry and on the boundary conditions for the
electromagnetic field at the vacuum chamber walls.

Due to the exposure of the laminations, the impedance
and wakes are orders of magnitude larger in the combined-

function magnets than in the metallic pipes. The ultrarel-
ativistic impedance calculation in the laminated structures
is presented in [8], while the nonultrarelativistic effects for
flat chambers are addressed in [9]. In Fig. 1 a) we show the
vertical impedance ZY in the F magnet and compare it with
the straight section vertical impedance. While the straight
section impedance shows the conventional (i.e. metallic)
ω−0.5 behavior in the frequency domain of interest, the real
part of the F magnet impedance shows a broad peak around
80MHz and is four orders of magnitude larger. In Fig. 1 b)
and c) we show the longitudinal and transverse wakes in the
D magnet. The vertical wake WY is about two times larger
the corresponding horizontal wake, WX , while the verti-
cal wake caused by the witness particle displacement Wy

is close to the corresponding horizontal wake Wx. (They
are equal in the ultrarelativistic limit). Note that due to the
nonultrarelativistic effects, the wakes are nonzero up to a
small distance (≈ 0.1m) in front of the source particle.

SIMULATION RESULTS
To ensure agreement between the lattice model and the

real lattice the parameters of the dipole and quadrupole
correctors were determined using Orbit Response Mea-
surement fitting [10]. We performed single- and multi-
bunch simulations up to 2000 turns at the injection energy
(0.4GeV ).

Figure 2: Fourier transform of the beam centroid horizontal
and vertical displacements at intensity 4×1010 p per bunch
for the full machine (84 bunches). When the collective ef-
fects are neglected (red and black), the spectral weight ex-
hibits sharp peaks for frequencies corresponding to the bare
tunes. The spectral weight shows small positive horizontal
(blue) and large negative vertical (green) tune shifts when
the collective effects are present. Note the wide spectral
features when the collective effects are included.

The coherent tune was determined by Fourier trans-
forming the beam centroid displacement as a function of
the trajectory length. The spectral analysis is shown in
Fig. 2. When no collective effects are included, the spec-
trum shows sharp peaks at frequencies corresponding to
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the bare tunes. With the collective effects taken into ac-
count, the spectral weight shows small positive horizontal
and large negative vertical tune shifts. Aside from that, the
spectral features are broad, indicating the evidence of an
interaction between multiple modes.

Figure 3: Comparison of the calculated coherent tune shifts
for a full machine at injection with measurements. The
simulation shows a slightly larger tune shift.

A comparison of the simulated coherent tune shift at in-
jection with measurements [4] is shown in Fig. 3. As in
the experiment, the simulations show a large decrease of
the vertical tune and a small increase of the horizontal tune
with increasing intensity. Our simulation shows a slightly
larger tune shift (≈ 10%−15%) than the experiment. How-
ever, note the large error bar of the simulated tune shift
which increases with increasing the intensity. The error bar
is a consequence of the difficulty to uniquely determine the
tune for a wide spectral feature.

Single-bunch simulations (not shown) suggest that, re-
garding beam loss, it is most favorable to have small values
of chromaticity, ωξxβc ,

ωξy
βc ≤ 2π × 0.023m−1. An increase

of chromaticity results in an increase of the bunch trans-
verse spatial dimensions. More particles hit the vacuum
chamber walls and the beam loss is larger.

However, full machine (i.e. 84 bunch) simulations find
that the beam is horizontally unstable for small horizon-
tal chromaticity. The beam centroid horizontal displace-
ment versus the turn number is shown in Fig.4 for dif-
ferent values of the horizontal chromaticity. This behav-
ior is in very good agreement with the experiment [5]. In
order to stabilize the beam, a large horizontal chromatic-
ity, ωξx

βc = 2π × 0.091m−1 [11] (which corresponds to
ξx = −19 in Ref. [5]), should be chosen.

Simulations with a smaller number of bunches, occupy-
ing subsequent buckets also exhibit horizontal instability.
In Fig. 5 the horizontal centroid displacement for different
bunches in a 14-bunch train is shown. The instability is
more pronounced for the bunches traveling at the end of
the train. This result indicates that the instability is caused
by short-range bunch-bunch interaction rather than by cou-
pling to a resonant mode.

Figure 4: Full machine simulation. Beam centroid horizon-
tal displacement at BPMs location versus turn number for
different horizontal chromaticities, ωξxβc = 2π× 0.023m−1

(red), ωξxβc = 2π×0.046m−1 (blue), ωξxβc = 2π×0.069m−1

(green) and ωξx
βc = 2π × 0.091m−1 (black). The verti-

cal chromaticity is kept constant, ωξyβc = 2π × 0.023m−1.
The intensity is 5 × 1010 p per bunch (i.e. 4.2 × 1012

p per batch). The beam shows horizontal instability un-
less a large horizontal chromaticity is considered, similar
to the experiment [5]. In our units, the chromaticity is
ωξx
βc = 2π × 0.091m−1, which stabilizes the beam, cor-

responding to ξx = −19 in Ref. [5].

In order to understand the contribution of the differ-
ent wake terms to the instability we performed simula-
tions with modified wakes. First, we turned direct space
charge [12] off in our simulations. The instability is still
present, but the growth rate is smaller. Next, we ran sim-
ulations with the wake function terms (see Eqs. 1, 2, 3)
modified. The instability growth rate is influenced very lit-
tle by the multiplication of the longitudinal wake, W ||, or
of the transverse wakes caused by the displacement of the
witness particle, Wx and Wy , with a factor of two or by
neglecting them (not shown). We also find that the verti-
cal wake WY caused by the source displacement, has little
contribution to the instability. This can be seen from Fig. 6,
where the number of particles and centroid horizontal dis-
placement are shown for both the original wakes and for
enhanced WY . Nevertheless, we find that the instability
is very sensitive to the horizontal wake WX , as illustrated
in Fig. 6. An increase of WX by a factor of 1.5 strongly
enhances the instability.

Considering that the vertical wake in the laminated mag-
nets is about two times larger than the horizontal wake (re-
member Fig. 1 -c), it might seem counter intuitive that the
system is prone to horizontal instability and not to verti-
cal instability. However, note that the momentum kick is
proportional to the wake coupled to the displacement. In a
rough approximation, the instability growth rate should be
proportional to the average over the machine length of the
lattice beta function multiplied by the wake. Taking into
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Figure 5: 14 bunch simulation with subsequent buckets
occupied. ωξx

βc ,
ωξy
βc = 2π × 0.023m−1. The intensity is

5 × 1010 p per bunch. The bunch centroid horizontal dis-
placements versus turn number. 14th (red, the last bunch),
13th (blue), 9th (green), 4th (yellow), 1st (black, the
leading bunch). The motion of the trailing bunches is unsta-
ble. The instability is caused by short-range bunch-bunch
interaction rather than by a coupling to a resonant element.

Figure 6: The number of macroparticles a) and beam cen-
troid horizontal displacement b) versus turn number for dif-
ferent values of the wake functions. ωξx

βc ,
ωξy
βc = 2π ×

0.023m−1. The intensity is 5×1010 p per bunch. The direct
space charge [12] is turned off. The instability is present
for unmodified wakes (the ones corresponding to the real
machine, red) and is very little affected by the increase of
the vertical wake. (WY increased two times shown with
green). However it is strongly enhanced by the increase of
the horizontal wake caused by the source particle. (WX

increased 1.5 times shown with blue).

account that the average horizontal beta over the F magnets
length is about 3.5 times larger than the corresponding av-
erage vertical beta (< βx >F= 27.75, < βy >F= 8.15),
while the averages over the D magnets are of similar mag-
nitude (< βx >D= 12.78, < βy >D= 16.78), one can
conclude that the instability is caused by the large horizon-

tal beta wake coupling at the location of the F magnets.

CONCLUSIONS
Experimental measurements show the presence of large

wake fields and horizontal beam instability in the Fermi-
lab Booster. We calculate the wakes in the laminated mag-
nets and find them to be four order of magnitude larger
than in the metallic straight section. Using Synergia we
ran single- and multibunch simulations with a realistic lat-
tice model, space charge and wake fields. The simulated
coherent tune shift and the instability behavior are in good
agreement with experiment. We find that the horizontal in-
stability is caused by short-range bunch-bunch interaction
rather than by a coupling to a resonant element. The insta-
bility is due to the large coupling between the horizontal
wake and the horizontal lattice beta function at the location
of the F magnets.
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THE JLAB 12 GEV ENERGY UPGRADE OF CEBAF * 
Leigh Harwood (for the JLab 12 GeV project team) 

Thomas Jefferson National Accelerator Facility, Newport News, VA  23606     USA

Abstract 
CEBAF at Jefferson Lab was a 5-pass, recirculating cw 

electron linac operating at ~6 GeV and devoted to basic 
research in nuclear physics.  The 12 GeV Upgrade is a 
major project, sponsored by the DOE Office of Nuclear 
Physics, that is expanding its research capabilities 
substantially by doubling the maximum energy and 
adding major new experimental apparatus.  The Upgrade 
is illustrated in Figure 1 includes: doubling the 
accelerating voltages of the linacs by adding 10 new high-
performance cryomodules; the requisite expansion of the 
2K cryogenics plant and rf power systems to support 
these cryomodules; upgrading the beam transport system 
from 6 to 12 GeV through extensive re-use and/or 
modification of existing hardware; and the addition of one 
recirculation arc, a new experimental area, and the 
beamline to it; and the construction of major new 
experimental equipment for the GPD, high-xBjorken, and 
hybrid meson programs. The accelerator upgrade is 
essentially complete and the construction of the new 
experimental apparatus is well underway.  This paper 
provides some details about the accelerator upgrade. 

 

OVERVIEW 
Scientific Motivation 

In the 20+ years since the original design parameters of 
CEBAF were defined the understanding of the behavior 
of strongly interacting matter has evolved significantly, 
and important new classes of experimental questions have 
been identified that can be addressed optimally by a 
CEBAF-type accelerator at higher energy. The original 
design of the facility, coupled with developments in 
superconducting RF technology, makes it feasible to triple 
the initial design value of CEBAF’s beam energy to 12 
GeV in a cost-effective manner, providing a new research 
tool capable of addressing the science. 

The science motivating the 12 GeV Upgrade includes 
breakthrough programs that will be launched in four main 
areas (they are described in detail in [1]): 

 Discovering the quark structure of nuclei  
 Probe potential new physics through high precision 

tests of the Standard Model using precision, parity-
violating electron scattering experiments. 

 

 
Figure 1:  Changes to CEBAF. 

 ___________________________________________  

* This work was supported by the U.S. Department of Energy 
Contract Number DE-AC05-06OR23177 under which 
Jefferson Science Associates, LLC operates Jefferson Lab 
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 Explore the physical origins of quark confinement 

(GlueX experiment):  A potential explanation, 
supported by lattice QCD calculations, is that quark 
confinement stems from the formation of a string-
like “flux tube” between quarks. This conclusion 
(and proposed mechanisms of flux tube formation) 
can be tested by determining the spectrum of the 
gluonic excitations of mesons (referred to as 
“hybrid” mesons)  

Base Requirements 
The exotic meson spectroscopy program needs 9 GeV 

polarized photons for optimal production of the hybrid 
mesons and distinguishing them from the other meson 
excited states.  Coherent bremsstrahlung, obtained by 
passing a high quality, cw beam of 12 GeV electrons 
through a crystal radiator, is the ideal source of these 
photons. Similar electron beam energies are nearly ideal 
for the other research programs outlined above.  

CEBAF, which had originally been built to operate at 
4 GeV, had been incrementally upgraded to 6GeV.  Thus, 
to reach 12 GeV a net of 6 GV of acceleration had to be 
added.  A new experimental area (for the hybrid meson 
program) has been added on the opposite end of the 
accelerator from three existing end stations, so the beam 
reaching it will transit one linac once more than beams for 
the existing end stations 

12 GeV could have been achieved by increasing the 
linac capabilities or increasing the number of passes.  An 
analysis determined that it would be more cost effective 
to increase the linac capabilities than to reconfigure 
(rebuild) the beam transport system for additional passes. 
Therefore, the 0.6 GV linacs have been upgraded to 1.1 
GV.  The hybrid meson studies need < 5 µA; the other 
programs need much larger beam currents.  The original 
beam power limit of 1 MW has been retained.  

The original beam transport system supported 5 pass 
beam at 6 GeV to the existing end stations.  It has been 
modified to deliver 11 GeV beam to those halls and beam 
transport must be added to deliver the full 12 GeV beam 
to the photon radiator target for the new end station, 
including an additional recirculation arc. 

BEAM PHYSICS 
Beam Breakup 

Beam breakup (BBU) driven by high-order modes 
(HOM) in the cavities must always be addressed when 
using srf cavities even if the beam current in the cavities, 
< 1 mA in this case, is not exceptional on the scale of 
storage rings.  As was done for 4 GeV CEBAF, a BBU 
analysis was done [2] to set limits on the Q’s of the 
HOM’s.  An impedance budget of 
(R/Q)Qk < 2.4x1010 Ω/m for transverse HOM’s and 
(R/Q)Q < 6.5x1011 for longitudinal modes came out of the 
study.  The simulated cavities did not always meet those 
budgets when evaluated as single cavities because of 
longitudinal mode asymmetries and the presence of HOM 

dampers on only one end of the cavity.  However, when 
evaluated as an assembled string, the fundamental power 
coupler on the adjacent cavity coupled out the asymmetric 
modes.  The cavities on the ends of the cryomodule do 
not have that benefit so dampers were added in the 
waveguides for those cavities. 

Emittance, Energy Spread, and Halo 
Emittance growth from synchrotron radiation of the 

electrons in dispersive sections of the beam transport was 
not a limitation to meeting the 1 nm-rad specification for 
CEBAF at 4 GeV.  For the Upgrade, cost containment 
drove a desire to forego extensive modifications to the 
existing optics.  A so-called “double-bend achromat” 
lattice was adopted [3] for the higher-energy passes as it 
reduced the emittance growth relative to the original 
lattice without requiring reconfiguration of the beamline 
components.  The resulting beam characteristics are 
summarized in Table 1.  These values are consistent with 
the needs of the proposed research programs.  Tracking 
calculations which included errors (misalignment, 
mispowering, field nonlinearities, etc) were carried out 
[4].  With all errors included in the model, the study found 
that the emittance and energy spread specifications will be 
met with some margin.   

The hybrid meson experiment needs a very low beam 
halo to prevent unacceptable backgrounds.  Particle-
tracking calculations with multiple seeds for 
misalignment, mis-steering, field nonlinearities, and 
mispowering have shown [5] that the halo requirement for 
commissioning and early years of operation will be met. 

Table 1:  Beam Properties at 6 and 12 GeV 
 6 GeV 12 GeV 
Transverse emittance at 
Halls A, B, & C 

x= y= 
1 nm-rad 

x=7 nm-rad 
y=1 nm-rad 

Transverse emittance at 
Hall D NA x=10 nm-rad 

y=2 nm-rad 
E/E at Halls A, B, & C 0.01% 0.02% 

 ACCELERATION 
SRF 

The additional 0.5 GV/linac is achieved by having 
added five new 100 MV cryomodules to each linac.  Each 
cryomodule has eight 7-cell cavities.  While only 
17.5 MV/m is required for the cryomodule to reach 
100 MV, the goal was set at 19.2 MV/m (on average for 
the ensemble in a linac) to deal with the likelihood (based 
on our operations experience with CEBAF) that some 
cavities might be off-line.  The existing linacs could 
operate at the 5 pass equivalent of 5.6 GeV if none of the 
margin is needed for off-nominal conditions in the 
cryomodules. 

Typically, the performance specification for cavities is 
stated as a Q0 at a particular gradient.  We chose to keep 
with the parameters determined by the overall system.  
For 12 GeV we used a dynamic heat requirement rather 
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than a Q0.  After taking into account the load from the 
waveguides, the heat budget for dynamic load of each 
cavity was 29 W.  

 The cavity and cryomodule designs have undergone 
some evolution since the start of the design process.  
There had been a number of challenges that needed to be 
addressed during that evolution: 

 RF windows:  One of the developmental 
cryomodules used a single RF window on each 
cavity.  It had some unexplained window failures.  
Those failures led to contamination of the 
cryomodule and seriously reduced performance.  The 
incremental cost savings of using a single window 
did not offset the long term risk, so we returned to 
using both primary and secondary rf windows 
between the cavity and the external waveguide.  All 
ten of the new cryomodules use the double-window 
configuration. 

 Tuner:  A new, less-expensive “rock crusher” tuner 
concept was developed for another of the 
developmental cryomodules.  During testing some 
problems were experienced with the mechanical 
robustness of the tuner.  Subsequent to that, SNS had 
some problems with their cryogenic motors.  The 
original scissor-jack design was reworked for cost 
reduction.  That design improved reliability with 
little cost impact, so it was used for all of the new 
cryomodules.  It has the additional advantage that the 
motor and piezo-electric element are at room 
temperature, thus simplifying any required 
maintenance.  

 Microphonics: During testing of the initial new 
cryomodules it was found that the cavity-tuner 
assembly was less stiff than those in previous JLab 
cryomodules with the result that their sensitivity to 
mechanical vibrations was much higher than had 
been seen in any of JLab’s previous designs.  It was 
determined that a number of factors (cell shape, lack 
of inter-cell stiffening rings, lack of bellows between 
the cavities, and a tuner-to-cavity interface that 
wasn’t very stiff) were contributing factors.  Finite 
element analysis indicated that a significant 
improvement in the overall stiffness could be 
achieved by a redesign of some of the tuner cavity 
interface components.  That new design was 
implemented on the fourth cryomodule to be 
completed.  The seven cryomodules with that change 
have ~2x lower microphonics than the three that 
were completed prior to the change. 

All ten new cryomodules have been fabricated, tested, 
and installed.  Nine have re-tested after installation.  The 
performance goals have been met.  The tenth cryomodule 
will be tested in October.  A summary of the achieved 
voltages is given in Table 2..  Additional information can 
be found in the paper by John Hogan at this 
conference [6] 

 
 

Table 2:  Cryomodule Performance 
Cryomodule In-tunnel performance 

#1 104 MV 
#2 110 MV 
#3 118 MV 
#4 105 MV 
#5 109 MV 
#6 108 MV 
#7 108 MV 
#8 Testing in progress 
#9 108 MV 
#10 109 MV 

 RF 
Each cavity is energized by its own klystron.  In a 2001 

overall system design initiative, the required saturated 
output power for the klystrons was based on the following 
criteria:   1) ≤450 μA of beam transiting the cavity 
(limited by 1 MW total beam power limit),  2) Qext is off-
optimum by ≤30%, 3) maximum detuning ≤25 Hz of 
(4 Hz is 2x the tuner resolution and 21 Hz was 6σ of the 
measured microphonics spectrum on the original 
cavities), 4) some cavities would be able to operate at 
21 MV/m (10% above the mean of the population but 
within the range that had been seen in early testing of 
prototype cavities) and stay within the cryogenic budget, 
5) losses in the waveguides, and 6) add 10% so that the 
klystron would still have gain.  The result of the 
calculation was 12.8 kW per cavity.  In 2006 a study was 
performed to determine the cost-effectiveness of 
powering mutiple cavities with a single klystron.  It was 
found that cost reduction was possible but only at the 
expense of failing to meet the phase and amplitude 
control goals.  This option was not adopted and 12 GeV 
Upgrade uses one klystron per cavity. [7]  Eighty 13 kW 
klystrons have been installed (one per cavity).  Since the 
original klystron performance was established, cavity 
characteristics and waveguide losses have changed.  The 
current de-tuning budget (static plus microphonics) with 
the 13kW klystrons is now 35Hz. 

A new rf control module was developed using digital 
technology. Important control issues that were addressed 
were: 

 Phase and amplitude control must meet the following 
specifications:  1) Amplitude noise <0.01% and 
2) Phase noise < 0.2° 

 The system has multi-valued resonance detuning 
curves resulting from the cavities’ high fields and the 
accompanying high external Q (>2x107 for 12 GeV), 
as illustrated in Figure 2. 

The new system has been completely installed and used 
to operate all of the installed new cryomodules including 
delivering beam at full system performance goals. [8] 

Integrated RF-cryomodule Performance 
Two of the new cryomodules were operating in the 

south linac during the 2011-2012 final nuclear physics run 
prior to shutting down to do the bulk of the upgrades.  As 
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the focus of that run was acquiring data for the nuclear 
physics experiments, the digital control algorithms could 
be optimized in only one of the two cryomodules.  That 
one was able to deliver the targeted 108 MV with the full 
beam loading planned for the 12 GeV era.  The nuclear 
physics experiment was a particularly precise 
measurement that required high quality beam.  The users 
reported no change in beam quality.   

 
Figure 2:  Detuning curves for 6 and 12 GeV. 

As mentioned earlier, the cavities in the string were 
more mechanically coupled and “softer” than previous 
versions.  As a result, if one cavity tripped off, then the 
others on that end of the cryomodule tripped as the field 
in the first one collapsed, thereby eliminating the Lorentz 
forces on that cavity which, in turn, pushed on the other 
cavities and took their resonant frequency outside the 
control band and they tripped also.  Automated recovery 
of tripped cavities is still under development.  For the 
2012 run, a workaround was developed in which the 
cavities that don’t trip are shifted to SEL mode and thus 
can stay energized; recovery is then simply turning on the 
resonance control then shifting back to phase and 
amplitude control once the cavity that tripped has been 
brought back up to full field. 

Cryogenics 
The original 2K helium plant was operating at its full 

capacity; any additional load, such as the new 
cryomodules, required an expansion.  JLab had an unused 
2K coldbox identical to the primary 2K coldbox.  A plan 
was established to combine that 2K coldbox with a new 
4.5K coldbox plus requisite new warm compressors to get 
a plant with maximum capacity of ~5kW at 2K.  That new 
hardware has been fabricated, installed and successfully 
tested. [9]  As the new 4.5K coldbox uses the JLab-
patented “Ganni cycle”, the power consumption of the 
new 4.5K plant is 30% less than that of the similarly sized 
original plant.  Connections between the 4.5K and 2K 
systems have been completed.  Commissioning of the 
integrated new plant is about to start. 

BEAMLINES 

Upgrading Existing Beamlines 
The existing beam transport system consists of 

~400 dipoles (BxL ≥ 0.2T-m) and ~700 quads.  Simply 

replacing their power supplies was not viable because, at 
the approximately doubled fields, saturation in the return 
iron would require excessively large power supplies and 
installation of a large refrigerated cooling-water system.  
Replacing the magnets is also cost prohibitive.  Happily, 
another alternative was identified. 

For the majority of the dipoles, i.e. those in the nine 
180° arcs and in the beamlines to the existing end 
stations, the present “C” shape was changed to “H” 
profiles by adding bolted on iron plates.  The magnets 
will be operated at ~2x the original currents.  The 
saturation would have exceeded 50% without that change.  
With the change the maximum is 1%.   However, the 
roughly doubled currents result in much hotter magnets.  
The temperature rise (above the cooling water supply 
temperature) is now as much as 38C.  

The dipoles in the spreaders and recombiners (S/R), i.e. 
the sections of the beam transport system which separate 
the co-linear beams after they exit the linacs or combine 
them before re-injection into the linacs, are so closely 
spaced that the bolt-on iron option is often not viable.  A 
combination of three approaches was used:  1) reshape the 
poles to reduce the flux, and thus the saturation, 2) add 
coil packs and accept some saturation, and 3) add iron, 
but in lesser amounts than in the 180° arcs. 

All the reused magnets were refurbished to extend their 
lives.  The refurbishment included:  replacing all the 
elastomers with material suited to the new operating 
temperatures, installing new coil constraints, re-silvering 
the contacts for the buss cables, and installing Belleville 
washers to insure that the bolts stay tight.  

A small number of new magnets were for the spreaders 
and recombiners.  They were procured with a build-to-
print contract.  Principal among the new magnets were 
seven 3m-long septa, which are critical for separating the 
beams in the higher passes.  Six new curved dipoles were 
also bought.  All of the magnets have been fabricated, 
received, inspected, field mapped, and installed.   

The quadrupole fields required for the Upgrade 
exceeded the original design specifications of the original 
magnets for ~20% of the population.  Testing found 
satisfactory field quality if the units were pushed to the 
required field levels, even though there was saturation.  
That ~20% of the quadrupoles are receiving new power 
supplies (20A vs the original 10A).  The remainder were 
left as is.  In some locations increasing the power supplies 
did not bring the quad to the required field.  New magnets 
were bought for those locations; all of the new quads get 
the 20A supplies.  Most of the 240 new 20A supplies have 
been received and installed. 

The original dipole strings were energized by 32 power 
supplies varying in size from 35kW up to 260 kW.  Half 
have been reused for the Upgrade.  The rest are being 
replaced by larger units with output power ratings ranging 
up to 1.1MW.  The new supplies are being fabricated by a 
commercial firm.  The first three units have been received 
and onsite testing is underway. 
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New Beamlines 
A new recirculation arc was needed to return the beam 

to the north linac for its final acceleration before going to 
the new Hall D.  Arc 10 uses the double-bend achromat 
mentioned above.  Thirty six new 4m-long dipoles and 
forty five new quadrupoles were purchased for Arc 10 and 
the Hall D beamline.   New units of existing diagnostics 
designs had been planned for Arc 10 and for the beamline 
to Hall D.  However, it became impossible to find 
components for the beam position monitor electronics 
needed for the beamline to Hall D due to parts 
obsolescence, so a new system using stripline bpm’s was 
designed and has been installed on the new beamlines.  
The other diagnostics used the original designs. 

Extraction 
A key to the effectiveness of CEBAF’s research 

program has been the ability to deliver beam to multiple 
halls simultaneously.  This feature has been retained in the 
Upgrade.  One or two of the three interleaved but 
independent 499 MHz bunch streams can be extracted at 
any of the five passes.  Extraction is done through the use 
of properly phased 499 MHz horizontally deflecting 
copper cavities; the horizontal split is amplified by the 
downstream lattice and a septum.  A second, stronger 
septum completes the separation into two separate 
beamlines, one going to the beam switchyard and the 
other entering the recirculation arcs.  This is done on all 
five passes. 

The field integrals of the magnets and rf kickers was 
doubled for the Upgrade.  The rf kick was increased by a 
combination of running some cavities at higher fields and 
increasing the number of cavities.  The magnet integrals 
were increased by reuse of longer magnets from other 
locations.  The optics for all five passes are identical. 

CONTROL AND SAFETY SYSTEMS 
The control network has been extended to cover the 

beamline to Hall D and Hall D itself.  No new technology 
was required. 

All of the safety systems have been expanded to 
incorporate Hall D and the beamline to the associated 
tagger dump.  Specifically we upgraded the Personnel 
Safety System (PSS), the Beam Envelop Limit System 
(BELS), and Machine Protection System (MPS).   The 
MPS and BELS modifications were simple extensions of 
the present systems.  A new engineering approach was 
developed for the PSS in order to be in compliance with 
present regulations. 

CHALLENGES ALONG THE WAY 
Aside from the usual changes in funding profile, the 12 

GeV Upgrade accelerator systems encountered some 
procurement challenges because of market conditions. 

When contracting for the components of the new 4.5K 
coldbox we were in competition with major natural gas 
and oil companies.  Those firms use similar equipment as 
some we needed and thus use the same vendors as we 

needed for those components.  In addition, the price for 
the carbon steel was elevated due to international market 
conditions.  As a result, the 4.5K coldbox was rather more 
expensive than had been anticipated and was delivered 
later than anticipated.  Similarly, the srf cavities cost more 
than expected because of the market price for high RRR 
niobium.   

A rather different problem occurred with the contract 
for the large magnet supplies.  The original vendor had a 
large US manufacturing arm and a smaller offshore 
design arm.  Well into the contract, the design arm went 
bankrupt and the manufacturing arm was unable to fulfill 
the contract.  A new higher-priced contract was placed 
with a new vendor.  Considerable schedule delay was 
incurred in the process, too. 

STATUS 
The upgrade of the accelerator is essentially complete. 

The beamlines to the end stations are still to be 
completed.  Commissioning of the accelerator is 
scheduled to begin in Novermber of this year. 

SUMMARY 
An exciting new range of scientific inquiry into the 

quark nature of nuclear matter will soon be opened by the 
availability of a 12 GeV cw electron beam at JLab.  The 
needed upgrade of the CEBAF accelerator is nearly 
complete and commissioning is about to begin. The new 
research program could begin as early as 2014. 
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FULL 3D STOCHASTIC COOLING AT RHIC* 

K. Mernick#, M. Blaskiewicz, J.M. Brennan, BNL, Upton, NY 11973, USA

Abstract 
Over the past several years, the installation of the full 

3-dimensional stochastic cooling system in RHIC has 
been completed. The FY12 U-U and Cu-Au collider runs 
were the first to benefit from the full installation. In the 
U-U run, stochastic cooling improved the integrated 
luminosity by a factor of 5. This presentation provides an 
overview of the design of the stochastic cooling system 
and reviews the performance of the system during the 
FY12 heavy ion runs. 

INTRODUCTION 

Intra-beam scattering (IBS) is a primary cause of 
emittance growth of the heavy ion beams in the 
Relativistic Heavy Ion Collider (RHIC). A 3D bunched 
beam stochastic cooling system has been implemented to 
combat IBS and reduce the emittance of the beams. This 
system has been installed in stages over the past several 
years. The first operational use of stochastic cooling, in 
the longitudinal plane of the Yellow ring, began in 
2007 [1,2]. The 2010 and 2011 collider runs had 
longitudinal and vertical cooling in both rings [3,4]. 
Commissioning of the horizontal cooling system in the 
2012 run completed the full system.  

SYSTEM DESIGN 

The stochastic cooling system is essentially a wideband 
feedback damper. The momentum error of samples of 
particles within the bunch is measured and reduced via an 
applied kick. Longitudinal mixing randomizes the 
samples on subsequent turns and, over time, the emittance 
of the bunch is reduced. The time resolution of the 
samples and the resulting cooling rate are a function of 
the bandwidth of the system. 

The layout of the fundamental components of the RHIC 
stochastic cooling systems is shown in Fig. 1. The 
longitudinal cooling pickups are located on either side of 
the 2 o’clock intersection region. The signals from these 
pickups are transmitted approximately 700m via 
microwave link to low-level electronics located near the 
kickers, which are in sector 4 for the Blue (clockwise) 
ring and sector 11 for the Yellow (counter-clockwise) 
ring. The longitudinal microwave links “cut the chord,” 
transmitting the pickup signal across the center of the ring 
in the same direction the beam travels. This leaves only 
200 ns for signal processing and cable delays. To 
minimize delay, the Blue ring electronics are located in 
the attic of the RF service building and cables are routed 
through a dedicated penetration to the tunnel. The Yellow 
ring electronics are located in a dedicated building on the 
berm above the tunnel. 

 

Figure 1: Locations of pickups and kickers (blue and 
yellow boxes), longitudinal system microwave links 
(black arrows), and transverse system fiber optic links 
(light blue and yellow arrows). The dark blue and orange 
arrows indicate the directions the beams travel. 

In the Blue transverse system, signals from pickups in 
sector 3 are transmitted by fiber optic link to low-level 
electronics in the 12 o’clock service building, and from 
the electronics to the kickers in sector 12. The Yellow 
transverse system is the mirror-image of the Blue, with 
pickups in sector 12, electronics in a dedicated trailer 
outside the tunnel, and kickers in sector 3. The fiber optic 
link travels approximately 1/3 of the ring, while the beam 
travels 2/3 of the ring in the opposite direction.  

Longitudinal Pickups 

The longitudinal pickups measure fluctuations in the 

beam current as a function of the longitudinal position in 

the bunch. New longitudinal pickups have been designed 

and installed since the end of the 2012 run. These pickups 

consist of a keyhole-shaped vacuum chamber, shown in 

Fig. 2, with a 7 cm aperture round section and a 2 cm high 

rectangular section. During injection and ramping, the 

beam circulates in the large round section of the chamber. 

At top energy, the pickup chamber is moved, with 

pivoting double bellows on either side, to center the beam 

in the rectangular section. The small aperture cuts off the 

propagation of waveguide modes up to 9 GHz. The beam 

couples to top and bottom WRD-475 double-ridge 

waveguides parallel to the rectangular section through 8 

mm by 6 mm slots. The top and bottom slots are offset in 

the beam direction, which improves the flatness of the 

pickup gain across the 6 to 9 GHz operating range. 

 __________________________________________________________________________________  

*Work supported by Brookhaven Science Associates, LLC under 
Contract No. DE-AC02-98CH10886 with the U.S. Dept. of Energy. 
#kmernick@bnl.gov 
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Figure 2: The longitudinal pickup vacuum chamber, drive 
assembly and stand (main figure) with a cross-sectional 
view of the active area of the pickup (inset). The red dot 
in the inset indicates the beam trajectory at injection and 
while ramping. 

The pickup is driven by a DC motor coupled to the 

vacuum chamber through a gearbox that disengages when 

it reaches its maximum travel. This determines the in and 

out positions of the pickup without relying on precise 

control of the motors. Shape transition pieces provide a 

smooth transition from the 13 cm RHIC warm bore pipe 

to the keyhole cross-section. Along with custom RF 

shields for the welded bellows, these shape transitions 

minimize the impedance seen by the beam. 

The new longitudinal pickup design was tested during 

the RHIC polarized proton run in 2013. The observed 

beam spectra are shown in Fig. 3. The response of the 

pickup across the 6 – 9 GHz band is much flatter than the 

previous version of the longitudinal pickups, which 

consisted of waveguides coupled to ceramic windows in a 

7 cm round chamber. 

 
Figure 3: Beam spectra for polarized protons using the 
keyhole longitudinal pickup. The traces are centered at 
5.8, 6.0, …, 9.0 GHz and each have a 50 kHz span. 

Transverse Pickups 
The transverse pickups measure the fluctuations in 

transverse position as a function of longitudinal position 

in the bunch. Each pickup contains two planar loop 

arrays, originally designed and built at Fermilab for 

stochastic cooling studies in the Tevatron [5], located 

above and below (for vertical) or inside and outside (for 

horizontal) the beam trajectory. The signals from the two 

pickup arrays must be subtracted with good common-

mode rejection. Precision alignment and control of the 

positions of the two array plates are provided using linear 

stages from Aerotech. The RF signals from the two plates 

are routed through matched coaxial cables and vacuum 

feedthroughs to an external hybrid. For additional fine-

tuning of the common-mode rejection, one side has an 

additional linear stage to adjust the z-axis (beam 

direction) position of the pickup plate, and remotely 

adjustable trombones provide adjustable delay matching 

for the signals before the hybrid. 

The design of the pickups, which is described in greater 

detail elsewhere in these proceedings [6], is nearly 

identical for the horizontal and vertical planes. The 

support plates and stands are modified to orient the 

pickup in the required plane. A cross-sectional view of 

the horizontally-mounted pickup is shown in Fig. 4. 

Kickers 
A novel feature of the RHIC stochastic cooling system 

is that the kickers are composed of an array of high Q 

resonant cavities. The RHIC beam is bunched with a 

bunching frequency of approximately 10 MHz and a 

bunch length of approximately 5 ns. Each kicker consists 

of 16 cavities, with resonant frequencies spaced by 200 

MHz, the reciprocal of the bunch length, and bandwidths 

of 10 MHz. This allows a Fourier synthesis of the kick 

waveform to match the broadband signal for the 5 ns 

length of the bunch, and for the amplitude and phase of 

the signal to change bunch-by-bunch. This is illustrated 

schematically in Fig. 5. 

In order to match the filling time of the cavities, the 

bunch signal at the pickup is periodically extended with a 

traversal filter, whose output is given by     ∑       
    

with         . This filter is implemented with a series 

of coaxial cable delay lines, tuned with a resolution of 1 

ps. There are no active components in these filters that 

could saturate and cause distortion. The traversal filter 

also serves to reduce the dynamic range of the signal 

before it is sent over either the fiber optic or microwave 

link. 

The Fourier synthesis approach to creating the kick 

greatly reduces the required drive power. Each cavity is 

driven with a 40 W solid-state amplifier, and the kicker 

 
Figure 4: A cross-sectional view of the horizontal pickup 
vacuum chamber and assembly. 
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generates a kick of several kilovolts. The cost savings due 

to this method made the RHIC stochastic cooling system 

possible. 

The RHIC stochastic cooling system presently uses 

three different mechanical designs for the kicker vacuum 

tanks. The longitudinal kickers are made from retrofitted 

vacuum tanks originally designed for the Tevatron [7]. 

Each kicker consists of three vacuum tanks, with either 5 

or 6 cavities in each tank. The cavities in this design are 

split down the middle, allowing them to open to increase 

the available aperture during injection and acceleration. 

The cavity bodies are supported on a stainless steel 

strongback, which is rigidly attached to the drive 

mechanism. The linear bearings in these tanks have galled 

and seized on several occasions. Modifications made 

while refurbishing the kickers prior to the 2011 and 2012 

runs have reduced the likelihood of these problems, but it 

is still a potential failure risk. 

The vertical kicker in the Yellow ring was the first to 

be built in a vacuum vessel designed at BNL. This version 

of the kicker houses all 16 cavities in a single vacuum 

tank. This design required very delicate and time-

consuming alignment adjustments during assembly, 

which made it impractical for production. The lessons 

learned working with this kicker and the Fermilab tanks 

led to a new design which has been used for all the 

subsequent kickers. 

The vertical kicker in the Blue ring and the horizontal 

kickers in both rings use a scissor-like pivoting motion on 

a “flexi-hinge” to allow the cavities to open and close 

(see Fig. 6). This design has no sliding joints in vacuum. 

In the closed position, one cavity plate assembly rests 

against a hard stop and the linkage to the motor goes 

slack. The other half of the cavity assembly closes against 

the side supported by the hard stop and its motor linkage 

goes slack as well. This provides a repeatable closed 

position, while relaxing the requirements for precise 

motion control. Further detail on the mechanical design 

of these kickers is provided elsewhere in these 

proceedings [8]. 

During the present shutdown period, new longitudinal 

kickers are being fabricated using the scissor design. In 

addition to addressing the reliability concerns mentioned 

previously, the new longitudinal kickers have several 

enhancements. The 4-cell cavities in the existing kickers 

are being replaced by 6-cell cavities in the new kickers. 

With a higher R/Q, these cavities will provide a larger 

kick for the same input power. Power is now fed to the 

cavities through waveguides, rather than coaxial cable, 

and new coax-to-waveguide transition feedthroughs are 

used. These changes eliminate the Teflon dielectric in the 

vacuum chamber, allowing an increased bakeout 

temperature. The previous kickers all were designed with 

water cooling of the cavity bodies. The new longitudinal 

kickers will use radiant heaters to transfer heat to the 

cavities through glass vacuum windows. A control loop 

will monitor the cavity temperature and balance the 

radiant heat input with the RF losses in the cavities and 

conduction losses to the outside of the vacuum vessel to 

maintain a constant temperature. These kickers are 

expected to be completed and installed before the 

beginning of the 2014 heavy ion run. 

Electronics 
There are minimal RF electronics located in the RHIC 

tunnel at the pickups and kickers, but the majority of the 

electronics are housed outside the tunnel in service 

buildings. The electronics at the each pickup consist of a 

digitally-controlled step attenuator, several gain stages, 

the traversal filter, and low- and high-pass filters to match 

the system bandwidth and minimize the dynamic range of 

the signal. At each kicker, there are the 16 power 

amplifiers that drive the cavities, along with their DC 

power supplies and monitoring electronics. In addition, 

some motion control electronics – such as motors, linear 

potentiometers, limit switches, and resolvers – and PIN 

diode based beam loss monitors are also located at the 

pickups and kickers. 

The transverse systems use the Photonics Systems 

PSI-1600 series fiber optic links to transmit the filtered 

pickup signal to the service buildings. In the longitudinal 

systems, the filtered pickup signal is used to amplitude 

 
Figure 5: Schematic representation of the synthesis of the 
kicker waveform. The top trace indicates the time of 
arrival of two bunches at the kicker. The bottom trace 
indicates the voltage present on a single kicker cavity, and 
the middle trace indicates the sum of the voltage on the 16 
cavities (red). The blue sections of the middle trace 
indicate the desired broadband kicker waveform. 

 
Figure 6: Photographs of the first Blue vertical kicker 
cavity assembly that used the scissor design, in the open 
position (left) and the closed position (right). The aperture 
in the closed position is 2 cm. 
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modulate the carrier of a 70 GHz E-Band microwave link, 

built by HXI Millimeter Wave Products. The microwave 

link installation is shown in Fig. 7. A pilot tone is added 

to the pickup signal, transmitted over the link, and used to 

correct phase modulation introduced by the link [9]. 

A block diagram of the electronics for one of the 

transverse systems is shown in Fig. 8. The optical signal 

from the pickup is amplified using an Erbium-doped 

Fiber Amplifier (EDFA), and routed through a delay line 

to the fiber optic receiver. The length of the delay line is 

determined to make the signal propagation time from the 

pickup to kicker match the beam’s travel time. The output 
from the fiber optic receiver is routed through a series of 

splitters, amplifiers, and band-pass filters with 100 MHz 

bandwidth to generate the 16 input signals that are sent to 

the kicker cavities. Each of these 16 signals is connected 

through an independent I/Q modulator, which is used to 

optimize the amplitude and phase of the open-loop 

response. In this way, each cooling system can be tuned 

as 16 independent feedback systems, and the required 

precision for matching the pickup to kicker delay is only 

on the order of a few nanoseconds. 

In the longitudinal systems, the microwave link 

replaces the fiber optic link, and the received signal is 

filtered with a one-turn delay notch filter prior to the 16-

way fanout. The notch filter differentiates the pickup 

signal, giving an output proportional to the momentum 

error. A block diagram of the notch filter is shown in 

Fig. 9. The response of the notch filter is measured by a 

network analyzer, and the delay is calculated with 0.1 ps 

resolution. A feedback system regulates the length of the 

12.8 μs fiber optic delay line with a piezoelectric line 

stretcher that provides ±40 ps of adjustment. The entire 

fiber optic assembly is mounted in a digitally controlled 

thermal chamber, and a second feedback loop regulates 

the temperature to keep the delay correction within the 

range of the line stretcher. 

 
Figure 8: Electronics block diagram for one of the 
transverse systems. Red lines indicate fiber optic signal 
paths; blue lines indicate electrical signal paths. 

 
Figure 9: One-turn delay notch filter block diagram. The 
input from the microwave link is at the top. The block on 
the left labelled “Notch In” is for the network analyzer 
measurements. The output at the right of this diagram is 
connected to the input of the signal fanout. 

Control and Operation 
Transfer switches in the I/Q modulators and coax relay-

based multiplexers allow measurement of the system 

transfer functions and real-time monitoring of signals 

while the system is operating. The gain and phase settings 

of the I/Q modules and the switch settings are sent on a 

locally broadcast serial “NIM link.” This 10 Mbps, 
bi-phase mark encoded link is electrically identical, and 

functionally similar, to the RHIC Real Time Data 

Link [10], allowing common support hardware to be used. 

Routine operation of the stochastic cooling systems is 

fully automated with the “tape” sequencer program. 

When beam has reached top energy, the sequencer sends 

commands to control system managers and accelerator 

device objects (ADOs) to start the cooling system. 

Several control system managers handle closing and 

opening of the pickups and kickers, and provide 

interlocks and alarms if beam loss monitor readings 

exceed a threshold. Once the pickups and kickers are in 

the operating positions, the sequencer enables the ADOs 

that control the low-level electronics. 

The low-level software enables the electronics for one 

cavity at a time and measures the system open-loop 

 
Figure 7: The microwave link transmitter for the Yellow 
ring, above the pickup in sector 2, is shown in the 
foreground. The receiver and dedicated electronics trailer, 
above the kicker in sector 11, are shown in the distance 
and the inset. 
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transfer function. The I/Q modulator gain and phase are 

modified to minimize the error between the measured and 

reference transfer functions. The reference transfer 

function is stored during setup at the beginning of the run 

after manually optimizing the gain and phase while 

observing the amount and symmetry of signal 

suppression [11] in the Schottky spectrum. Once the 

system is running, the control software continues to 

automatically measure and correct the transfer functions 

approximately every 15 minutes. These periodic 

corrections compensate slow drifts of system delays and 

changes in the beam conditions. 

FY12 RESULTS 

In the 2012 heavy ion run, RHIC provided Uranium-

Uranium collisions at 96.4 GeV/nucleon and Copper-

Gold collisions at 100 GeV/nucleon [12]. 

Uranium-Uranium 
The 2012 Uranium run was the first RHIC run with 

Uranium, as well as the first to use the EBIS source. The 

number of ions per bunch was approximately 3 x 10
8
, 

significantly fewer than the 1 – 1.5 x 10
9
 Gold ions per 

bunch in previous runs. This, along with the addition of 

horizontal cooling, was expected to increase the benefit 

provided by stochastic cooling. 

In the 2011 Gold run, longitudinal and vertical 

stochastic cooling doubled integrated luminosity. For the 

2012 Uranium run, stores with only longitudinal and 

vertical cooling yielded an improvement by a factor of 

3.75. After the horizontal cooling was commissioned, 

stores with full 3D cooling showed a factor of 5 

improvement in integrated luminosity [13]. Peak 

luminosity was tripled with 3D cooling, the first time in 

RHIC that the initial luminosity was not also the peak. 

 
Figure 10: Effect of stochastic cooling on Uranium-

Uranium luminosity. 

Copper-Gold 
The 2012 Copper-Gold run was the first in RHIC with 

this combination of ions. In addition, it was the first run 

with different ion species in the two rings with the 

transverse cooling systems available. Significant 

improvements in beam intensity were made throughout 

the run, mostly as a result of improvements at the EBIS 

source and tuning and introduction of additional bunch 

merges in the injectors. Ultimately, intensities of 4.0 x 10
9
 

Copper and 1.3 x 10
9
 Gold ions per bunch were reached. 

Due to changing beam conditions, exact store-to-store 

comparisons are not possible. However, qualitatively, the 

benefit from stochastic cooling was clear. 

The major operational challenge of the Copper-Gold 

run was managing the transverse emittance of the Gold 

beam. Due to the smaller number of ions per bunch, the 

cooling time for Gold was approximately 1/3 that for 

Copper. If both beams were cooled with the systems 

operating at peak performance, the Gold beam emittance 

was reduced to a much smaller value than the Copper 

beam. In this circumstance, the beam-beam interaction 

caused poor lifetime of the Copper beam [14]. To 

preserve the Copper beam, and maximize integrated 

luminosity, the transverse cooling for the Gold beam was 

slowed by turning off the horizontal cooling system and 

reducing the gain of the vertical system. More detail is 

available elsewhere in these proceedings [14]. 
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Abstract 

The TRIUMF Advanced Rare Isotope Laboratory 
(ARIEL) phase I is funded since 2010 June by federal and 
BC provincial governments. ARIEL I comprises buildings 
and electron linac; the future phase II includes hot cells, 
target stations, mass separators and beam transport to 
ISAC experimental areas. The linac vault and He 
compressor building were completed 2012. The ARIEL 
targets building completion is 2013 August. With the 
exception of the 30 MeV accelerator cryomodule and 
second klystron and HV power supply, the linac major 
procurements are complete.  This paper reports progress 
for the following systems: locally manufactured niobium 
9-cell cavity, 300 keV electron gun, 4 K cryogenic plant 
and sub-atmospheric pumps, 290 kW cw klystron and 
65 kV DC power supply. Status of the 10 MeV injector 
cryomodule assembly and beamlines construction will 
also be addressed. 

CONVENTIONAL INFRASTRUCTURE 
The ARIEL project, described in Refs. [1,2], is 

essentially a new front end for the existing ISAC I & II 
experimental complex. The project contains two new 
“drive beams” and two target stations to supplement those 
at ISAC. The conventional infrastructure consists of four 
main contracts: the ARIEL construction, demolition and 
excavation, the Stores building, and Badge building. The 
new Compressor Building forms part of the ARIEL 
package as does major renovation of the former Proton 
Hall that has segregated the Electron Hall (e-hall) area 
from the future BL4N protons vault. 

The Stores and Badge building construction was 
completed in 2011. The e-hall and Compressor building 
occupancy were taken 2012 November 1st and December 
1st respectively. The ARIEL building occupancy was 
taken 2013 September 1st; and the connecting tunnel was 
completed one month prior. 

The ARIEL cooling water system which provides 
capacities of 3 MW each to the ARIEL building and e-
linac, and 0.3 MW to the compressor building, was 
completed 2013 June 1st. The site electrical connections to 
the 5 MW utility feed are made through a 12.5 kV 
switchgear supplied by Siemens. This connection supplies 
up to 1.5 MW to klystrons, 0.5 MW emergency power, 
1 MW to compressor building, and 2 MW to the ARIEL 
building. Switchgear was energized 2012 December. A 
rack farm for magnet power supplies, beam diagnostic 
and LLRF controls is now complete on the e-hall roof. 
*TRIUMF is funded under a contribution agreement with the National 
Research Council of Canada. 

Figure 1: ARIEL building, view south. 

ELECTRON GUN 
The thermionic gun provides 300 keV kinetic energy 

electron bunches with charge up to 16 pC at a repetition 
frequency of 650 MHz. Unique features of the gun are its 
inverted cathode/anode geometry to reduce dark current, 
and transmission of rf modulation via a ceramic 
waveguide through SF6 dielectric. An impedance network 
inside an HV shroud matches the waveguide to the 
gridded cathode. The waveguide was received 2012 
September from Kyocera. The HV cage containing the 
Glassman 300 kV supply, isolation transformer and bias 
and heater supplies was completed 2013 March. The gun 
electrodes polishing and assembly to the ceramic was 
completed 2013 May. The SF6 vessel also was received 
and installed in May. The vessel internal corona domes 
and shroud were fabricated and installed in the SF6 vessel 
2013 September. 200 kV High voltage was first applied in 
October and a breakdown encountered with the receptacle 
connecting to the conditioning resistor.  

INJECTOR TEST FACILITY 
The Injector test facility, under collaboration between 

TRIUMF and VECC of Kolkata, India, provides an ideal 
proving ground for e-linac design and operation 
strategies. It duplicates the e-linac up to the exit of the 
injector cryo-module with enhanced diagnostic capability. 
Commissioning this facility began Nov 2011 with a 
100kV gun and low energy solenoid beam transport and 
continued to 2013 Feb. The primary objective is a 
complete 6D phase space characterisation of the 100 kV 
beam. The 99% longitudinal phase is ±18.8 deg at 
650 MHz and Δp/p ± 3.7×10-4. The measured transverse 
r.m.s. normalized emittance is 9.3 µm horizontal and 
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9.5 µm vertical. Further, a transverse deflecting cavity 
and scintillator view screen in the momentum analysis 
stub was used to visualize longitudinal phase space 
rotation effected by the buncher cavity, and to calibrate 
and adjust the settings to those believed to be needed to 
match the beam to that of the injector cryomodule 
acceptance.  

BEAM LINES 
The beam transport sections after the Injector are: the 

EMBT "Merger" section; the EABT and EHAT before 
and after the accelerator cryomodule; the EHDT to a 
100 kW beam dump; and the EHBT, which transports to 
the photo-fission targets, consists mainly of a periodic 
section consisting of six 90o FODO cells, each 4 m in 
length. The EMBT contains a 36o bend section, the 
EHDT, a 90-degree section, and the EHBT two doglegs 
and a bend section to target. All insertions are achromatic. 
After the Injector, the focusing is performed by magnetic 
quadrupoles. These are grouped in three classes: (i) weak, 
< 0.2 T; (ii) medium, < 0.5 T; (iii) strong, < 1.3 T. The 
weak and medium designs retain the same spherical [4] 
poles and yolks, but differ in their coils and cooling: air-
cooled or chill-plates, respectively. The strong quads 
follow a conventional water-cooled design, and have 
cylindrical poles. Prototypes were received 2013 February 
from Buckley Systems, leading to shipments completed in 
August totaling 80 magnets. 

Dipole procurements have followed a separate path 
using a variety of vendors and custom designs. The three 
EMBT dipoles were received 2013 July. The eight S34 
bends used in EABD and final EHBT bends before the 
east and west target stations are in shipment from 
Everson-Tesla. The contract for three Y30 bends used in 
EHDT and the EHBT dogleg was awarded 2013 
September. The final tender, for two vertical dipoles for 
the dogleg, will be let in November. 

Beam Diagnostics 
Initial beam threading will be facilitated by profile 

monitors equipped with scintillators and OTR screens. 17 
camera boxes and actuator assemblies are now complete. 
Orbit correction will be performed with the backbone 
system of 56 four-button type position monitors. All parts 
are acquired, and assembly in progress. The BPM 
electronics, which operates in pulse and cw. modes, 
comprises three blocks: a commercial front-end to down 
convert the input 650 MHz signals to the IF frequency, a 
14-bit ADC and a Spartan-6 FPGA for the digital signal 
demodulation and filtering.  The electronics is currently in 
production phase. 26 units are needed for the e-hall by 
2014 May; 3 are complete, 7 in assembly, and remainder 
on track. 

CRYOMODULES AND CAVITIES 
Due to heavy beam loading, five 9-cell cavities at 

100 kW/cavity are required to reach the 0.5 MW beam 
power. The injector cryomodule (EINJ) contains a single 
9-cell cavity, and is designed and constructed in 

collaboration with VECC. The accelerator cryomodules 
(EACA,B) each house two 9-cell cavities.   

The cryomodule design [2] utilizes a box vessel with a 
top-loading cold mass. A 4 K phase separator, 4 K/2 K 
heat exchanger and Joule-Thomson expansion valve are 
installed within each module to produce 2 K liquid. The 
cold mass is suspended from the lid with mounting posts, 
struts and strong back; and is surrounded by a LN2-
cooled copper box for thermal isolation. A 1 mm warm 
mu-metal shield is fastened to the inside of the vacuum 
vessel. The cold mass consists of the cavity hermetic unit, 
a cold mu metal layer and the tuner. The tuner cold part is 
the Jefferson lab style scissor type; and is actuated by 
warm rotary servo motor mounted on the lid. The 
hermetic unit includes the cavity(s), power couplers, rf 
pick-up(s), the warm-cold transitions with HOM damping 
material and warm isolation valves. 

The 4 K/2 K cryo-insert has undergone cold testing 
since 2013 January. Measured: static load of 4 K (2 W) 
and 2 K (0.5 W) reservoirs. Measured: efficiency of 2 K 
conversion is 66% at 0.5 g/s mass flow. Measured: 4 K 
siphon circuit efficiency – extra heat load caused by 
convection in 4 K reservoir ~15-20 W. After 
modification, the siphon loop is well behaved with a static 
load of 1.6 W. 

All sub-assemblies of the EINJ are fabricated, and 
many are assembled. The tank is complete, and the entire 
assembly that is suspended from the lid is the subject of a 
mock up to verify that there are no conflicts or 
interferences. During the final assembly, 2013 Nov., the 
Nb cavity will substitute a dummy used in the mock up. 

 
Figure 2: Injector cryomodule internal assembly. 

Concerning the accelerator cryomodule, EACA, 95% 
of the design and detailing tasks are performed and 
fabrication is imminent. The lid is already received and 
the tank ordered. 

The nine-cell 1.3 GHz elliptical cavity borrows the 
TESLA/ILC type inner cell geometry but uses modified 
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end groups to accommodate the large power couplers and 
to mitigate HOMs. The HOM spectrum of the copper 
prototype has been measured [5] up to 4 GHz. 

The first ARIEL cavity was received from PAVAC 
Industries of Richmond 2013 May 28. Subsequently, the 
cells were tuned to achieve field flatness, the cavity BCP 
etched, and cavity tested. No quenching or field emission 
was detected up to a field of 10 MV/m. The measured 
quality factor (Q = 3×109) is not adequate, and the cavity 
has been sent for furnace degassing at FNAL. The second 
cavity is fabricated, tuned and etched, and ready for 
testing. The third cavity is in fabrication. 

CRYOGENIC EQUIPMENT 
In essence the cryogenics contains two components: a 

system responsible to deliver 4 K liquid He to a dewar; 
and a system to produce 2 K sub-atmospheric He inside 
the cryomodules. The first comprises a helium 
refrigerator-liquefier (HELIAL 2000 cold-box), and oil 
removal and gas management systems (OR/GMS), both 
delivered by Air Liquide Advanced Technologies (France) 
in 2013 March; and main and recovery compressors 
delivered by Kaeser in 2013 January; and 1000 litre 
dewar. Further, this system contains a helium gas storage 
tank fabricated locally, and variety of warm He piping 
completed 2013 September. All connections and services 
for this equipment are now complete. Presently, 
preparations are underway for the 4 K acceptance test in 
November. 

Figure 3: Helium dewar (left) and 4 K coldbox (right). 

Concerning the 2 K sub-atmospheric system, four 
pumps were delivered by Busch 2013 March and one 
successfully tested; the forward 4 K line to cryomodules 
is anticipated delivered October, the return line is recently 
tendered, the return heat exchanger  is expected delivered 
in October; and the 4 K/2 K (in-cryomodule) insert is 
prototyped and installed in the Injector.  

RADIO-FREQUENCY EQUIPMENT 
The ARIEL project has procured two 290 kW klystrons 

from CPI, and two 600 kW HV supplies from Ampegon/ 
Comark (formerly Thomson). The first klystron was 
factory tested to 300 kW in 2013 January, and installed at 
TRIUMF [3] in June; and the 300 kW circulator and 

water-cooled loads added in September. The 65 kV power 
supply was factory tested in May and installed at 
TRIUMF 2013 August. All connections and services for 
this equipment are now complete. Presently, preparations 
are underway for the acceptance test in October. The 
second klystron and HV power supply will be delivered 
2014 March. 

Figure 4: klystron, circulator and loads. 

The first klystron will initially be deployed to drive the 
injector cryomodule (EINJ) for a beam test starting 2014 
May. After the second klystron is installed, the first will 
be switched to drive the accelerator cryomodule (EACA). 
In the ARIEL II phase of the project, the second klystron 
will drive the second cryomodule EACB, and a dedicated 
150 kW RF source will be found for EINJ. 

Power Coupler Conditioning Station 
A routine procedure is now established: one week 

bakeout of warm window under N2 flow at 100 C. Four 
couplers have been conditioned at room temperature. 
12.5 kW cw in traveling wave (TW) and 10 kW pulsed in 
standing wave (equivalent to 40 kW in TW) are achieved. 

CONCLUSION 
We are justified to report excellent progress across all 

areas: delivery and test of 1st ARIEL cavity; ARIEL 
building occupancy; imminent acceptance tests of 
Klystron & HVPS and 4 K Cryogenic Plant. The 
following milestones are anticipated: e-gun complete 
2013 Nov; Injector Cryomodule complete 2013 Dec; 
beam test start at ISAC/VECC 2014 January; and 
Accelerator Cryomodule beam test 2014 Sept. 
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Abstract 
A novel polarization technique has been successfully 

implemented for the upgrade of the RHIC polarized H- 
ion source to higher intensity and polarization. In this 
technique, a proton beam inside the high magnetic field 
solenoid is produced by ionization of the atomic hydrogen 
beam (from an external source) in the He-gas ionizer cell. 
Proton polarization is produced by the process of 
polarized electron capture from the optically-pumped Rb 
vapor.  Polarized beam intensity produced in the source 
exceeds 4.0 mA. Strong space-charge effects cause 
significant beam losses in the LEBT (Low Energy Beam 
Transport, 35.0 keV beam energy) line. The LEBT was 
modified to reduce losses. As a result, 1.4 mA of 
polarized beam was transported to the RFQ and 0.7 mA 
was accelerated in linac to 200 MeV. A maximum 
polarization of 84% (in the 200 MeV polarimeter) was 
measured at 0.3 mA beam intensity and 80% polarization 
was measured at 0.5 mA. The upgraded source reliably 
delivered beam for the 2013 polarized run in RHIC at 
√S=510 GeV. This was a major factor contributing to the 
increase in RHIC polarization to over 60 % for colliding 
beams.  

OPPIS UPGRADE WITH THE ATOMIC 
HYDROGEN BEAM INJECTOR  

The polarized beam for the RHIC spin physics 
experimental program is produced in the Optically-
Pumped Polarized H- Ion Source (OPPIS) [1].  

An Electron Cyclotron Resonance (ECR) ion source 
was used as the primary proton source in the old 

operational polarized source.  The ECR source was 
operated in a high magnetic field. The proton beam 
produced in the ECR source had a comparatively low 
emission current density and high beam divergence.    

In pulsed operation, suitable for application at high-
energy accelerators and colliders, the ECR source 
limitations can be overcome by using a high brightness 
proton source outside the magnetic field instead of the 
ECR source. In this technique (which was implemented 
for the first time at INR, Moscow [2]), the proton beam is 
focussed and neutralized in a hydrogen cell producing the 
high brightness 6.0-8.0 keV atomic H° beam. The atomic 
H0 beam is injected into the superconducting solenoid, 
where both the He ionizer cell and the optically-pumped 
Rb cell are situated in the 25-30 kG solenoid field. The 
solenoid field is produced by a new superconducting 
solenoid with a re-condensing cooling system. The 
injected H atoms are ionized in the He cell with 60-80% 
efficiency to form a low emittance intense proton beam 
and then enter the polarized Rb vapour cell (see Figure 1). 
The protons pick up polarized electrons from the Rb 
atoms to become a beam of electron-spin polarized H 
atoms (similar to the ECR based OPPIS). A negative bias 
of about 3.0-5.0 kV applied to the He cell decelerate the 
proton beam produced in the cell to the 3.0 keV beam 
energy, optimal for the charge– exchange collisions in the 
rubidium and sodium cells. This allows energy separation 
of the polarized hydrogen atoms produced after lower 
energy proton neutralization in Rb-vapour and residual 
hydrogen atoms of the primary beam.  

 
Figure 1:  A new polarized source layout: 1–atomic hydrogen injector; 2–pulsed He –gaseous ionizer cell; 3–optically-
pumped Rb-vapour cell; 4–Sona-transition; 5–Na-jet ionizer cell. 
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Residual atomic H beam is converted to un-polarized 
H- ion beam with lower yield (3-4% at 6.0-8.0 keV 
atomic beam energy). The H- ion beam acceleration (by 
applying a pulsed -32 kV voltage to the ionizer cell) 
produces polarized H- ions with beam energy of 35 keV 
and un-polarized beam with energy of 38-40 keV. Further 
suppression of un-polarized higher energy ion beam is 
produced by magnetic separation in the LEBT. 

Atomic hydrogen beam currents of equivalent densities 
in excess of a 100 mA/cm2 were obtained at the Na jet 
ionizer location (about 240 cm from the source) by using 
a high brightness fast atomic beam source which was 
developed in collaboration with BINP, Novosibirsk. 
Estimated polarized H- ion beam current of about 5-10 
mA is expected in this source after upgrade completion 
(assuming 50% ionization efficiency in He-cell  and 50 % 
neutralization efficiency in the optically-pumped Rb-
vapour cell). In feasibility studies of this technique 
(performed at TRIUMF) in excess of 10 mA polarized H- 
and 50 mA proton beam intensities were demonstrated 
[3].  The beam losses during proton beam deceleration 
introduced additional losses. Higher polarization is also 
expected with the fast atomic beam source due to: a) 
elimination of neutralization in residual hydrogen; b) 
better Sona-transition efficiency for the smaller ~ 1.5 cm 
diameter beam; c) use of higher ionizer field (up to 3.0 
kG). All these factors combined should increase 
polarization in the pulsed OPPIS to over 85%.     

ATOMIC BEAM SOURCE 
DEVELOPMENT 

In the atomic hydrogen beam source the primary proton 
beam is produced by a four-grid multi-aperture ion 
extraction optical system and neutralized in the H2 gas 
cell downstream from the grids. A high-brightness atomic 
hydrogen beam was obtained in this injector by using a 
plasma emitter with a low transverse ion temperature (of 
about 0.2 eV), which is formed by plasma jet expansion 
from the arc plasma generator [4].  The multi-hole grids 
are spherically shaped to produce “geometrical” beam 
focusing. The grids are made of 0.4 mm thick 
molybdenum plates.  Holes (0.8 mm diameter) in the 
plates were produced by photo-etching techniques. The 
hole array form a hexagonal structure with a step of 1.1 
mm and outer diameter of 5.0 cm.  The grids were shaped 
by re-crystallization under pressure at high temperature 
and were welded to stainless steel holders by a pulsed 
CO2 laser. At an emission current density of 470 mA/cm2, 
the angular divergence of the produced beam was 
measured to be ~ 10-12 mrad.  

The focal length of the spherical ion extraction system 
was optimized for the OPPIS application, which is 
characterized by a long polarizing structure of the charge-
exchange cells and small (2.0 cm diameter) Na-jet ionizer 
cell, which is located 240 cm from the source (see Figure 
1). An optimal drift-space length of about 140 cm is 
required for convergence of the 5 cm (initial diameter) 
beam to 2.5 cm diameter He-ionizer cell. About 20% of 
the total beam intensity (~3.5 A) can be transported 

through the Na-jet cell acceptance by using the optimal 
extraction grid system with a focal length: F ~ 200 cm. 
Three spherical IOS were tested on the test-bench at 
BNL. The focusing lengths of IOS #1 and #3 were ~150 
cm and for IOS#3 F~250 cm, which allowed study of 
optimal beam formation. IOS#2 produced about 500 mA 
equivalent atomic H beam within the 2.0 cm diameter Na-
jet ionizer acceptance (at the distance 240 cm from the 
source) and 16 mA H- ion beam current.  

HELIUM IONIZER CELL.  BEAM 
ENERGY SEPARATION 

The He-ionizer cell is a 40 cm long stainless steel tube 
with an inside diameter 25.4 mm.  A new fast “electro-
dynamic” valve for He-gas injection to the cell was 
developed for operation in the 30 kG solenoid field. In 
this valve, a pulsed current of about 100 A is passed 
through the flexible springing plate (made of beryllium 
bronze foil with a thickness of 0.5 mm). The Lorentz 
force: F = eL [ I×B] = 15 N for a L=5 cm long plate. The 
plate is fixed at one end and this force bends the plate and 
opens the small (0.5 mm diameter) hole which is sealed 
with a Viton O-ring.  The pulsed current rise-time is ~ 50 
µs and gas pressure rise time is about 100 µs  

    The proton beam produced in the He cell is 
decelerated from 6.0 keV to 2.5 keV by a negative 
potential of 3.5 keV applied to the cell. At the 2.5 keV 
beam energy, the H- ion yield in the sodium ionizer cell is 
near maximum (~ 8.4%) and the polarized electron 
capture cross-section from Rb atoms is also near the 
maximum of ~ 0.8·10-14 cm2. The deceleration was 
produced by a precisely aligned (to reduce beam losses) 
three wire-grid system. A small negative bias was applied 
to the first grid at the cell entrance and second grid at the 
cell exit to trap electrons in the cell for space-charge 
compensation. Fine tuning of the grids voltages is 
required for the polarized beam current optimization and 
total current reduction of the He-cell pulsed power 
supply. 

About 40% residual (which passed the He-cell without 
ionization) atomic beam component at 6.0 keV energy 
will pass through the deceleration system and Rb cell and 
be ionized in Na-cell producing H- ion beam. The H- ion 
yield at 6 keV is about 4%.  This is a significant 
suppression in comparison with the main 2.5 keV beam, 
but it would be a strong polarization dilution unless 
further suppression is applied. The H- ion beam 
acceleration produce polarized H- ion beam with 35 keV 
beam energy and un-polarized beam with 38.5 keV 
energy. The un-polarized 38.5 keV beam component is 
well separated after the 24 degree bending magnet in the 
LEBT. In measurements of beam separation, the beam 
energy was varied by the accelerating voltage applied to 
the Na-jet ionizer cell. At 32.5 keV accelerating voltage 
(where the polarized beam component of 2.5 keV beam 
energy accelerated to 35.0 keV, optimal for injection into 
the RFQ) the transmission of residual 6.0 keV un-
polarized beam component is strongly suppressed (to less 
than 2 % of polarized beam component).  
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EXPERIMENTAL RESULTS 
The beam polarization was measured in the precision 

absolute polarimeter at 200 MeV beam energy after the 
Linac [5]. The polarization and H- beam current 
measurements (after acceleration to 200 MeV in the 
Linac) vs. Rb-vapor thickness is presented in Figure 2.  

 

 
 

Figure 2: Polarization (squares at the left axis) and beam 
intensity (triangles- in mA at the right axis) vs. Rb-vapour 
thickness. 

At low Rb-vapor densities, the residual (un-polarized) 
H- ion beam current produced by neutralization in 
residual gas and incomplete energy separation is less than 
0.01 mA. Therefore, the polarization dilution due to these 
factors does not exceed ~ 2%. There was observed some 
polarization drop at NL ≥ 1014 atoms/cm2 (N ~ 3·1013 
atoms/ cm3, Rb-cell length - L=30 cm). Depolarization 
due to “radiation trapping” is small (at this density Rb-
vapor), but some polarization losses may occur due to 
reduced polarization near the cell walls. This limits the 
proton beam size and requires good matching between the 
beam and the Rb-cell diameter. These losses depend on 
atomic beam intensity and were reduced by laser tuning 
and atomic beam parameters optimization. 

Polarized beam intensity produced in the source 
exceeds 4.0 mA. The H- ion beam produced in the 
sodium-jet ionizer cell is accelerated to 35 keV. This 
energy increase is essential for the high intensity beam 
transport.  Strong space-charge effects cause significant 
beam losses in the LEBT line. Basic limitations on the 
high-intensity polarized H- ion beam production and 
transport were experimentally studied in charge-exchange 
collisions of the neutral atomic hydrogen beam in the Na-
vapor-jet ionizer cell. The LEBT was modified to reduce 
losses and 1.4 mA of polarized beam (after energy 
separation in the bending magnet and after 6 m in LEBT) 
was transported to the RFQ and ~ 0.7 mA of beam was 
accelerated in the Linac to 200 MeV.  This current can be 
further increased by increases in the atomic beam 
intensity and reduction of the beam losses in LEBT.  

Electron depolarization due to spin-orbital interaction 
in exited (2S, 2P) states of hydrogen atoms should be 
suppressed by high magnetic field in the Rb-cell [6]. 

Polarization dependence on magnetic field in the Rb-cell 
is presented in Figure 3.  At every field set-point, the 
Sona-transition field distribution was optimized by 
correction – coil tuning. The polarization saturation was 
observed at super-conducting solenoid fields ≥ 25 kG.  
 

 
Figure 3:  Squares-polarization vs. magnetic field in the 
Rb-cell.  Dashed line–calculations [6]. 

SUMMARY 
The performance of the new source in Run 13 is 

presented in Table 1 (Rb-cell thickness NL×1013 
atoms/cm2. Linac pulse duration-300 µs. Booster input 
×1011 ions/pulse):  

Table 1:  New Source Performance in Run 13 

 
Very reliable operation and reduced maintenance time 

was demonstrated. In the first year of operation, the new 
source performance exceeded the old ECR-based source 
parameters. This was a major factor contributing to the 
polarization increase to about 60 % for the RHIC 
colliding beams.  
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FIRST COMMISSIONING EXPERIENCE WITH THE LINAC4  

3 MEV FRONT-END AT CERN 

J.B. Lallement, A. Akroh, G. Bellodi, J.F. Comblin, V.A. Dimov, E. Granemann Souza, J. Lettry, 

A.M. Lombardi, O. Midttun, E. Ovalle, U. Raich, F. Roncarolo, C. Rossi, J.L. Sanchez Alvarez, R. 

Scrivens, C.A. Valerio-Lizarraga, M. Vretenar, M. Yarmohammadi Satri 

Abstract 
Linac4 is a normal-conducting 160 MeV H- linear 

accelerator presently under construction at CERN. It will 

replace the present 50 MeV Linac2 as injector of the 

proton accelerator complex as part of a project to increase 

the LHC luminosity. The Linac front-end, composed of a 

45 keV ion source, a Low Energy Beam Transport 

(LEBT), a 352.2 MHz Radio Frequency Quadrupole 

(RFQ) and a Medium Energy Beam Transport (MEBT) 

housing a beam chopper, have been commissioned at the 

3 MeV test stand during the first half of 2013. The status 

of the installation and the results of the first 

commissioning stage are presented in this paper. 

THE LINAC4 PROJECT 

Linac4 is a new accelerator, first part of a project to 

improve the CERN proton accelerator chain [1]. The 

higher injection energy (160 MeV vs 50 MeV for Linac2) 

and the H- charge exchange injection will make it possible 

to inject more intensity into the PS Booster. The 80 m 

long accelerator will be housed in a 101 m tunnel, 12 m 

underground. A view of the Linac in its tunnel is shown in 

Figure 1. It consists in a 45 keV RF ion source, a 2 

magnetic solenoid LEBT; a 352.2 MHz RFQ accelerating 

the beam to 3 MeV; a MEBT housing a fast beam 

chopper; a 50 MeV Drift Tube Linac (DTL) composed of 

3 tanks; a 100 MeV Coupled Cell Drift Tube Linac made 

of 7 modules of 3 coupled tanks and a Pi Mode Structure 

(PIMS) up to 160 MeV. The schematic layout is shown in 

Figure 2. The Linac will be connected by a 60 m transfer 

line to the present Linac2-PSB line. Figure 3 represents 

the integration of Linac4 in the PS complex. The linac 

positioning was also designed to be compatible with an 

extension to 5 GeV as part of the Superconducting Proton 

Linac (SPL) [2]. 

 

 

 

Figure 1: Linac4 in its tunnel. 

  

 

Figure 2: Linac4 layout. 

 

 

Figure 3: Linac4 integration in the CERN PS complex. 

 

The Linac4 energy and repetition rate (160 MeV, 1.1 

Hz) are defined by the PSB while the 352.2 MHz 

operation frequency is that of the LEP accelerator, from 

which a large inventory of RF equipment is recuperated. 

The design parameters are given in Table 1. 

 

Table 1: Linac4 Design Parameters 

Ion Species H-  

Length  77 m 

Output Energy 160 MeV 

Frequency 352.2 MHz 

Repetition rate 1.1 (max. 2) Hz 

Pulse length 400 (max. 1200) µs 

Chopping factor 62 % 

Source current 80 mA 

Linac pulse current 40 mA 

 

CERN, Geneva, Switzerland 
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5 COMMISSIONING STAGES 

The commissioning of Linac4 is foreseen in 5 stages at 

the energies of 3, 12, 50, 105 and 160 MeV, 

corresponding to the commissioning of the different 

accelerating structures composing the accelerator [3]. At 

each stage a dedicated beam diagnostic bench will be 

temporarily installed. 

A first pre-commissioning at 3 MeV was completed in 

June 2013 in a dedicated test stand before removal and 

installation of the RFQ and chopper line to the final 

location in the tunnel. From October 2013, beam 

commissioning in the tunnel will start with the aim of 

finishing the commissioning of the 3 MeV part.  Once 

completed, the first tank of the DTL will be installed and 

the beam should reach an energy of 12 MeV in the first 

half of 2014. Beam commissioning and machine 

installation periods will then be interlaced until 2015: 

Tank 2 and 3 of the DTL to 50 MeV, the 7 CCDTL 

modules and the first PIMS cavity to 105 MeV and all the 

PIMS section up to 160 MeV. In order to set the 

transverse and longitudinal beam parameters, 2 movable 

diagnostic benches will be used in addition to the 

diagnostics permanently installed in the Linac. The first 

bench with an emittance meter and a spectrometer line 

will be used up to 12 MeV. The second one, with 

quadrupoles and transverse profile diagnostics (SEM-

Grids) for emittance reconstruction with the forward 

method and with phase pick-ups (BPMs) for Time Of 

Flight (TOF), will be used at 50 and 105 MeV. This 

second diagnostic line can be seen in Figure 4. For the 

last stage, beam commissioning at 160 MeV, the 

diagnostics permanently installed in the straight line 

going to the main beam dump will be used.  

 

Figure 4: Technical drawing of the 50-105 MeV 

diagnostic bench attached to the commissioning beam 

dump. 

 

THE 3 MEV TEST STAND 

Experience with other linacs and dedicated beam 

dynamics studies show that the most difficult part to 

master is the low energy part, where the beam is strongly 

influenced by the space charge. This is also the part where 

there are 2 very critical devices defining the transverse 

and longitudinal beam characteristics, the ion source and 

the RFQ. Beam current, distribution and emittance from 

the source, space charge neutralization in the LEBT, 

capture and longitudinal emittance in the RFQ, matching 

and chopping efficiency in the MEBT are all parameters 

that define the quality of the beam delivered to the PSB. 

In order to have enough time to study and characterize the 

low energy beam, it was decided to have a dedicated test 

stand comprising the ion source, the LEBT, the RFQ, the 

chopper-line and a temporary diagnostic bench. The test 

stand was operational in the first half of 2013. Detailed 

results of the measurement campaign are given in the 

following paragraphs. A view of the 3 MeV test stand is 

shown in Figure 5.    

 

Figure 5: View of the test stand. 

 

In the top-left corner, the 45 keV ion source inside the 

high voltage cage and the RFQ, followed by the MEBT 

and the diagnostic bench. On the right, the RFQ klystron 

and wave guides.  

Diagnostic Bench 

In addition to the diagnostics permanently installed in 

the line, a temporary diagnostic bench was designed in 

order to fully characterize the beam at 3 MeV including:  Beam Current Transformers (BCTs), for intensity 

measurements.  Beam Position Monitors (BPMs) which determine 

the position of beam as well as its intensity.  An emittance meter, consisting of a 200 µm slit 

producing a beamlet whose angular distribution is 

measured with a wire grid 3 m downstream.  A spectrometer line to measure the beam energy 

spread.  A Bunch Shape Monitor (BSM) [4], which provides 

a measurement of the longitudinal distribution in a 

micro bunch.  A halo monitor [5] used to measure not only the 

transverse beam halo but also the remaining part of 

the incompletely chopped bunches (time resolved 

chopping efficiency). 
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A detailed drawing of the 3 MeV diagnostic bench, 

straight line and spectrometer line, is shown in Figure 6. 

 

Figure 6: The 3 MeV diagnostic bench. 

 

COMMISSIONING RESULTS 

Source and LEBT 

The Linac4 ion source consists of a plasma generator 

and a multi-electrode extraction system (Figure 7). 

During the commissioning, it was operated in a pulsed 

mode at 1.2 s interval, keeping the beam output as stable 

and reliable as possible. During 4 months it was running 

without any major problems. After typically 2 hours of 

warming up (stabilization time) it provided stable energy 

and H- beam current of 16 mA. The source used at the 3 

MeV test stand is not the final source of Linac4; the new 

Cesiated source is presently under construction and test. 

An operating source with increased performances is due 

in June 2014. 

  

Figure 7: The ion source used at the test stand. Plasma 

generator (blue), front-end (red) and first part of the 

LEBT (yellow) including the first solenoid (purple).  

 

The beam transverse emittance was measured with the 

LEBT emittance meter positioned after the first solenoid 

for different solenoid settings. These measurements were 

back-traced with the code Travel [6] to the output of the 

source, giving a realistic beam distribution further used 

for simulating the matching to the RFQ. We can see on 

Figure 8 five different measurements corresponding to 

different solenoid settings and the respective “back 

traced” source beam outputs which are all very similar. 

For the preparation of the RFQ commissioning (matching, 

transmission studies etc…), the superimposition of these 

5 beams was taken as the source beam output distribution 

for the multiparticle tracking code. The measured RMS 

normalized transverse emittance out of the source is equal 

to 0.8 mm.mrad. 

  

Figure 8: On the top, horizontal emittance measurement 

for 5 different solenoid settings; on the bottom, the 5 

corresponding back-traced source output beam.   

 

In the LEBT, the space charge compensation caused by 

the secondary particles created by ionization of the 

residual gas plays an important role in the beam 

dynamics. The evolution of the transverse emittance 

ellipse along the beam pulse has been measured for 

different residual pressures [7]. Figures 9a and 9b show 

the evolution of the transverse emittance and the Twiss 

parameter β along the pulse. The stabilization time of the 

space charge compensation is shorter for high residual gas 

pressure but the resulting emittance is then larger.  

 

 

Figure 9a: Transverse emittance evolution along the beam 

pulse for different residual gas pressure.   
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Figure 9b: Beta parameter evolution along the beam pulse 

for different residual gas pressure.   

 

RFQ 

The Linac4 RFQ was designed and manufactured at 

CERN [8]. The first H- ion beam was injected on March 

13th 2013 and the first accelerated beam was observed at 

the RFQ output after 10 minutes of LEBT solenoids and 

steerer magnets fine tuning. The empirically optimised 

solenoid settings were within 3% of the one expected 

from simulations with Travel code, demonstrating the 

quality of the RFQ machining and of the LEBT 

modelling. The first 3 MeV BCT signal observed on that 

day is shown in Figure 10 (10 mA steady state H- beam 

current).  

 

Figure 10: RFQ output beam current – 2013/03/13.  

 

After retuning beam focusing and steering in the LEBT, 

the RFQ maximum transmission was reached, giving a 12 

mA peak current at 3 MeV (75% transmission). The RFQ 

transmission was studied with Parmteq [9] and Toutatis 

[10] codes, taking into account the beam parameters 

measured in the LEBT. Given that the emittance from the 

source is larger than expected, 25% of the beam from the 

source is bound to be lost in the first centimetres of the 

RFQ. Figure 11 shows the comparison of the emittance 

measured in the LEBT and the RFQ acceptance. 

Figure 11: Comparison of measured emittance (yellow) 

and RFQ acceptance (pink).  

 

Figure 12 shows a comparison of the simulated RFQ 

transmission (purple dots) and measured transmission for 

different gas pressure in the LEBT and RF power. It 

should be noted that the solenoids and steering magnets 

were optimized, for the case corresponding to 1.e-6 mbar 

pressure in the LEBT.  

 

Figure 12: RFQ transmission vs power for different gas 

pressure in the LEBT.  

 

Figure 13: Beam distribution in the Horizontal (top) and 

vertical (bottom) phase planes at RFQ output; Left: 

expected from simulation, Right: reconstructed with the 

forward method.   
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The transverse emittance was reconstructed after the 

RFQ with the so-called forward method [3]. The beam 

profile was measured for different test bench quadrupole 

settings and the corresponding emittance at the RFQ 

output computed with the Travel code taking the space 

charge effects into account. The reconstructed normalized 

emittance is equal to 0.32 and 0.34 mm.mrad in 

horizontal and vertical plane respectively compared to 

0.36 and 0.37 mm.mrad expected from the simulations. 

The comparison of the reconstructed and expected phase 

space distribution is given in Figure 13. 

Chopper-Line 

The MEBT was installed after the RFQ commissioning 

was completed. It aims to match the beam to the DTL and 

modify the time structure of the pulse in order to reduce 

losses at the PSB injection. The fast chopper is based on 

an original “low-voltage” concept: the micro bunches that 

should not be injected in the PSB see a relatively low 

electric field, generated by two chopper plates. The 

resulting kick in the phase space is further transferred in 

the real space by a defocusing quadrupole located at 90° 

phase advance. The chopped bunches are then collected in 

a conical aperture beam dump. Figure 14 shows the 

comparison of the simulated and measured transmission 

of the chopper-line for chopper ON and OFF varying a 

MEBT quadrupole gradient. We can see a very good 

correspondence between simulation and measurements 

for chopper OFF. For the chopper ON, it turned out that 

the experimental results are better than simulations, 

indicating a chopper efficiency better than expected. This 

could be explained by a coverage factor of the field 

generated by the chopper higher than expected or by a 

transverse distribution more Gaussian than assumed in the 

simulations. The rise and fall time of the chopper is 

expected to be a few ns; a preliminary measurement with 

a fast BCT indicates that it is below 10 ns. 

  

Figure 14: Measured and simulated transmission in the 

MEBT for chopper ON and OFF.  

 

The longitudinal distribution of the beam was also 

reconstructed using a method equivalent to the 3 gradients 

method in the longitudinal plane. The beam phase spread 

was measured with a BSM for different settings of the 

second MEBT buncher cavity. As for the transverse 

plane, we applied the forward method to reconstruct the 

emittance ellipse in the Phi/E phase space at the output of 

the RFQ. The measured energy spread is equal to 22 keV 

RMS compared to the 21 keV expected from simulation. 

The matching to the DTL, time resolved measurement 

with the halo monitor and comparison between TOF and 

spectrometer measurement will be studied once the line 

moved in the tunnel. 

PROJECT STATUS AND SCHEDULE 

The installation of general infrastructure and services is 

now completed in the Linac4 tunnel. After the successful 

measurement at the test stand, the 3 MeV line was 

installed and will be re-commissioned from October 

2013. The DTL and CCDTL will be installed and 

commissioned in 2014, and the PIMS in 2015. A one year 

reliability run is foreseen in 2016 before the connection of 

the Linac to the PS Booster foreseen in 2017-18, during 

an extended stop of the LHC injector chain. Figure 15 

shows a view of the Linac4 tunnel in September 2013. 

 

Figure 15: Linac4 tunnel seen from the low energy side.

 In the foreground, the RFQ and the MEBT.  
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PROTON ACCELERATOR DEVELOPMENT IN CHINA 

S.N. Fu, IHEP, Beijing 100049, China

Abstract 
The China Spallation Neutron Source (CSNS) and the 

Chinese Accelerator Driven Systems (C-ADS) projects 
are both underway in China. The CSNS includes a 100 
kW RCS accelerator and first beam on target is planned 
for 2017. The C-ADS project includes a high power 
superconducting linac with a low energy (25-50 MeV) 
initial stage by 2015 and higher power deployment later. 
In addition to these intense-beam proton accelerators, 
some other proton accelerators for various applications 
are also under construction or planned. In this paper, the 
plans, R&D and construction activities of these projects 
will be discussed. 

INTRODUCTION 

Proton accelerator becomes a new direction in 
Chinese accelerator community for its many important 
applications. It will be used for neutron source for neutron 
scattering applications, Accelerator Driven Subcritical 
system (ADS) for nuclear waste transmutation, proton 
therapy for cancer treatment, as well as the space 
radiation effects research. China Spallation Neutron 
Source started construction in 2011[1]. Its accelerator 
provides a proton beam of 100 kW power onto the target 
in the first phase, and then will be upgraded to 500 kW 
beam power in the second phase. And meanwhile, a small 
neutron source is under construction in Tsinghua 
University[2]. In 2010 a Chinese roadmap for long-term 
development of ADS was proposed by Chinese Academy 
of Sciences[3] and the first budget of about $260M has be 
allocated for an ADS test setup construction. This year, 
Chinese central government has approved two proton 
accelerator-based big-science projects in its five-year plan: 
ADS program and space radiation effect research program. 
These proton accelerator-related projects, no matter big or 
small, give a great chance to Chinese accelerator 
community to develop the cutting-edge high-technology 
of proton accelerator in China. This paper will present an 
overview of these projects at different stage, including 
their design, key technology R&D, construction and 
future plan. 

CHINA SPALLATION NEUTRON 

SOURCE 

The CSNS is designed to accelerate proton beam 

pulses to 1.6 GeV kinetic energy at 25 Hz repetition rate, 

striking a solid metal target to produce spallation neutrons. 

The accelerator provides a beam power of 100 kW on the 

target in the first phase. It will be upgraded to 500kW 
beam power at the same repetition rate and same output 
energy in the second phase. For this reason, the present 
design has reserved a long beam line in LRBT for 
superconducting spoke cavity installation for the linac 

energy upgrade in order to compensate for space-charge 
effect in the RCS when the beam current becomes 5-times 
higher. Table 1 lists the major parameters of the 
accelerator in the two phases.  

 Table1: CSNS Design Parameters 

Project Phase I II 

Beam Power on target [kW] 100 500 

Proton energy [GeV] 1.6 1.6 

Average beam current [μA] 62.5 312.5 

Pulse repetition rate [Hz] 25 25 

Linac energy [MeV] 80 250 

Linac type DTL +Spoke 

Linac RF frequency [MHz] 324 324 

Macropulse. ave current [mA] 15 40 

Macropulse duty factor 1.0 1.7 

RCS circumference [m] 228 228 

RCS harmonic number 2 2 

RCS Acceptance [mm-mrad] 540 540 

Target Material Tungsten Tungsten 

 

 
Figure 1: Schematics of the CSNS complex. 

 

A schematic layout of CSNS phase-1 complex is 

shown in Figure 1. In the phase-1, an ion source produces 

a peak current of 25mA H
-
 beam. RFQ linac bunches and 

accelerates it to 3MeV. DTL linac raises the beam energy 

to 80MeV. After H
-
 beam is converted to proton beam via 

a stripping foil, RCS accumulates and accelerates the 

proton beam to 1.6GeV before extracting it to the target. 

20 neutron channels are designed surrounding the target, 

but only 3 spectrometers will be built in the first phase 

due to limited budget. 

The CSNS project started construction in September 

2011 after the site land and the access road had been 
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prepared by the local government. The architectures for 

the linac tunnel has been completed and klystron gallery 

are under construction. We plan to start installation of the 

front end of linac in November, 2013. The civil 

construction status is shown in Figure 2.  

Figure 2: Civil construction status of CSNS project. 

Front-end 
Penning H

-
 surface source is chosen for CSNS. Based 

on prototype experience and some optimization in design, 

a new source for the project has been fabricated and set 

up at the laboratory of the Dongguan University of 

Technology for beam extraction test before the test hall is 

available, as shown in Figure 3.  

Figure 3: CSNS H
-
 ion source in beam extraction test. 

 

RFQ accelerates H
-
 beam from 50keV to 3MeV, with 

duty factor of 1.05%. A four-vane type RFQ at 324 MHz 

has total length of 3.62 m, composed of four technical 

modules. Two section cavities are resonantly coupled 

together with a coupling plate in between, as shown in 

Figure 4. The four module cavities are ready for assembly 

to form a whole cavity for field tuning. Two sets of 1000 

l/s ion pumps and 500 l/s turbo-molecular pumps are 

designed for an order of 10
-7 

Torr dynamic vacuum 

pressure. Another set of backup pumps can be easily 

added. The RFQ cavity has been fabricated and is ready 

for assembly for field tuning measurement. Two sets of 

Burle 4616 Tetrode feed 530 kW total RF power to the 

RFQ through two coaxial power couplers. In the power 

test, each source reached 400 kW pulse power with pulse 

length of 700μs at 25 Hz, as shown in Figure 5. 

 

Figure 4: RFQ design and assembled cavity for field 

tuning. 

 

Figure 5: RFQ power source and its output power in test. 

The total length of MEBT is about 3 m, including 10 

qaudrupole magnets, 2 bunchers, 12 steering magnets, as 

well as some beam diagnostics, including 8 BPM, 5 FCT, 

4 BPrM, 3 BLM, 2 CT and EM. As the LEBT chopper 

has already reach a rise/fall time less than 17ns, we will 

not install the RF choppers in the MEBT in Phase-I, but 

leaves space for them for upgrade.  

DTL Linac 
The 324 MHz DTL accelerates the 3 MeV beam from 

the RFQ to 80 MeV. The DTL linac is composed of 4 

tanks with a total length of 35 m. Each tank is about 9m 

long and assembled with three technical modules. Mass 

production of the tank and tube started in early 2012 and 

the first DTL tank has been fabricated. Figure 6 shows the 

fabricated tubes and tank. They will soon be assembled 

for field measurement and field tuning with slug tuners 

and coupling stems.  

 

Figure 6: The fabricated drift tubes and tank. 

The RF power source for DTL is 324 MHz klystron 

from CPI, with maximum output power of 3 MW. The 

adopted HVPS scheme is 400 Hz AC series resonance 

high voltage power supply. One power supply feeds the 

same voltage of 120 kV to two klystron cathodes through 

their m-anode modulators. We proposed such a new type 

of HVPS for klystron and demonstrated its feasibility 

with a 100 Hz prototype. Two sets of the power supply 

are under manufacture for CSNS DTL. Figure 7 shows 

the klystron and its HVPS under assembly. 

 

Figure 7: 3MW klystron and its 120 kV HVPS under 

manufacture. 

RCS 
The RCS lattice consists of 48 quadrupoles and 24 

dipole magnets, forming a four-fold ring with 
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circumference of 227.92m. In the each super period, an 

11m long drift space is left in a triplet cell. These four 

uninterrupted long straight sections are arranged with 

injection, extraction, RF acceleration and transverse 

collimation respectively. To reduce space charge effect, H
-
 

beam from linac is stripped by a carbon foil and painted 

into a large phase space about 240πmm-mrad in two 

transversal directions with 8 pulsed bump magnets. The 

maximum space charge tune shift is -0.28 in bunching 

stage. A two-stage collimator system with an acceptance 

of 350πmm-mrad is utilized for removing halo particles. 

The RCS AC dipole and quadrupole magnets is in mass 

production. The first dipole and quadrupole magnets in 

mass production have been produced(Figure 8). They 

have been continuously operated with full AC current of 

877 A for 72 hours. The coils and cores of the magnets are 

robust enough, and no crack was found on their surfaces. 

The field of these two types of magnets has also been 

measured, and the results meet the specification. The 

magnet installation in the ring tunnel is foreseen in the 

middle of 2015 when the tunnel is available. 

 
Figure 8: RCS dipole and quadrupole magnets in mass 

production. 

The power supply for the magnets uses White resonant 

circuits to avoid the impact to the grid. Due to nonlinear 

feature of the magnet core, a pure sinusoid AC current 

from the power supply will result in a deformed sinusoid 

magnetic field with an unacceptable tracking error. To 

deal with this issue, high order harmonic current is 

injected into the power supply for compensating for the 

nonlinearity. The 24 dipole magnets are powered with one 

set of current supply and the 48 quadrupole magnets are 

powered with 5 sets of current supplies. All of these 

power supplies are under mass production. 

The RCS has eight ferrite-loaded cavities for proton 

acceleration, of which seven cavities provide total 165 kV 

RF voltage with additional one as backup. The cavity 

resonant frequency shifts from 1.02 MHz to 2.44 MHz in 

20 ms by a bias current supply. In the prototype RF 

system, the response bandwidth of the bias current supply 

has been improved up to 10 kHz by adding a small linear 

shunt modulator to the existing switching power supply. 

The resulted tracking error apparently reduced within the 

specification of ±0.2%. Based on the experience of high 
power operation of the RF system prototype, the design of 
the RF cavity structure has been optimized to ameliorate 
the cavity and RF transmitter performance. Manufacture 
of 8 sets of RF cavities and 500 kW transmitters has been 
in good progress. Figure 9 shows the fabricated cavity 

and its RF power source.  

 

Figure 9: Ferrite-loaded RCS cavity and its RF power 

source in mass production. 

Ceramic vacuum chambers are used in the RCS dipole 

and quadrupole magnets, injection bumps and extraction 

kickers to avoid the eddy current. The chamber size for 

dipole magnet is rather large with a length of 2.8 m and a 

cross-section of 135(V)×218(H) mm in inner diameter. 

All of these chambers have started mass production by a 

Germany vendor FRIATECH and domestic vendors. The 

inner surface of the chamber will be coated with TiN for 

low SEE. Figure 10 is the ceramic chamber for dipole 

magnet. 

 

Figure 10: Ceramic chamber for dipole magnet. 

The Beam Lines and Interface 
The LRBT transports the H

-
 beam to the ring and it 

47quadrupoles and 4 bending magnets. Some of the 

quadrupoles have been produced. A rebuncher is installed 

for reduction of the beam momentum spread. The 

injection stripping foil facility has been manufactured 

with 20 carbon foils on a rotating frame, as shown in 

Figure 11.  

 

Figure 11: Stripping foil for H
-
 injection. 

C-ADS CW PROTON LINAC 

ADS in China is applied for nuclear waste 

transmutation, as a backup to the rapid nuclear power 

development. The accumulated waste is estimated to be 
more than 10k tons in 2020, and it will be doubled in 
2030. ADS has been recognized as the best option for the 
nuclear waste final disposal. Roadmap of ADS 
development has been scheduled in four phases in China, 
as shown in Figure 12. In phase-I from 2011 to 2015, as 

R&D period, A 25-50 MeV linac will output a beam 
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current of 10 mA in CW; phase-II will take a few years to 

increase the beam energy up to 250 MeV with 

superconducting spoke cavities and the accelerator will be 

coupled with a subcritical reactor to form an ADS 

research system. In Phase-III, until 2022, the beam energy 

will further rise to 0.6-1 GeV to drive a subcritical system 

of 100 MW thermal power. In phase-IV, more 

superconducting elliptical cavities will be added to the 

linac to raise beam energy up to 1.2-1.5 GeV until 2032, 

serving for a full-scale ADS demonstration facility.  

 

Figure 12: Roadmap for ADS development in China. 

Linac Design 
In the preliminary design a 1.5 GeV linac consists of 

two injectors, two spoke cavity sections and two elliptical 

cavity sections, as shown in Figure 13. In operation, only 

one injector runs and another is hot standby for a high 

reliability which is a key requirement for the target and 

reactor. To explore different technology at present, the 

two injectors have different design: the Injector-I is 

mainly composed with an ECR ion source, a 3.2 MeV 

room temperature RFQ at 325 MHz and superconducting 

spoke cavities at 325 MHz; while the Injector-II mainly 

consists of an ECR ion source, a 2.1 MeV room-

temperature RFQ at 162.5 MHz and superconducting 

HWR cavities at 162.5 MHz. IHEP is in charge of the 

Injector-I, and IMP in charge of Injector-II. 

 

Figure 13: Layout of the C-ADS linac. 

Key Technology R&D 
Ion source An ECR ion source has been set up for 

beam extraction test at IMP, as shown in Figure 14(left). 

It can provide the RFQ with a CW proton beam of 25 mA 

at 35 KeV. This ion source together with LEBT will 

recently be installed in the tunnel at IHEP. At present the 

major work focus on the long-term operation stability of 

the ion source. 

 

Figure 14: ECR ion source together with LEBT(left), and 

RFQ cavity(right) for Injector-I. 

RFQ-I This four-vane type 325MHz RFQ will operate 

in CW mode at room temperature with RF power 

consumption about 273 kW. The full length of the vane is 

about 4.7m and maximum power density on the surface is 

3.77 W/cm
2
. Fabrication of the RFQ cavity is finished 

(Figure14) and RF measurement result shows that the 

design values have been achieved. Toshiba 600kW 

325MHz CW klystron and 80 kV PSM power supply are 

adopted as the RF power source for the RFQ.  

RFQ-II This four-vane type 162.5 MHz RFQ uses the 

PI-mode stabilizer for a wide mode separation between 

working quadrupole mode and the nearby modes. 

Fabrication of such a large cavity is not easy, and thus a 

short model cavity has been made for manufacture 

technology development, as shown in Figure 15. 

 

Figure 15：Short model cavity of 162.5 MHz RFQ for 

Injector-II. 

Spoke012 This 325 MHz superconducting spoke cavity 

follows the 3.2 MeV RFQ-I. Two such low-βof 0.12 

cavities has been fabricated. The horizontal test has been 

completed at 4K and Q0 value reaches 2.2x10
8
 at E=6.5 

MV/m, as shown in Figure 16. 

 

Figure 16: Spoke012 cavity and its horizontal test result 

for Injector-I. 

HWR This 162.5 MHz superconducting cavity of β

=0.1 follows 2.1 MeV RFQ-II. Two prototype cavities 

have been made (Figure 17）with measured Q0=4.1x10
8
 

at 8.3 MV/m. 
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Figure 17: Prototype QWR cavity withβ=0.1 for 

Injector-II. 

Spoke021 and elliptic cavity In addition to the low 

energy section, superconducting cavities for medium and 

high energy sections are also under development. At 

present, two 325 MHz spoke cavities ofβ= 0.21 and 

some 650 MHz elliptical cavities ofβ=0.82 are under 

development, as shown in Figure 18. 

 

Figure 18: Prototype development of 325 MHz spoke 

cavities withβ= 0.21 and some 650 MHz elliptical 

cavities withβ=0.82, for main linc. 

OTHER PROTON ACCELERATORS 

Except for the two high intensity proton accelerators for 

CSNS and C-ADS, some other proton accelerators are 

also under construction or in planning.  

CPHS Accelerator 
The Compact Pulsed Hadron Source (CPHS) in 

Tsinghua University, is driven by a pulsed high-current 

proton linac with a beam duty factor of 3%.  The 

accelerator consists of an ECR ion source, a LEBT, an 

RFQ, a DTL and a HEBT beam line. The linac accelerates 

the proton beam to 13MeV, and delivers it to a Beryllium 

target. Four neutron beam lines are planned in the CPHS 

project, among which two lines are being constructed for 

the SANS and Neutron Imaging. 

The 325 MHz RFQ has a four-vane structure and 

accelerates protons from 50keV to 3MeV.  The inter-

vane voltage increases with the beam energy.  The total 

length of the RFQ is greatly shortened with a high 

transmission rate. The coupling plates become 

unnecessary for the 3m-long RFQ. The RFQ are designed 

to be matched to the DTL directly without MEBT. The 

13MeV DTL adopts Samarium-cobalt permanent magnets 

with a field gradient almost constant (84.6T/m) in lattice 

structure of FDFD, which ensures small envelop of the 

beam. 

At present, the 3MeV RFQ has been installed for beam 

tuning (Figure 18). In March 2013, its output peak current 

of 44 mA was achieved and the transmission efficiency 

was 88% while the input peak current was 50 mA with 50 

µs pulse length at 50 Hz. The following DTL is under 

fabrication. 

 

Figure 19: CPHS linac under beam tuning. 

First neutron beam was obtained in July, 2013 by 22 

mA proton beam with pulse length of 80 µs at 50 Hz. The 

total estimated neutron flux is about 2.8x10
10

 n/s. 

APTron Accelerator 
The Advanced Proton Therapy Facility (APTron) is 

proton therapy machine serving as a hospital-based 
facility [4]. It will be built at Jiading district of 
Shanghai with the technical support from Shanghai 
Institute of Applied Physics, CAS. The accelerator 
consists of a 7 MeV linac injector, a 24.6m 
circumference synchrotron capable of accelerating 
protons up to 250MeV, two horizontal fixed beam line 
and an isocentric gantry beam line in phase I, and can be 
upgraded to 3 gantry beam lines in total in phase II. The 
7-MeV injector is composed of a RFQ and a short DTL 
tank. A proton beam is extracted from the synchrotron in 
an energy range of 70~250MeV with proton particles of 
8x1010p/spill at a repetition frequency of 0.1~0.67 Hz. 
This project has been funded by the local government.  

Proton Accelerator for Space Radiation Test 
Space radiation effect study calls for a proton 

accelerator with a weak beam current and micro-size 

beam spot on sample. This accelerator consists of a 

tandem with terminal voltage of 6 MV and a synchrotron 

with output energy range from 10-300 MeV. Beam from 

the tandem and the synchrotron will be sent to several test 

stands. A preliminary design of the accelerator has been 

proposed by IHEP. And this project has been approved in 

principle by the central government and it is foreseen the 

project will start construction in a couple of years. 
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TRANSURANICS AND CLOSE THE NUCLEAR FUEL CYCLE* 
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Abstract 
A design for accelerator-driven subcritical fission in a 

molten salt core (ADAM) has been made for the purpose 
of destroying the transuranic elements in used nuclear 
fuel as fast as they are made in a conventional nuclear 
power plant.  The oxide fuel is extracted from the used 
fuel assemblies into molten chloride salt using pyropro-
cessing, and the transuranic, uranium, and fission product 
salts are separated into three batches using electro-
separation.  The transuranic salt is then transferred to a 
subcritical core, with neutron gain 0.97.  The core is driv-
en by 800 MeV proton beams from a 12 mA CW strong-
focusing cyclotron. The transuranics are destroyed and 
the fission heat is used to produce electric power.  Simu-
lations of many potential failure modes have been per-
formed; the core cannot reach criticality in any failure-
mode scenario considered.  It operates as an energy am-
plifier with an energy gain ~5.5. 

INTRODUCTION 
Today nuclear power plants generate 20% of the elec-

tric power in the United States [1].  Until recently nuclear 
power comprised 20% of the grid in Germany and 30% in 
Japan, but Germany has moved to end their nuclear power 
production and Japan has idled their reactor fleet.  Those 
decisions reflect a growing public concern about the safe-
ty of nuclear power.  The meltdowns at Three Mile Island 
[2], Chernobyl [3], and Fukushima [4] underscore that 
this abundant source of energy can also produce extreme 
hazards.  

The most enduring hazard of nuclear power is the large 
quantity of hazardous radioisotopes in used nuclear fuel 
(UNF).  The most dangerous among those are transuran-
ics (TRU, elements beyond uranium in the periodic table).  
The transuranics contained in the ~70,000 tons of UNF in 
the US have a radiotoxicity >1013 Sv and half-lives of 
105-106 years.  The present accumulation of UNF also 
still contains about 1/3 of the entire US reserves of urani-
um.  Long-term storage would pose the risk unto the gen-
erations of future release of immense radiotoxicity, and 
would sequester a major portion of available uranium 
resources.  ADAM has been designed to offer an alterna-
tive: to destroy the transuranics, to recover the uranium 
for future use, and to produce 10x more energy than was 
produced in the first use of the fuel.  

ADAM OVERVIEW 

ADS Core Neutronics 
The individual ADS core must be sized to optimize the 

normalized burn rate ; i.e. to minimize the TRU in-
ventory required to sustain core operation.  Figure 3 
shows the energy dependence for neutron capture on 
238Uwhich breeds TRU) and for n-induced fission of the 
dominant TRU isotopes.  The fission cross sections for 
most TRU isotopes are significant only for ultra-fast neu-
trons (>1 MeV).  Optimization of fast spectrum for the 
ADAM core places strong constraints upon the core size 
and geometry and upon the fuel salt composition.  The 
optimized core is shown in Figure 1, and its neutronics 
properties are summarized in Table 1. In its spectrum 
20% of the neutrons have >1 MeV energy.  It operates 
with a neutron gain keff = 0.97, produces 280 MWth, and 
requires a 10 MW proton driver.  The optimized burn rate 
is T /T = 5.6% / year , corresponding to a destruction time 
of 18 years. 

T /T

Figure 1: ADS molten salt core assembly. 

Fuel salt pumps 
 
Primary heat 
exchanger 
 
Beam windows 
 
Core 
 
Pb reflector 
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Fuel Salt Preparation and Reconditioning 
The fuel salt for the ADAM core is a eutectic of 

TRUCl3, UCl3, and NaCl.  It is prepared by a sequence of 
reduction and oxidation steps, shown in Figure 2.  Fuel 
assemblies are chopped and crushed, and the oxide fuel is 
extracted from its Zircalloy cladding into molten salt (py-
roprocessing [5]).  Successive oxidation and reduction 
steps are used to plate out the uranium and to separate the 
remnant into separate batches of TRUCl3 and FPCl3 (FP = 
fission products).  All of the steps of this electro-
processing have been developed into small-scale practice 
at ANL, INL, and KAERI [6].    

The ADAM fuel salt contains as molar constituents 
TRUCl3 (15.2%), UCl3 (13.6%), NaCl (70%), and FPCl3 
(1.2%) [7].  The fuel salt has a melt temperature of 525 C 
and a boiling point of ~1500 C.  The primary heat ex-
changer is integrated directly into the Ni vessel, and oper-
ates with an inlet temperature of 675 C and outlet temper-
ature of 575 C. 

As the ADAM core burns TRU its keff decreases.  We 
modulate the proton beam power to maintain constant 
thermal power in the cores (increase the drive beam pow-
er from 8 MW to 10 MW) for a period of 3 months.  At 
the end of 3 months we restore keff to its starting value by 
adding 90 kg of TRUCl3.  We can continue doing this for 
5 years (20 cycles), at which time the fuel salt is trans-
ferred back to the electro-processing system, the accumu-
lated FPCl3 is removed, and the fuel salt is returned to the 
core vessel to begin another 5-year operating period.  

Proton Driver 
Each ADAM core requires a total of 12 mA of 800 

MeV continuous proton drive beam.  We have developed 
a design for a two-stage strong-focusing cyclotron (SFC) 
that can provide that performance [8].  The acceleration 

sequence is shown in Figure 5.  It begins with accelera-
tion of 100 mA CW to 6.5 MeV in the 350 MHz LEDA rf 

KCl-NaCl 
FPCl3 

Figure 2: Pyroprocessing and electro-separation to prepare the fuel salt. 

Table 1: Main Parameters and TRU-burning Performance 
of ADAM Core compared to Fast Critical Reactor De-
signs 
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Figure 3: Energy dependence of cross sections for fission 
and capture by 238U and the dominant transuranics. 
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quadrupole (RFQ) [9].  The beam is then subharmonic-
modulated, split into three 117 MHz beams, and passed 
through a sequence of 6-D collimators to yield three 
beams each with a normalized emittance < 1π10-6m and a 
phase width ±5o.  The beams are then injected into a 3-
stack of 100 MeV strong-focusing cyclotrons.  

The world-record CW beam power for a proton accel-
erator is the PSI isochronous cyclotron [10].  It produces 
2.2 mA CW at 590 MeV.  Two issues pose the main lim-
its to beam current in a cyclotron: the succeeding orbits 
overlap strongly so the defocusing action of space charge 
is exacerbated; and it has only weak focusing so that the 
betatron tunes migrate throughout acceleration and cross 
multiple resonances.  We solved both of these problems 
in the SFC by incorporating two new elements: supercon-
ducting ¼-wave slot-geometry cavities that provide suffi-
cient energy gain per turn to fully separate the orbits; and 
beam transport channels that provide alternating-gradient 
strong focusing to maintain constant betatron tunes 
throughout acceleration.  

The details of the SFC design have been presented pre-
viously [8].  Three SFCs are configured as a flux-coupled 
stack, in which the dipole field for each SFC is created by 

a pair of cold-iron flux plates (Figure 4b) that are sup-
ported within a warm-iron flux return so that Lorentz 
forces on each flux plate cancel [11]. 

The superconducting cavity and beam transport chan-
nels are shown in Figure 6.  The Nb superconducting cav-
ity operates at 4.2 K and produces a ~2 MV acceleration.  
It is designed with fairly conservative surface field limits 
– 21 MV/m, 54 mT, and has provisions to suppress multi-
pacting [12].  The rf power for each cavity is delivered to 
a linear array of input couplers, distributed along the up-
per and lower lobes of the cavity as shown in Figure 4a.  
Each coupler is driven by a solid-stage power source, and 
the linear array makes it possible to deliver input power in 
the same spatial distribution that is delivered to the circu-
lating orbits of beam, so that beam loading does not drive 
transverse modes.  

The beam transport channel (BTC) contains a single 
layer wire-wound Panofsky quadrupole winding and a 
window-frame dipole winding, both utilizing the super-
conductor MgB2 which operates in the 15-20 K tempera-
ture range.   An arc-shaped BTC is aligned along each 
equilibrium orbit in each sector as shown in Figure 4b, 
and is configured as an F-D doublet.  The dipole winding 
is used to maintain precise isochronicity on all turns.  

b) a) c) 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Innovations in the strong-focusing cyclotron: a) 117 MHz ¼-wave superconducting cavity with linear array of 
input couplers (green); b) beam transport channels on a flux plate; c) detail of the MgB2 windings on a BTC and its 
quadrupole field distribution (max gradient 6 T/m).  

Figure 6: 3-stack of 100 MeV strong-focusing cyclotrons, 
with cutaway to show cavities, BTCs, and orbits. 

LEDA 350 MHz RFQ 
3-stack TAMU100 

3-stack TAMU800 

3x3 4 mA beam 
lines to cores 

Figure 5: Acceleration chain for an ADAM site. 
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A companion paper [13] presents studies of the beam 
dynamics of the SFC for low-loss acceleration of high-
current proton beam.  We find that the elimination of 
overlapping orbits, the control of betatron tunes, and the 
suppression of transverse mode excitation by wake fields 
enables us to maintain stable acceleration of 12 mA CW 
through both SFCs to 800 MeV energy without beam 
breakup and with low loss for injection and extraction.  

Delivery of 4 mA Proton Beam into Molten Salt 
Each core requires a total of 12 mA drive beam.  In or-

der to operate within presently achieved beam window 
limits, we chop the proton beam after the RFQ to deliver 
~10 µs bunch trains for acceleration, we split the 800 
MeV bunch trains from each SFC to feed 3 transport 
lines, and we deliver the 3 bunch trains to 3 hemispherical 
Nb windows (Figure 1).  The closed-circuit flow of mol-
ten salt in the core is channelled to deliver a chimney flow 
to cool each beam window, as simulated in Error! Ref-
erence source not found..   

Safety Considerations 
The molten salt provides the spallation target and heat 

transfer medium for the beam windows, and it cannot be 
shocked by interruption of drive beam.  All ADS designs 
that utilize a core based upon solid fuel pins have the 
problem that interruptions of drive beam (which happen 

every day at any extant accelerator) would thermally 
shock the fuel cladding which can lead to cracking.  

All of the fuel salt is completely contained within the 
Ni core vessel and 5 shells of outer structure throughout a 
5-year operating period.  By contrast all previous core 
designs using molten salt pass the molten salt frequently 
through external circuits for reprocessing and re-
conditioning, opening the risk of leaks.  

The core vessel contains a removable inner vessel (in 
contact with the fuel salt) made from a single-piece of 
CVD Ni with no weld seam, which is resistant against 
molten salt corrosion.  The Ni is much more robust 
against embrittlement from neutron damage in the ultra-
fast spectrum of the ADAM core than it would be for a 
thermal spectrum.  The CVD Ni vessel is encased in a 
spiral-wrap Hastelloy-N structure that provides mechani-
cal support for the Ni can.  An array of K vapor heat pipes 
is bonded to the outer surface of the Hastelloy shell and 
passively heat-sinks its surface to ~400 C during normal 
operation (consuming ~2 MW of heat) and during power 
and cooling failure modes.  Maintaining the temperature 
of the Hastelloy at 400 C preserves its high tensile 
strength and toughness, which would be compromised if 
the Hastelloy operated at core temperature.  
Many failure modes have been modeled, including loss of 
primary and/or secondary heat exchanger, loss of drive 
beam, loss of controls, and cracking of the core vessel.  
No failure mode studied can lead to leaking fuel salt be-
yond the multi-layer vessel, and no failure mode can pro-
duce criticality.  

IMPLEMENTATION TO DESTROY 
TRANSURANICS 

The ADAM core is sized to optimize the destruction of 
transuranics T /T .  Three ADAM cores are required to 
destroy TRU at the same rate that it is produced in a typi-
cal GWe nuclear power plant.  Figure 8 shows the site 
plan for an ADAM facility containing three cores and a 3-

a) Streamline velocity field    b) Surface temperature 

Figure 7: a) Molten salt flow on a proton beam window; 
b) Temperature profile on the window with 4 mA beam. 

3-stack SFC: 3 x 12 mA, 800 MeV 

3 x 3 beams delivered to cores 

3 280 MWt  ADAM cores 

Molten salt processing 

2 200 MWe turbines 

Figure 8: ADAM facility that destroys transuranics at the same rate they are produced by a GWe nuclear power plant. 
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stack SFC proton driver.  It is appropriate in capacity to 
co-locate with an existing power plant, process its spent 
nuclear fuel, destroy the transuranics, recover the urani-
um, and generate uranium.  The three ADAM units pro-
duce 3x290 MWt of heat, which generates ~44%x870 = 
380 MWe.  The SFC systems operate with ~50% efficien-
cy, so it requires ~3x10MW/50% = 60 MWe to operate 
the ADAM installation.  The ADAM installation there-
fore is essentially an energy amplifier with a gain ~5.5.  
For as long as the adjoining GWe power plant operates, its 
ADAM companion will generate ~320 MWe of co-
generated power to augment the plant’s output while it 
destroys its hazardous waste. 

Table 1 summarizes the performance parameters of the 
ADAM core, and compares them with the performance of 
several fast critical reactors that have been designed to 
destroy transuranics [14]: SFR is a sodium-cooled fast 
reactor; GFR is a high-temperature He gas-cooled fast 
reactor; and LFR is a molten lead-cooled fast reactor.  
Notably the ADAM core performs as well or better than 
any critical core design, and conveys the benefits for safe 
subcritical operation discussed above.  ADAM provides a 
feasible candidate method to destroy the transuranics in 
used nuclear fuel and close the nuclear fuel cycle. 
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Abstract
The Advanced Superconducting Test Accelerator

(ASTA) currently in construction at Fermilab will en-
able a broad range of beam-based experiments to study
fundamental limitations to beam intensity and to develop
transformative approaches to particle-beam generation,
acceleration and manipulation. ASTA incorporates a
superconducting radiofrequency (SRF) linac coupled to a
photoinjector and small-circumference storage ring capa-
ble of storing electrons or protons.This report describes
the facility, its capabilities, and provide an overview of
enabled research thrusts.

INTRODUCTION
The Advanced Superconducting Test Accelerator

(ASTA) currently in construction at Fermilab will establish
a unique resource for R&D towards Energy Frontier
facilities and a test-bed for superconducting radiofre-
quency (SRF) accelerators and high-brightness beam
applications. The unique features of ASTA include: (1)
a high repetition-rate, (2) one of the highest peak and
average brightness within the U.S., (3) a GeV-scale beam
energy, (4) an extremely stable beam, (5) the availability
of SRF and high-quality beams together, and (6) a storage
ring capable of supporting a broad range of ring-based
advanced beam dynamics experiments. These unique fea-
tures will foster a broad program in advanced accelerator
R&D which cannot be carried out elsewhere.

ACCELERATOR OVERVIEW
The backbone of the ASTA facility is a radio-frequency

(RF) photoinjector coupled with 1.3-GHz superconducting
accelerating cryomodules (CMs); see Fig. 1 [1]. The elec-
tron source consists of a 1-1/2 cell 1.3-GHz cylindrical-
symmetric RF gun comprising a Cs2Te photocathode illu-
minated by an ultraviolet (UV, λ = 263 nm) laser pulse
obtained from frequency quadrupling of an amplified in-
frared IR pulse The photocathode drive laser produces a
train of bunches repeated at 3 MHz within a 1-ms-duration
macropulse.
The ∼ 5-MeV electron bunches exiting the RF gun

are then accelerated with two SRF TESLA-type cavi-
∗This work is supported by DOE contract DE-AC02-07CH11359 to

the Fermi Research Alliance LLC

Figure 1: Overview of ASTA photoinjector (top); ASTA
nominal high-energy transport beamline (middle) andmod-
ified high-energy transport beamline to accomodate a
second-stage bunch compressor (bottom); “L1” “L2” stand
for solenoids, “CAV1”, “CAV2”, and “CAV39” correspond
to accelerating cavities, “CM1-3” to an ILC cryomodule
string, “BC1” and “BC2/EEX” to bunch compressors, and
“DL” to a dogleg beamline. “PEX” represents a pos-
sible reconfiguration of “BC2” to act as a transverse-to-
longitudinal phase space exchanger.

ties (CAV1 and CAV2) to approximately 50 MeV. Down-
stream of this accelerating section the beamline includes
quadrupole and steering dipole magnets, along with a four-
bend magnetic compression chicane (BC1) [2]. The beam-
line also incorporates a round-to-flat-beam transformer
(RTFB) capable of manipulating the beam to generate a
high transverse-emittance ratio. In the early stages of op-
eration, the bunches will be compressed in BC1. In this
scenario the longitudinal phase space is strongly distorted
and the achievable peak current limited to less than 3 kA.
Eventually, a third-harmonic cavity (CAV39) operating at
3.9 GHz will be added enabling the generation of bunches
with ∼ 10 kA peak currents by linearizing the longitudi-
nal phase space. In addition CAV39 could also be used
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to shape the current profile of the electron bunch [4]. The
photoinjector was extensively simulated and optimized [3].
The photoinjector also includes an off-axis experimental
beamline branching off at the second dipole of BC1 that
will support beam physics experiments and diagnostics
R&D.
The 50-MeV beam is injected into the SRF linac, which

will eventually consist of three, 12-m long, TESLA/ILC-
type CMs. Each CM includes eight 1.3-GHz nine-cell cav-
ities. The first two cryomodules (CM1 and CM2) are a
TESLA Type-III+ design, whereas the third (CM3), will
be an ILC-Type IV design [5]. Together, these three CM
constitute a complete ILC RF Unit. The SRF linac will be
capable of generating a beam energy gain of ∼ 750 MeV.
The installation of the cryomodules will be staged pend-
ing the completion of their construction. The first CM has
already been installed in the ASTA Facility [6].
Downstream of the linac is the test beam line section,

which consists of an array of multiple high-energy beam
lines that transport the electron beam from the accelerating
cryomodules to one of two beam dumps. In addition to test-
ing the accelerator components, the intent of this facility is
to also test the support systems required for a future SRF
linac. The facility anticipated beam parameters appear in
Table 1.

Table 1: Beam Parameters Expected at the ASTA Facility

parameter nominal value range
wnergy (A1) [MeV] 50 [5,50]
energy (A2) [MeV] [250-800] [50,820]
bunch chargeQ [nC] 3.2 [0.02,20]
bunch freq. fb [MHz] 3 see (a)

macr. duration [ms] τ 1 ≤ 1
macr. freq. fmac [Hz] 5 [0.5, 1, 5]
num. bunch/macro. Nb 3000 [1,3000](b)
trans. emit(b) [μm] 2.11Q0.69 [0.1, 100]
long. emit(b) [μm] 30.05Q0.84 [5, 500]
peak current Î (c) ∼ 3 ≤ 10

(a)
fb andNb are quoted for the nominal photocathode laser. Optical pulse

stacking methods or field-emission sources could lead to smaller bunch separation

within the rf macropulse.
(b) normalized rms values for an uncompressed beam. The scaling laws are

obtained from Ref. [3] and correspond to an uncompressed case. Bunch

compression results in larger horizontal emittances; see Ref. [2].
(c) the nominal value corresponds to a 3.2-nC compressed bunch without

operation of CAV39. Higher values of Î are possible with CAV39. For the

uncompressed case, we have ˆI[A] � 54.95Q[nC]−0.87 .

During the first high energy beam operation and com-
missioning, only one CM will be installed allowing for the
production of bunches with energies up to ∼ 300 MeV.
Eventually, the second and third cryomodules will be in-
stalled in Stage II. Together, the three cryomodules plus

the RF power systems will make up one complete ILC RF
unit. During Stage II operation the beam energy will reach
approximately 800 MeV. Beyond that stage several options
are under consideration, including the installation of a 4th
cryomodule downstream of a phase-space-manipulation
beamline (either a simple magnetic bunch compressor or
a phase space exchanger) [7, 8].
ASTA was designed with the provision for incorporating

a small storage ring to enable a ring-based AARD program
in advanced beam dynamics of relevance to both Intensity
and Energy Frontier accelerators. The Integrable Optics
Test Accelerator (IOTA) ring is 39 meters in circumference
capable of storing 50 to 100-MeV electrons to explore, e.g,
optical stochastic cooling methods [10] and integrable op-
tics [11].
It is planned to expand capabilities for AARD in ASTA

by the installation of the 2.5-MeV proton/H- RFQ accelera-
tor which was previously used for High Intensity Neutrino
Source (HINS) research at Fermilab [12]. That accelera-
tor starts with a 50-keV, 40-mA proton (or H- ion) source
followed by a 2-solenoid low-energy beam-transport line.
The protons/ions are then accelerated by the pulsed 325-
MHz RFQ to 2.5 MeV (with 1 ms pulse duration) prior to
injection into IOTA.

USER OPPORTUNITIES
ASTA is intended to be operated as a scientific user

facility for advanced accelerator research and develop-
ment [13]. All the characteristics of a national user facil-
ity will be in evidence in the operation of ASTA and its
user program. The facility is open to all interested potential
users and the facility resources will be determined by merit
review of the proposed work. The user program will be
proposal-driven and peer-reviewed in order to ensure that
the facility focuses on the highest quality research. Propos-
als will be evaluated by an external Program Committee
(the ASTA Program Advisory Committee), consisting of
internationally recognized scientists. Proposal evaluation
will be carried out according to established merit review
guidelines. We expect the first batch of proposal submitted
as part of our proposal to DOE [14] will be reviewed during
the fiscal year (FY) 2014.
Three experimental areas [A1, A2, and A3 (IOTA) in

Fig. 1] will be available to users for installation of experi-
ments. Area A1, situated in an off-axis beamline within the
photoinjector, will provide electron bunches, possibly com-
pressed, with energies up to 50 MeV. The current layout of
the off-axis beamline includes a chicane-like transverse-to-
longitudinal phase space exchanger, and provision for the
installation of a short undulator for beam-laser interaction
(e.g., to enable microbunching studies). The high-energy
experimental area A2 consists of three parallel beamlines.
Two of the beamlines are downstream of doglegs while
one is inline with the ASTA linac. Experiments in the
three user beamlines and IOTA could be ran simultane-
ously (switching the beam from one beamline to the other
would only require minor optical-lattice adjustment). Fi-
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nally, the eventual availability of a H- source would allow
IOTA to be operated independently of the ASTA electron-
beam users. In addition, in order to accomodate addi-
tional experiments during the stage I, we are considering
the installation of a chicane that could operate as a second-
stage bunch compressor or transverse-to-longitudinalphase
space exchanger (BC2/EEX in Fig. 1).

ANTICIPATED RESEARCH THRUSTS
In this Section we highlight expression of interests to

perform experiments along the five main research thrusts
enabled at ASTA.

Accelerator R&D for Particle Physics at the In-
tensity and Energy Frontiers
The combination of a state-of-the-art superconducting

linear accelerator and a flexible storage ring enables a broad
research program directed at the particle physics accelera-
tors of the future.
The proposed research program includes at IOTA has

expanded well beyond its initial goal to test non-linear,
integrable, accelerator lattices, which have the potential
to shift the paradigm of future circular accelerator de-
sign [15, 16, 17]. IOTAwill also be used to explore optical-
stochastic cooling [10]. The addition of anH− source will
also enable the investigation of integrable optics in pres-
ence of significant space charge effects. TheH− beam will
also open the path to the study of space-charge compen-
sation schemes in high-intensity circular accelerators [18].
IOTA will also support some fundamental Physics studies
such as the measurement of the wave-function associated to
a single electron using a method similar to an experiment
previously attempted [19].
The availability of advanced phase space manipula-

tions will also support the development and test of beam-
driven acceleration methods, which would greatly bene-
fit from shaped current profiles [21, 22, 23] to signifi-
cantly increase the transformer ratio – the energy gain of
the accelerated bunch over the energy loss of the driving
bunch. When combined with the aforementioned round-
to-flat beam transformation, this shaping technique could
produce flat beams with tailored current profiles suitable
for test of beam-driven acceleration methods based on, e
g., slab dielectric-loaded waveguide (DLW) [24, 23], Other
advanced acceleration techniques to be explored at ASTA
include the acceleration and cooling of muon beams based
on carbon-based crystal structures [25],
Finally, the high-power beam produced by the SRF linac

will provide opportunities for high-energy Physics detector
R&D. These include the high-power tests of target required
for the Long-Baseline Neutrino Experiment (LBNE) and
the generation of tagged-photon beams necessary to test
components associated to the Project-X detectors.

Accelerator R&D for Future SRF Accelerators
High gradient, high-power SRF systems are critical for

many accelerator facilities under planning for the needs

of high-energy physics, basic energy sciences and other
applications. ASTA offers a unique opportunity to ex-
plore most critical issues related to the SRF technology and
beam dynamics in SRF cryomodules. The low injection en-
ergy ∼ 50 MeV combined with achievable low emittance
beams is well suited to explore beam dynamics effects
and especially beam degradation due to the time-dependent
field asymmetries introduced by the input and higher-order
mode (HOM) couplers. The pulsed operation of SRF cav-
ities at high-gradient while accelerating mA beam currents
over long period of time has also relevance to the Inter-
national Linear Collider program. Furthermore, the SRF
linac will provide an experimental platform necessary to
develop the required low-level RF controls for the Project-
X pulsed linac [26]. Additionally, comprehensive beam-
based measurements of long-range wakefield in SRF CMs
are being planned using an upgraded version of the photo-
cathode laser that would enable the production of charge-
modulated bunch trains. Scanning the charge-modulation
frequency and recording the HOM-induced beam displace-
ments downstream of the cryomodule(s) under test would
enable the characterization of HOMs over a continuous
range of frequencies [27]. Finally, a precise characteriza-
tion of the jitter and beam-based stabilization of the SRF
module has been proposed. It relies on the measurement
of the bunch relative time of flight downstream of a bunch
compressor, bunch energy and on the detection of coherent
synchrotron radiation. These measurements are fed to an
algorithm and used to control the phase and amplitude of
the SRF cryomodule(s) [28].
It was also pointed out that with adequate changes in the

RF system, the ILC-type cryomodule installed at ASTA
could in principle be operated in CW mode to perform
tests relevant to the proposed next-generation CW light
sources [30]. The maximum gradient attainable by the cav-
ities is limited by the cryogenic system and HOM coupler.
Cryogenic considerations indicate that the maximumgradi-
ent would be limited to∼ 5− 7MV/m. Likewise, the ILC-
type input coupler design nominally used at ASTA would
limit the average beam current to ≤ 1 mA [29].

Accelerator R&D for Novel Radiation Sources
High energy, high-peak and high-average brightness

electron beams are crucial to the generation of high-
brillance high-flux light sources with photo energies rang-
ing from keVs to MeVs. The high average power and
brightness of the ASTA electron beam has unmatched po-
tential for development of several novel radiation-source
concepts. Head-on collision of the electron bunch with
an intense laser produces radiation with maximum up-
shifted frequency ω � 4γ2

l ωL where γl is the bunch’s
Lorentz factor and ωL the laser frequency. At ASTA,
colliding the bunch with a 800-nm laser would pro-
vide γ rays with energies ranging from 1 to 20 MeV;
see typical spectrum in Fig. 2 (left). If the laser rep-
etition frequency matches the electron bunch frequency,
an unprecedented γ-ray brilliance in excess of 1024
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phot.mm−2.mrad−2.s−1/(0.1%BW) could be attained [31].
The main technical challenge will be to develop a laser
capable of producing Joule-level pulse energy with MHz
repetition rate and will rely on a recirculating optical cav-
ity [32, 33]. Such high-flux γ-ray source is foreseen to
be extremely beneficial to the measurement of the cross
section associated to the 12C(α, γ)16O reaction which is
crucial in nuclear astrophysics as it enters in the synthesis
of many elements. Due to its low cross section, a precise
measurement of this reaction using a nucleation process
in a bubble chamber remains elusive with presently avail-
able γ-ray sources (as only a handful of events per year are
expected). The potential availability of a high-flux γ-ray
source at ASTA could result in significantly higher statis-
tics (up to 200,000 events per year).
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Figure 2: left: Spectral-angular distribution of γ rays pro-
duced by a 800-nm laser pulse backscattered on the ASTA
800-MeV beam (the density is plotted using a logarith-
mic color scale). right: X rays spectral yield as func-
tion of electron beam energy and photon energy for the
1 → 0 transition in (110) plane of diamond. Both CR and
bremsstrahlung are considered in these calculations. The
white traces are expected photon-energy spectrum for 30
and 40-MeV electrons

In the photoinjector area, it is foreseen to test a concept
enabling the production of high-brilliance x rays by com-
bining the low-emittance beam produced out of the pho-
toinjector with channeling radiation (CR) [34]. The pro-
duction of CR will occur downstream of the bunch com-
pressor (BC1). Several crystal materials will be tested.
Simulations using a ∼ 40 μm-thick diamond crystal in-
dicate the production of x rays energy in the [10-150] keV
range for the electron-beam energies available in the ASTA
phtoinjector (15 to 50 MeV); see Fig. 2 (right).
Additionally, it was suggested that the available long

stable bunch train could serve for a proof-of-principle ex-
periment of an extreme-ultraviolet (EUV) FEL oscillator
at 13.4 nm wavelength. Preliminary simulations indicate
that saturation of the FEL process occurs after 300-350
passes [35]. Initial experiments could be conducted at low
energy (250-300MeV) and provide 120-nm FEL radiation.
Finally, the combination flat beams with long bunch train

could support the test of micro-undulators [36]. These
micro-undulators, made of laser-micromachined bulk rare-
earth magnetic materials (SmCo and NdFeB), have mag-
netic fields with spatial period on the order of a few
100 μm. The associated undulator parameter is on the order

of K ∼ 10−2 which results in a low photon yield ∼ αK2

(where α is the fine-structure constant). Therefore the test
and characterization of the associated undulator radiation
would greatly benefit from the long bunch train available at
ASTA.

Accelerator R&D for Stewardship and Applica-
tions
With its high energy, high brightness, high repetition

rate, and the capability of emittance manipulations built-in
to the facility design, ASTA is an ideal platform for explor-
ing novel accelerator techniques of interest for very broad
scientific community beyond high energy physics.
Some of the experiments include the development and

test of subsystem and beam-manipulation scheme to im-
prove the performance and decrease the cost of next-
generation accelerator-based light sources. An example in-
clude the combination of the aforementioned phase-space
manipulations to taylor the emittance partition within the
three degrees of freedom to produce ultra-low emittance
beams for future hard X-ray free-electron lasers [37].
Several proposals aim at developing techniques to

“dechirp” the beam, i.e. to remove the residual correlated
energy spread that generally subsists downstream of the fi-
nal bunch compression stage in FEL drivers. The proposed
dechirping methods include (i) the use of short-range
wakefields impressed on the bunch as it passes in a dielec-
tric [38, 39] or corrugated [40] passive structure, or (ii) the
judicious arrangement of three transverse-deflecting cavi-
ties to produce a transfer matrix with a non-vanishingR56.
In addition using these passive structures to further con-
trol the longitudinal-phase-space nonlinearities could also
be test at ASTA [41]. Demonstrating the compatibility of
these techniques with high-repetition rate beam available at
ASTA could lead to their inclusions in proposed CW FEL
projects.
The flat-beam transformation available at ASTA could

also support tests relevant to nuclear-physics accelerator
R&D, e.g., to validate the concept of a fast beam-beam
kicker [42] for the Medium-energy Electron-Ion Collider
(MEIC) [43] being under design at Jefferson Laboratory.
Finally, the beam available at ASTAwill foster the devel-

opment and tests of advanced beam diagnostics relevant to,
e.g., CW FELs or energy-recovery linacs. Some of these
diagnostics especially those capable of measuring single-
bunch parameters within the RF macropulse, will be cru-
cial for optimizing the feedback system needed to stably
operate the ASTA SRF cryomodule(s).

STATUS
The ASTA accelerator is currently under construc-

tion [44]: the electron source and associated subsystems
were installed and are being commissioned; see Fig. 3.
First electrons were produce in June 2013 from a tem-
porary molybdenum cathode resulting in a 8-pC electron
bunch. Typical operating parameters during the commis-
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Figure 3: Photographs of the RF gun assembly used to pro-
duce first electrons (left) and of the cryomodule CM1 in-
stallation (right).

sioning phase are 80 μs-long RF macropulse, 31.5 MV/m
peak electric field on the cathode surface and fb = 1 Hz
repetition frequency. The measured beam’s kinetic energy
at the gun exit is Ek = 3.24± 0.1MeV.
In parallel the 50-MeV injector line is being assembled

and we anticipate that 50-MeV electron bunches will
be produced early in CY2014. Further acceleration in
one CM is foreseen late in FY14, once the high-energy
beamline assembly is completed.
A program advisory committee (PAC) was formed and

the first ASTA users’ and PAC meeting was held at Fermi-
lab on July 23-24, 2013. The meeting had ∼ 80 attendees
(about 2/3 were external to Fermilab) and led to 24 expres-
sions of interest. Further details on this users’ meeting can
be found in Ref. [45].
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THE AWAKE PROTON-DRIVEN PLASMA WAKEFIELD

ACCELERATION EXPERIMENT AT CERN

P. Muggli∗, Max Planck Institute for Physics, Munich, Germany

for the AWAKE Collaboration

Abstract

We briefly outline the proposed AWAKE plasma wake-

field accelerator (PWFA) experiment to be performed with

the CERN SPS proton bunches. We focus on the experi-

mental setup, allude to some of the physics involved and

describe some of the measurements that are planned.

INTRODUCTION

A new high-gradient acceleration technique for electrons

(e−) and positrons (e+) is required. Among those currently

proposed and explored, plasma-based acceleration has led

to the largest energy gain (>40 GeV) over a meter-scale

distance [1]. However, producing with plasmas beams with

parameters equal to or better than those produced by con-

ventional, RF-based accelerators remains challenging. One

of the challenges arises from the energy of the drive bunch

that limits the energy gain of the witness bunch. Current

short laser pulses or e− bunches carry less than ∼100 J.

Therefore, staging of a large number of plasma accelera-

tor sections, with all the ensuing issues (alignment, timing,

gradient dilution, etc.), is required to reach the desired en-

ergy (TeV range).

Proton (p+) bunches available today, e.g. at CERN,

carry much more energy than that carried by a future

e−/e+ collider bunches: ∼1.6 kJ for 2 × 1010 particles at

500 GeV. With 1011 p+, CERN SPS (400 GeV) and LHC

(7 TeV) bunches carry 6.4 and 112 kJ, respectively. How-

ever, these bunches are long (σz ∼10 cm). For single-

bunch operation at a plasma e− density ne0 such that the

electron plasma wave period λpe = 2πc
(

ǫ0me/ne0e
2
)1/2

matches the bunch length (λpe ∼ σz , as in [1]) would re-

sult in a very low maximum accelerating field: ≤ EWB =
(

2πmec
2/e

)

/λpe
∼= 3.2 × 109/σz(mm) ∼=32 MV/m in

a plasma with ne0 ∼ 1011 cm−3. Short p+ bunches

(σz ∼0.1-1 mm) are thus necessary to reach fields higher

than in RF cavities (>200 MeV/m).

P
+-DRIVEN PWFA

The potential for a p+-bunch driven, plasma-based ac-

celerator to produce a high energy e− bunch was demon-

strated in proof-of-principle simulations [2, 3]. An energy

gain of ∼500 GeV in a plasma ∼500 m-long with a density

of 6×1014 cm−3 with a σz ∼100µm-long drive bunch was

achieved. A train of short bunches can be produced out of

a long bunch (σz ≫ λpe) by the plasma itself through a

transverse self-modulation instability (SMI) [4]. Thanks to

∗muggli@mpp.mpg.de

the periodic focusing/defocusing fields of the initial wake-

fields, the SMI produces a train of ∼ λpe/2-long bunches

separated by ∼ λpe that can then resonantly drive the wake-

fields to large amplitudes. Interestingly, the amplitude of

the wakefields is comparable the one that would be driven

if all the charge were in a single short bunch. However, us-

ing the long bunch and the SMI to drive wakefields brings

new challenges.

When the SMI grows from noise it needs a long plasma

length to saturate. Also, the final relative phase of the

wakefields is unknown and varies from event to event,

which prevents the deterministic injection of the witness

bunch into the accelerating and focusing phase of the wake-

fields. Over this long propagation distance the long bunch

is subject to a competing, but asymmetric transverse insta-

bility, the hose instability (HI) [5]. The HI can break-up the

bunch before the SMI can grow or before the witness bunch

can gain large amounts of energy. Calculations and simu-

lations indicate that the growth length of the SMI can be

shortened, the phase of the wakefields determined and the

occurrence of the HI mitigated by seeding the SMI with a

signal of large amplitude [6] and known phase. They also

indicate that in certain regimes the full bunch self modu-

lation can effectively prevent the HI from developing over

the acceleration region [7].

Even when seeded, the phase velocity of the SMI is

slower than that of the drive and witness bunch during the

growth phase of the SMI [8]. This leads to dephasing of the

witness bunch with respect to the wakefields and to its loss

through strong defocusing. The witness bunch must there-

fore be injected after the SMI has saturated and the bunch

is fully self-modulated.

The SMI also grows along the bunch (convective insta-

bility) and the witness bunch must be injected many plasma

periods behind the start of the wakefields (∼ 1σz ≫ λpe).

Therefore the proper position within the drive bunch for

the witness bunch to be focused and accelerated (∼ λpe/4)

over a long distance is rather sensitive to plasma density

variations since δλpe/λpe = − 1

2
(δne0/ne0). When inject-

ing the witness bunch N ∼ σz/λpe periods after the start

of the wakefields the density uniformity requirements be-

comes |δne0/ne0| ≤ (1/2N) (for a ≤ λpe/4 phase shift).

This requirement must be met over the plasma length, but

only over the time scale of the interaction (∼ σz/c).

THE AWAKE EXPERIMENT

The AWAKE collaboration proposed an experiment to

be performed at CERN to study the physics of self-

modulation of long p+ bunches in plasmas, to determine

the potential of plasma-based accelerators driven by self-
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Figure 1: (1) p+ bunch extracted from SPS. (1’) p+ bunch charge distribution when entering the plasma and transverse

wakefields (red line). (2) Time sequence showing the p+ and e− bunch and the ionizing laser pulse. (3) Region of

the plasma where self-modulation occurs. (4) Region of the plasma where acceleration occurs. (4’) p+ bunch charge

distribution when exiting the plasma and transverse wakefields (red line). (5) Laser beam dump. (6-7) EOS and OTR-

based p+ bunch diagnostics. (8) e− beam for injection into wakefields. (9) Dipole magnets to “side-inject“ the witness

e−. (10) Magnetic energy spectrometer for the e−. Note: the schematic is not to scale and a shorter e− bunch is used for

illustration in 1’ and 4’.

modulated p+ bunches and to explore the possibility of us-

ing short p+ bunches to accelerate e− to very high energies.

The baseline parameters for the AWAKE experiment us-

ing the p+ bunches from the CERN SPS-CNGS beam line

[9] are given in Table 1. A schematic of the experiment

is shown in Fig. 1. Note that many standard beam line di-

agnostics are not shown (alignment screen, beam position

monitors, toroids, etc.) [9]. The bunch is extracted from the

SPS and transported to the CNGS beam line with an energy

of 400 and up to 3× 1011 p+. It is focused to a rms radius

σ∗

r=200µm (β∗ ∼= 5 m β∗ ∼=5 m) near the entrance of a

10 m-long (∼ 2β∗) plasma. After the plasma the p+ bunch

free streams to the beam dump. The plasma density can be

varied in the 1014 − 1015 cm−3 range to keep kpeσ
∗

r ≤ 1
(kpe = 2π/λpe) in order to avoid beam transverse filamen-

tation [10]. The plasma is created by laser field-ionization

of a rubidium (Rb) vapor. The vapor with a very uniform

density is created in a Rb vapor source with a very uni-

form temperature [11]. The seeding of the SMI is insured

by propagating the short (≪ λpe) laser pulse within the p+

bunch itself [12] (see (2) on Fig. 1). Note that the interac-

tion between the three beams (p+, e− and laser) is locally

over after approximately one p+ bunch length (∼12 cm or

∼400 ps). Therefore the plasma once locally created by

the laser pulse within the p+ bunch needs to remain uni-

form only over that time scale. Long-term plasma evo-

lution through diffusion, recombination, etc. common to

most other sources is therefore avoided. Over the first few

meters of plasma (typically ∼4) the SMI develops, satu-

rates and the bunch becomes self-modulated (see (4’) on

Fig. 1).

The focus of the first experiments will be the study of

the SMI. Simulations indicate that with the parameters of

Table 1 the SMI does not develop unless seeded. The radial

modulation of the p+ bunch will be measured using vari-

ous diagnostics. The p+ bunch will emit incoherent opti-

Table 1: AWAKE Experiment Baseline Parameters

Parameter & Symbol Value

p+ bunch ...

Population, Nb 3× 1011

Length (rms), σz 12 cm

Radius (rms), σ∗

r 200µm
Energy, Wb 400 GeV

Normalized emittance, ǫN 3.6 mm mrad

Beta function, β∗ 4.7 m

Plasma ...

Density, ne0 7× 1014 cm−3

Wavelength, λpe 1.2 mm

Frequency, fpe 239 GHz

Length, Lplasma 10 m

Density uniformity, δne0/ne0 ≤ 0.25%

Relative ...

Bunch density, nb/ne0 6× 10−3

Bunch length, kpeσz 597

Bunch radius, kpeσ
∗

r 1

Plasma length, kpeLplasma 50,000

Plasma length, Lplasma/β
∗ ∼ 2

cal transition radiation (OTR) when traversing a thin metal

foil placed downstream from the plasma. The OTR light

can be time resolved, for example with a streak camera, to

directly measure the period of modulation through its in-

tensity variations and perhaps to obtain information about

the bunch transverse size. The modulation period and the

depth of modulation can also be inferred from electro-optic

(EO) measurements. Since there is a large number of mod-

ulation periods within the bunch (∼ 100/σz) EO measure-

ments can be made in the frequency rather than in the time

domain. EO measurement can either sample the coherent
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transition radiation (CTR) emitted by the p+ bunch or the

transverse CTR recently proposed [13]. Measurements of

the CTR frequency using cut-off waveguides or heterodyne

microwave systems (fpe=239 GHz with ne0) will be used to

detect the occurrence of SMI and measure the frequency of

the bunch self-modulation as a function of ne0.

The wakefields themselves will be sampled by externally

injecting e−. These e− will be produced by an RF photo-

injector gun driven by a laser pulse derived from the ioniza-

tion laser system [9]. This is necessary to be able to chose

the injection position of the e− bunch with respect to the

p+ bunch and to the wakefields (see (2) on Fig. 1), i.e., at

their peak and in the accelerating and focusing phase. First

injection experiments will use side-injection [14]. This

method avoids splitting the plasma source in two, as nec-

essary for on-axis injection thereby avoiding issues related

to local plasma density non-uniformities and precise den-

sity adjustment between sources. Also, it can be realized

with a long e− bunch (> λpe) letting the wakefields trap

a fraction of the incoming e−. Simulations show that e−

with an energy of ∼15 MeV crossing the p+ bunch path at

an angle of a few mrad can be trapped when injected along

the plasma after SMI saturation (>4 m). Bunches with en-

ergies larger than 2 GeV and an energy spread of a few %
have been observed after the plasma in simulations with the

parameters of Table 1. Note that inherently short (a few fs),

high-current (kA) e− bunches routinely produced by laser-

driven plasma-based accelerators (LWFAs) could also be

considered for injection.

Later experiments will use two plasmas for on-axis in-

jection of the e− bunch and accelerator physics experi-

ments. The first source will be a laser-ionized alkali metal

vapor source to preserve the SMI seeding ability. How-

ever, the second source, used exclusively for e− accelera-

tion in the wakefields resonantly driven by the modulated

p+ bunch can be of a different, simpler type. Discharge and

helicon sources are possible candidates. These sources can

be scaled to very long lengths, while the length of the laser-

ionized source does not scale well. An interesting option

afforded by the two-source scheme (but also with single va-

por sources with two heating systems [11]) is the possibil-

ity of introducing a step in the plasma density. Simulations

suggest that a step up of a few percent during the growth

of the SMI can help mitigating the decrease in wake ampli-

tude generally observed after SMI saturation [3]. This de-

crease is due to the continued evolution of the bunch train

and wakefields structure and is most pronounced with pos-

itively charged bunches.

OUTLOOK

Using the SMI to produce a train of short bunches and

resonantly drive wakefields to large amplitudes is an attrac-

tive method when single bunches with suitable properties

are not available. However, with the SMI a large fraction

of the long initial bunch (at least half) is defocused and does

not contribute to the wakefields generation. Another frac-

tion is excluded by the seeding mechanism chosen here.

The long distance along the bunch it takes for the SMI to

saturate forces the injection of the e− many plasma peri-

ods into the wakefields. This in turn leads to a very tight

requirement on the plasma density uniformity. Some of

these issues can me mitigated, for example by compressing

the bunch and thereby reducing its relative length (kpeσz).

Compressions by a factor of a few is possible in the SPS

ring and will be explored [9] as a means of increasing

wakefields and better understanding SMI physics. How-

ever, methods to produce short p+ bunches (∼100µm) will

also be explored to reach the single-bunch non-resonant

regime of PWFA excitation and circumvent the issues re-

lated to the use of SMI.

SUMMARY

The AWAKE plasma wakefield accelerator experiment

is in its preparation phase. We described the high-level ex-

perimental set-up, some of the physics involved as well as

planned and possible measurements that will be used to test

the physics of the SMI and of the acceleration of externally

injected e− in the wakefields driven by the long p+ bunch.

These experiments are tentatively scheduled to start at the

end of 2016. These will be the first p+-driven PWFA exper-

iments and will explore PWFA in a low density range with

∼ GV/m accelerating fields that can be sustained over

many meters of plasma and potentially accelerate e− to

very large energies in a single (or a few) plasma section [2].

Operation at lower density decreases the accelerating gradi-

ent (∼1 vs. 100’s GeV/m) and increases the plasma length

for reaching a fixed final energy. However, operating with

a larger accelerating structure (∼ λ3
pe ∝ n

−3/2
e ) simpli-

fies the drive and witness bunch production as well as the

spatial and temporal alignment of the two bunches. It also

increases the beam beta function matched to the plasma fo-

cusing force (βmatched ∝ n
−1/2
e in the blow out regime)

and makes it easier to capture the bunch exiting the plasma.
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BEAM-BEAM LIMIT IN AN INTEGRABLE SYSTEM* 

A. Valishev#, S. Nagaitsev, FNAL, Batavia, IL 60510, USA 
D. Shatilov, BINP, Novosibirsk, 630090, Russia 
V. Danilov, ORNL, Oak Ridge, TN 37831, USA

Abstract 
Round colliding beams have been proposed as a way to 

push the attainable beam-beam tune shift limit, and recent 
successful experiments at the VEPP-2000 collider at 
BINP demonstrated the viability of the concept. In a 
round-beam system the dynamical stability is improved 
by introducing an additional integral of motion, which 
effectively reduces the system from a two and a half 
dimensional to one and a half dimensional. In this report 
we discuss the possible further improvement through 
adding the second integral of motion and thus making the 
system fully integrable. We explore the ultimate beam-
beam limit in such a system using numerical simulations 
taking into account various imperfections. 

INTRODUCTION 
The strong nonlinearity of transverse focusing force is 

inherent to beam-beam interaction and affects the stability 
of particle motion in the present circular colliders. The 
beam-beam kick localized in a short interaction length 
along the accelerator circumference represents a nonlinear 
and time-dependent excitation of the otherwise linear 
betatron motion in the rest of the machine. In such 
systems, a multitude of resonances lead to particle 
diffusion and to chaotic-bounded motion, which limits the 
attainable beam brightness and collider performance. The 
typical maximum value of beam-beam parameter ξ in 
such ‘conventional’ machines is about 0.05÷0.06 for 
electron colliders, and up to 0.03 for hadron colliders due 
to the absence of synchrotron radiation damping. 

In an attempt to mitigate the beam-beam effect, 
Krishnagopal and Siemann [1] analyzed the effect of the 
strong bunch length σz on the magnitude of resonances 
with the use of canonical perturbation theory. They 
concluded that ‘…the finite longitudinal extent of the 
beam-beam interaction results in averaging of the betatron 
phase over the collision, which mitigates the destructive 
effects of resonances’. Conversely, the synchrotron 
oscillations of the test particle lead to a greater depth of 
modulation and enhance the effect of resonances. Since 
the lengths of the two colliding bunches are usually equal, 
an optimal length should exist at which the two effects are 
compensating one another. The ratio of the bunch length 
to the beta-function of the order of one was determined as 
viable. 

In further work along this direction Y. Alexahin [2] and 
T.Sen [3] studied the effect of phase averaging on the 

Tevatron performance, and also predicted the optimal 
σz/b* ≈ 1. 

The growing interest to integrable systems in 
mathematical physics motivated Danilov and 
Perevedentsev to investigate the application of these 
systems to accelerators and colliding beams in particular 
[4, 5]. In a round colliding beams system, the beam-beam 
interactions as well as the transport through accelerator 
lattice possess axial symmetry. This results in the 
existence of an additional integral of motion, the 
longitudinal component of the angular momentum. An 
important consequence of the additional integral of 
motion is the elimination of transverse coupling 
resonances.  

In Ref. [5], a round colliding beam system is proposed, 
which has two integrals of motion. The full integrability is 
achieved through proper shaping of the longitudinal 
bunch density, which makes the system Hamiltonian time-
independent. The line charge density λ in this case must 
be inversely proportional to the beta-function β: 
λ(2s)=C/β(s). In the case of no external focusing in the 
interaction region, the beta-function is a quadratic 
function of the azimuth s, β(s)= β*+s2/β*, and the proper 
‘ideal’ longitudinal distribution is  

λ(s) = C
1+ (s / 2β*)2

. 

An important property of the fully integrable system is 
that the exact shape of transverse density distribution is 
irrelevant and does not affect the stability. However, the 
complete integrability is valid only for the center particles 
in the weak bunch, and synchrotron oscillations introduce 
modulation that disturbs the system. Also, the longitudinal 
distribution in a typical collider is Gaussian. Numerous 
numerical simulations have been performed to explore the 
stability of the round colliding beam systems to these 
imperfections (see e.g. [6, 7]). More importantly, the 
experimental implementation of the concept at the VEPP-
2000 collider (BINP, Novosibirsk), where the record-high 
value of ξ=0.25 was achieved (at σz/β*≈1), demonstrated 
its viability [8, 9]. 

This, and the recent progress in the development of 
nonlinear integrable systems [10] motivated us to re-visit 
the question of optimization of a round colliding beam 
system with the goal to achieve even higher beam-beam 
parameters. We use the Lifetrac weak-strong particle 
tracking code [11] to perform numerical simulations, and 
characterize the tracking data with the Frequency Map 
Analysis [12, 13].  ____________________________________________  

*Fermi Research Alliance, LLC operates Fermilab under contract No. 
DE-AC02-07CH11359 with the U.S. Department of Energy. 
#valishev@fnal.gov 
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SIMULATION MODEL 
The layout of the test lattice used in simulations is 

presented in Fig. 1. The machine consists of two main 
elements: a) a linear arc cell with axially symmetric 
focusing and phase advance of π×n (n is integer) in both 
planes; b) interaction region (IR), which is a drift space 
with length L and phase advance 2πQ0. The horizontal 
and vertical beta-functions in the IR are equal, with the 
minimum at the center of the drift. The well known 
relation between the phase advance and beta-function in a 
drift determines the value of the beta-function minimum 
β*: πQ0=atan(L/2β*). The purpose of the arc cell is to 
match the beginning and the end of the IR lattice 
functions, otherwise being transparent – we consider 
dispersion and focusing chromaticity to be zero 
everywhere. 

 

Figure 1: Schematic of the model lattice. Beta-function 
(black trace), ideal bunch density λ=1/β (blue) and 
Gaussian density with σz=√2 β* (red) as a function of 
azimuth. Q0=0.3. Bunch length for the ideal case is 2×L 
due to the counter-propagation of two beams. 

Note that a significant difference between this model 
and the system proposed in [5] is that the betatron tune 
working point does not need to be close to integer or half-
integer. Indeed, the betatron tune is n/2+Q0, and Q0 is 
determined by the ratio of β* and L. 

Next, we track a number of test particles with different 
initial conditions through the lattice with beam-beam 
interaction, and plot the tune variation along the trajectory 
as a color chart either in tune space (footprint) or in 
betatron amplitude space. The regions with significant 
tune variation represent either resonances or the chaotic 
motion. 

RESULTS 
For the synchronous particle in a weak bunch, in the 

case of ideal bunch density the system has two integrals 
of motion and the motion is infinitely stable for any value 
of beam-beam parameter. Figure 2 shows the tune 
footprint for ξ=1 (throughout this report the focusing 
beam-beam interaction with Gaussian transverse profile is 
used). The limited number of longitudinal slices of beam-

beam interaction explains the existence of resonance 
lines. The motion also remains stable for ξ=5, 10. 

 

Figure 2: Tune footprint for the case of ideal bunch 
density λ=1/β, Q0=0.3, and zero synchrotron amplitude. 
Beam-beam parameter ξ=1. Particles with betatron 
amplitudes up to 20 σ. The color represents tune jitter 
according to the scale on the right (log scale). 

For the case of Gaussian longitudinal density, the 
integrability is lost and one can see the strong overlapping 
of resonances at ξ=1 (Fig. 3) but still no significant 
resonances at ξ=0.5 (Fig. 4). Note that in either case the 
large amplitude motion is stable, which could allow using 
such systems for purposes other than colliders, for 
example to create large betatron tune spread.  

 

Figure 3: FMA plots for the case of Gaussian bunch 
density σz=√2 β*, Q0=0.3, ξ=1, and zero synchrotron 
amplitude. Particles with betatron amplitudes up to 20 σ. 
Tune footprint (left), FMA in amplitude space (right). 

 

Figure 4: FMA for Gaussian bunch density σz=√2 β*, 
Q0=0.3, and zero synchrotron amplitude. ξ=0.5. 
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In the simulations for particles with non-zero 
synchrotron amplitude, we investigated the effect of the 
bunch length ratio for weak and strong bunch, and of the 
synchrotron tune. The variation of synchrotron tune does 
change the resonance configuration, emphasizing some 
betatron amplitudes more than the others, but does not 
reduce resonances in a large enough area. As one could 
expect, the shortening of weak bunch length has a 
profound effect on the system stability. Simulations 
suggest that beam-beam parameter of 0.5 could be 
sustained for the bunch length ratio of about 1/10 (Fig. 5). 

 

Figure 5: FMA for Gaussian bunch density σz=√2 β*, 
Q0=0.3, ξ=0.5. Synchrotron amplitude 0.1 σz. 

The results of multi-particle simulations for the VEPP-
2000 lattice, taking into account the dynamic beta-
function and emittance, synchrotron radiation damping 
and quantum excitation, are not very encouraging. We 
observe a reduction of the luminosity with the increase of 
σz/β* ratio exceeding that expected from the hour-glass 
effect.  

CONCLUSION 
We confirmed that in a specially designed accelerator 

lattice, and by a careful shaping of the longitudinal profile 
of strong bunch, the value of beam-beam parameter 
exceeding one could be achieved for particles with zero 
synchrotron amplitude. The approach described in this 
report is advantageous with respect to the previously 
considered schemes because the machine betatron tune 
does not need to be close to integer or half-integer. This 
makes the scheme less sensitive to imperfections of the 
accelerator lattice. 

For particles with non-zero synchrotron amplitude, the 
integrability is lost but their motion remains stable even at 
large amplitudes, although a significant emittance growth 
is induced by the overlapping resonances. Simulations 
predict that a scheme with the bunch length ratio between 
the weak and the strong bunch of about 1/10 may be 
feasible, which could be useful for asymmetric machines 
such as the electron-ion colliders. 

A more rigorous study of the feasibility of the scheme 
in a real accelerator is in progress. 
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A MODEL RING WITH EXACTLY SOLVABLE NONLINEAR MOTION
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Abstract

Recently, a concept of nonlinear accelerator lattices with

two analytic invariants has been proposed [1]. Based on

further studies [2], the Integrable Optics Test Accelerator

(IOTA) was designed and is being constructed at FNAL.

Despite the clarity and transparency of the proposed idea,

the detailed analysis of the beam motion remains quite

complicated and should be understood better even for the

case when no perturbations are taken into account. In this

paper we will review one of the three proposed realizations

of integrable optics, where the variables separation is pos-

sible in polar coordinates. This system allows for an ex-

act analytical solution expressed in terms of elliptic inte-

grals and Jacobi elliptic functions [3]. It gives the possibil-

ity to check numerical algorithms used for tracking and to

perform more rigorous analysis of the motion in compari-

son with the ”crude” analysis of the topology of the phase

space. In addition we will discuss some difficulties asso-

ciated with numerical simulations of such a comparatively

complex dynamical system and will take a look at the pos-

sible perturbations for a model machine.

INTRODUCTION

Below we will consider the design of the accelerator

lattice which includes nonlinear lens, while the transverse

motion remains integrable. Several such systems possess-

ing a second invariant of motion, which is quadratic in mo-

mentum, have been proposed in [1]. One of the possible

realization is based on the application of a point-like mag-

netic quadrupole inserted into the center of a vacuum pipe.

In this case, the motion allows the variables separation in

polar coordinates and its analytical solution was described

in [3]. Here, we will focus on the implementation of this

idea and will design a model accelerator ring. For more

details on dynamics in such a magnetic field one should

consult the list of references.

ACCELERATOR LATTICE DESIGN

The particle dynamics in the magnetic field of point-like

magnetic quadrupole is unusual in that there is no equi-

librium orbit of motion; trapped particles are only in dy-

namical equilibrium, i.e. in constant motion in at least one

degree of freedom. This feature is related to the presence

of singularity at the origin. On the other hand, it means

that under the action of friction force, let say caused by the

∗ zolkin@uchicago.edu
† imorozov@fnal.gov
‡ nsergei@fnal.gov

synchrotron radiation, particles will fall towards the singu-

larity and eventually will be lost on the inner aperture of the

vacuum pipe, ρin. Thus, below we will consider the design

of an accelerator ring for protons, so far as the damping of

oscillations due to radiation effects is negligible for them.

Axially Symmetric Focusing

As it was described in [1], the concept of nonlinear inte-

grable optics under consideration requires an axially sym-

metric focusing in the accelerator ring. A super-period of

such a lattice can be realized as F
2

O F
2

lattice, with a drift

space of length L, where the nonlinear lens is located, and

an optics insert (also so-called T-insert), which is equiva-

lent to a thin axially symmetric lens with the focal length

equal to 1/k (see Fig. 1).

1
−k

0

0 0
0

1
−k0

0
0 0

0
0

1

1

T−insert

1 m

L

T−insert

Quadrupole
Bending magnet

Nonlinear lens

Figure 1: Schematic layout of the IOTA ring.

To study the transverse motion of the monochromatic

beam the principal realization of the optics insert is not es-

sential, and for all further simulations we will use a param-

eters designed for IOTA ring [2]. The dependence of the

minimum and maximum of beta function in the drift space

as well as betatron frequency as a function of the T-insert

strength are show in Fig. 2. Main parameters of the ring are

listed in Table 1.

b.a. βmin,max, cm

0.01 0.02

, osc/turnν

0

400

200

0.01 0.02

1.0

0.5

0

k, cm k, cm−1 −1

Figure 2: Minimum and maximum of beta-function (a.)

and betatron frequency (b.) as a function of axially sym-

metric lens strength parameter, k.
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Table 1: IOTA ring parameters used in simulations and op-

timized for compatibility with nonlinear lens under consid-

eration

Linear Lattice Parameters

# of super-periods 4

# of nonlinear lenses 2

Circumference, Π (m) 38.7

Bending dipole field, B (T) 0.7

Drift space length, L (cm) 200

T-insert strength parameter, k (cm−1) ∈ (0; 0.02)

Beam at the Injection

Beam kinetic energy, Ekin (MeV) 1.91

Beam momentum, Peq (MeV/c) 60

Normalized emittance, ǫ⊥norm (cm rad) 2× 10−5

Nonlinear Lens

The design of nonlinear lenses, corresponding to inte-

grable potentials proposed at [1], brings in two major in-

evitable perturbations. They are associated with the special

longitudinal dependence of the field, and, the physical real-

ization of poles of the lens. The first condition is automat-

ically satisfied due to invariance of the potential under the

transformation to normalized coordinates and time, except

the effect from the fringe fields. While the second one can

not be realized without introducing the perturbation, since

poles can not be placed at the same point in the space.

Point-like magnetic quadrupole can be approximated

with four wires of diameter D, which are spaced very

closely to each other at the vertices of a square, ~Rα, and

numbered counter-clockwise from the corner located at
~R1 = (b, 0) (see Fig. 3). “Dot” and “cross” symbols in

the figure show the current direction: coming out and into

the page (along the beam direction) respectively. In or-

der to keep particles which are performing the libration

(0 < W < A), the vacuum chamber can be made of two

nested half-cylinders of radii ρin,out, forming a c-shape.

Rα

Ια
ρ

I    = −I    = I1,3 2,4

R    = (  b,0)1,3

R    = (0,  b)2,4

α αR   =    − Rρ
D/2

b
O

O’

ρ in

inner wall
of vacuum
chamber

Figure 3: Schematic plot of the nonlinear lens geometry

along with inner part of vacuum pipe. Points O and O’

represents the origin of coordinates and the point inside the

vacuum chamber where the field induced by the lens should

be considered, ~ρ = OO′.

Indeed, in ordinary polar coordinates

ρ =
√
x2 + z2, θ = arctan(z/x),

the longitudinal component of the magnetic vector poten-

tial A = (0, As, 0) created by such a quadrupole structure

can be easily calculated and expressed as a multipole series

As = −µ0

2π

∑

α=1,2,3,4

Iα ln |R̃α|

=
µ0I

π

∞∑

n=0

(
b

ρ

)2+4n
cos[(2 + 4n)θ]

1 + 2n

=
µ0I

π

(
b2
cos 2θ

ρ2
+

b6

3

cos 6θ

ρ6
+O

[(
b

ρ

)10
])

,

where µ0 is a vacuum permeability. As one can see that

first perturbing term corresponds to the dodecapole field

which is significantly suppressed by 4 orders of magnitude

in a smallness parameter (b/ρ). It shows that the drawing

apart of wires does not create a strong perturbation since

all additional terms are rapidly decay with the growth of ρ.

The nonlinear potential in the Hamiltonian is related to As

as

V (ρ, θ) =
U(r, θ)

β(s)
=

A sin(2θ + ϕ)

ρ2
= −eAs

Peq

,

which gives the expression for the field amplitude:

A =
µ0eIb

2

πPeq

.

Due to a presence of the physical aperture, the following

inequality should be satisfied

ρ4in
β2(L/2)

< A <
ρ4out

β2(L)
, (1)

in order to have a suitable admittance. Among the trans-

verse geometrical parameters of the lens there is only one

independent since we want to pack all wires as tightly

as we can. Thus for a given current density in a wire,

ρI = 4I/πD2, the optimization of A becomes a problem

of a single parameter variation. For example, the value of

the diameter of a wire allows to approximate the wire dis-

placement and the inner radius of vacuum pipe as

b ≈ D/
√
2, ρin ≈ (1 +

√
2)D/2.

Possible choice of A is presented in Fig. 4.

For simulations we considered 2 possible scenarios: lens

with water cooling and the superconducting one. Parame-

ters for both cases are listed in a Table 2. It is worth noting

that the use of high current is limited from technical limita-

tions, while the use of low current lens leads to the shrink

of admittance, which can be compensated by decreasing

the energy of a beam.

In order to study the monochromatic beam motion in a

lattice with perturbations, we decided to use the Poincaré
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Figure 5: (a.1,2) and (b.1,2) show Poincaré surfaces of section for [r = r0, pr = 0] and [θ, pθ = 0] respectively at the

middle of nonlinear lens. Beam motion is simulated with nonlinear kick defined by 4 wires moved apart from each other.

Linear lattice parameters are calculated for betatron frequency νx,z = 0.44. Parameters of nonlinear lens are chosen in

accordance to Fig. 4. Plots show presence of different types of cross sections in a phase space: (a,b.1) — strongly chaotic

and (a,b.2) — close to integrable.

a. b.

ρ ,
I

A/mm  :2

5 10 15 D, mm

−5
10

10
−3

10
−1 300

200

100

1 2 43 5 ωθ

NA, cm2

10
1

100

Figure 4: (a.) Nonlinear lens strength, A, dependence of the

wire diameter, D, for a given values of the current density

in logarithmic scale (ρI = 10 A/mm2 requires water cool-

ing of wires, while in order to keep ρI = 100 A/mm2 lens

should be superconducting). Blue dashed lines represent

condition given by inequality from Eq. (1). Orange circle

shows possible choice of A for superconducting scenario.

(b.) Example of the distribution of angular frequencies in

the beam filling the admittance, which determined by the

choice on left figure.

surfaces of section in a phase space. A numerical example,

when the perturbation of integrable optics caused by the

moving apart wires in superconducting nonlinear lens, is

presented in Fig. 5.
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NONPARAXIAL TRANSVERSE EFFECTS ON THE PROPAGATION OF
NONLINEAR ELECTROMAGNETIC PULSES ∗
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†

C. Bonatto, UFPel, Pelotas, Brasil
Abstract

In the present analysis we study the weakly nonlin-
ear interaction between trains of electromagnetic pulses
and space-charge fields in laser-plasma systems. We di-
rect the analysis to regimes evolving with the co-moving
coordinate of the beam frame, but do not make any as-
sumptions on paraxial or underdense approximate condi-
tions. The model thus constructed allows us to investigate
regimes where transverse and longitudinal length scales
of the pulses are comparable. Resonant and nonresonant
regimes of space-charge wave excitation are analyzed. In
both cases, with aid of analytical estimates and numerical
simulations, we examine how far trains of electromagnetic
pulses can travel before being affected by the destructive
transverse effects.

INTRODUCTION
The propagation of localized radiation pulses in plasmas

has been the subject of continuous interest in a variety of
areas, including nonlinear wave excitation [1, 2] and parti-
cle acceleration [3, 4, 5]. Pulses are formed as large ampli-
tude electromagnetic waves undergo the process of modu-
lational instability in the plasma, breaking up into a series
of narrow quasi-isolated structures. This is a typical be-
havior in soliton turbulence [6] and in self modulated laser
accelerators, once an option in laser acceleration, whose
interest has been reignited recently [7].

Pioneering works [8, 9] have studied the self-consistent
problem of electromagnetic pulses propagating in plasmas
and the space-charge waves generated by this propagation
in one dimensional models. These models, however, usu-
ally refers to nonparaxial solutions (where dependence of
the field on transverse coordinates is completely neglected)
or the opposite, the paraxial limit (where transverse ef-
fects dominate the dynamics). In several occasions, a laser
beam reaches operational conditions where longitudinal
and transverse sizes become similar in magnitude [10, 11].
Under these conditions, an accurate account of the dynam-
ics should treat transverse and longitudinal effects on the
same footing.

The objective of the present work is to perform an anal-
ysis of the nonlinear interaction of electromagnetic and
space-charge without invoking 1D, paraxial, or approxi-
mate nonparaxial approaches [12, 13]. Our main interest
will be to determine how the the transverse structure af-

∗Work supported by CNPq, Brasil, and AFOSR Grant
FA9550-12-1-0438, USA.

† abonatto@if.ufrgs.br

fects a train of solitons, typically formed after an initially
injected pulse breaks up through self-modulation [14].

THE MODEL
We can model this system with the following coupled

equations for the laser field a and for the space-charge po-
tential φ ≡ v2gn− a2/2,

κ
∂2a

∂ξ2
= δa+

1

v2g
φa+

κ

2v2g
a3 −∇2

⊥a, (1)

∂2φ

∂ξ2
+

1

v2g
φ = − 1

2v2g
a2 +

1

2
∇2

⊥a
2, (2)

derived in details in our previous work [15]. If the trans-
verse structure is neglected, this set becomes similar to
models analyzed in the past [9] and one can think of it as
describing the coupled nonlinear dynamics of fields a and
φ as a function of the co-moving coordinate ξ, which plays
the role of time. With the transverse structure included,
it describes the weakly nonlinear, spatio-temporal interac-
tion of laser and space-charge field. Coordinate ξ can still
be seen as time, and space is associated with the transverse
structure itself. These Eqs. are solved numerically with the
following initial conditions

a(0, x⊥) = a0 e
−λx2

⊥ , ∂a/∂ξ|ξ=0 = 0 (3)

φ(0, x⊥) = −a(0, x⊥)
2/2 , ∂φ/∂ξ|ξ=0 = 0 (4)

EVOLUTION OF THE TRAIN OF PULSES.
Examining Eqs. (1) and (2) together with the initial con-

ditions we find that (δ/κ)−1/2 is the time scale for pulse
formation along the propagation axis, (λ/κ)−1/2 is the
time scale for transverse effects. When λ ≪ δ, pulses
are formed before being affected by transversal effects, and
when the inequality reverses, one recognizes the typical in-
stability associated with the transverse term, shown in a re-
cent work to be of the form a ∼ eλξ

2/κ [15]. Depending on
the relative magnitude of the parameters δ and λ one thus
may or may not observe pulses in the system.

In order to see how the electromagnetic pulses evolve as
they move into the plasma, we will split the analysis into
nonresonant and resonant regimes. Nonresonant regimes
are the ones where the adiabatic approximation would re-
main valid throughout the entire dynamics, if the transverse
derivatives were turned off. Resonant regimes, on the other
hand, are the ones where adiabaticity is broken and proper
plasma waves are excited, even in the absence of the trans-
verse structure.

A. Bonatto, UFPR Curitiba, BrasilUFRGS Porto Alegre,
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Nonresonant Regimes
Nonresonant cases are those where the time scale for the

dynamics is much longer than the plasma time scale scale.
In our dimensionless system, this means that 1/v2g is suffi-
ciently large that the the corresponding terms in Eq. (2) are
much larger than the term with the ξ-derivative. In this case
φ = −a2/2 and one says that the φ field becomes enslaved
to the field a, which allows to use Eq. (1) as a closed, gov-
erning equation (with transverse derivatives turned off) for
field a in the adiabatic regime:

κ
∂2a

∂ξ2
= δa− a3

2
. (5)

As Eq. (5) describes a nonlinear oscillator with stable equi-
libria at a = ±

√
2 δ, each transverse coordinate x⊥ the

laser oscillates with a different, local nonlinear frequency
Ω = Ω(x⊥). When the transverse derivatives are turned
on, it is only a matter of the time ξ until the gradient of the
phase Ω(x⊥) ξ along x⊥ monotonically grows to any de-
sired value. As one turns the transverse term on, even if ini-
tially small, the associated transverse derivatives will even-
tually grow and affect the dynamics. In the nonresonant
case we are investigating, a quick estimate can be made
on the value of ξ where the transverse term is expected
to become comparable with the terms already present in
Eq. (5). We first observe that for noise-like initial condi-
tions, the right-hand-side of the energy conserving Eq. (5)
keeps oscillating within the region R bounded by the limits
−2δ3/2 ≤ R ≤ 2δ3/2(2/27)1/2. To obtain the estimate,
we simply integrate Eq. (5) for all x⊥’s using the initial
profile provided by Eq. (3), calculate ∇2

⊥a with basis on
the solution for a yielded by the very same Eq. (5), and
take note of the earliest time where ∇2

⊥a cross the bound-
aries of R.

Figure 1 displays the corresponding behavior. Once
again we choose δ = 10−2, along with v2g = 0.2 and
λ = 10−3. The upper and lower straight lines represent
the boundaries of R and we can see how the magnitude
of ∇2

⊥a grows in time. At ξ ∼ 35 the transverse Lapla-
cian reaches the boundaries of R at λ1/2x⊥ ∼ 1, and at
this time one can expect to see the effects of the transverse
derivatives on the pulse dynamics.

Let us then integrate the full space-time system formed
by Eqs. (1) and (2) to make comparisons with the estimates
in some instances. Results are displayed in Fig. 2.

Panel (a) of Fig. 2 represents the case with the transverse
term turned off. We repeat the parameters used in Fig. 1:
δ = 10−2, v2g = 0.2 and λ = 10−3. For the given initial
conditions (3) and (4), the tridimensional plot displays the
regular behavior of the corresponding nonlinear pulses. At
each x⊥ the laser oscillates, but with a steady phase slip-
page rate existing along this transverse axis. This is why
one observes curved wave fronts as ξ grows.

Keeping the parameters of panel (a), in panel (b) of the
same Fig. 2 the transverse term is turned on. We see that
the train of pulses starts to develop sharp spikes before
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� 2 � 1 0 1 2
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Figure 1: Magnitude of the transverse Laplacian as a func-
tion of x⊥ and ξ. At ξ = 35 the Laplacian touches the
boundary of region R, which signals the instant where its
corresponding effects become noticeable.

Figure 2: Space-time dynamics of the laser field in the
nonresonant regime. In all cases we take δ = 10−2 and
v2g = 0.2. In panel (a) we consider λ = 10−3 but keep
the transverse Laplacian switched off. In the remaining
panels the Laplacian is turned on with λ = 10−3 in (b),
λ = 2.5× 10−4 in (c), and λ = 10−1 in (d).

ξ = 50, which agrees with the previous estimates. The
spikes arise from the action of the second derivatives along
x⊥, as can be seen again from Fig. 1, and shortly after-
wards the space-time dynamics merges into a chaotic pat-
tern. The chaotic pattern cannot be followed for long due
to the fact that, in that stage, the fields grow to values be-
yond our weakly nonlinear approximation. However, the
important information to be gathered here is on how far
solitary pulses behave as such, before being affected by the
transversal effects.

For sake of comparison, in panel (c) we also examine
what happens when the initial beam width is extended, with
a smaller λ given by λ = 2.5×10−4 (remaining parameters
are kept with the same previous values). In that case our es-
timate indicates that, as expected, the transverse term takes
longer to affect the pulse dynamics. The critical time ξ,
once again obtained as the one where ∇2

⊥a escapes region
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R, reads ξ ∼ 70, which agrees with the curves displayed
in the present Fig. 2 (c). The case with large values of λ,
say λ = 10−1 (≫ δ), is also worthy of inspection, as done
in Fig. 2(d). In this case the transverse term dominates the
dynamics, generating the exponential growth commented
earlier [15]. As a matter of fact, in this latter case of large
λ, the maximum of ∇2

⊥a, here located at x⊥ = 0, already
starts off from a value beyond the boundaries of R.

Resonant Regimes
Since with transverse derivatives neglected the system

already displays a nonintegrable behavior in the resonant
regime, the quasi-integrable estimates based on the reduced
- and integrable - equation (5) becomes inaccurate. How-
ever, one can still be tempted to associate the time scale
(δ/κ)−1/2 with the longitudinal dynamics, and the time
scale (λ/κ)−1/2 with the transverse term, as discussed pre-
viously. In panel (a) of Fig. 3 we take v2g = 0.9 and
δ = 10−2, along with λ = 10−4. Here λ is much smaller
than the mismatch δ and we are therefore under circum-
stances where pulses have time enough to be formed, even
if in an irregular fashion. This is essentially what happens,
as can be appreciated from the figure. In panel (b) we ana-
lyze the dynamics with the same set of control parameters,
but with the transverse term switched off. A comparison
between both panels allows us to realize that the presence
of the transverse structure, even for λ as small as λ = 10−4,
already has a relatively noticeable effect on the dynamics
of the laser amplitude a. In fact, the transverse term short-
ens somewhat the characteristic oscillatory time scale, what
is expected from the larger transverse gradients associated
with a chaotic case. The shortening of the time scales be-
comes gradually more pronounced as λ grows.

Figure 3: Space-time dynamics of the laser field in the res-
onant regime. In panel (a) we take δ = 10−2 and v2g = 0.9,
along with λ = 10−4. Panel (b) is plotted for the same
parameters, but with the transverse term switched off.

CONCLUSIONS
Space-charge waves are excited as the pulses travels into

the plasma. Both resonant and nonresonant cases of space-
charge plasma wave excitation were examined. In the non-
resonant regime, accurate estimate of the transverse effects
is possible. One can, for instance, predict, with relatively
narrow margins of error, how far does a soliton train move
into a plasma before being distorted.

In resonant cases estimates become less accurate due
to the nonintegrability of the overall dynamics, but one

can still produce reliable predictions on the wave pat-
tern. In the case specifically studied here, the transverse
scale (λ/κ)−1/2 is sufficiently larger than the pulse length
(δ/κ)−1/2 and localized structures can be observed before
being affected by the transversal effects.

In general, the number of unperturbed pulses in a train
can be roughly estimated as (δ/λ)1/2. Since the amplitude
ap of the pulses is proportional to δ1/2, one sees that the
number of pulses in a train can be rewritten as ap λ

−1/2.
The factor λ−1/2 itself is the transverse length measured in
units of the plasma wavelength. If the laser beam is wide
with λ−1/2 ≫ 1 the number of pulses can still be appre-
ciable even with ap small. This is the case of a beam width
50µm and plasma wavelength 0.5µm, which matches one
of the cases studied in the text, where λ = 10−4. In ex-
treme cases where λ−1/2 ∼ 1, only strong lasers can form
pulses; otherwise, no pulses are formed as in the cases with
λ ∼ 10−1 also investigated in the work.

The present analysis essentially adds transverse effects
to the known one-dimensional behavior of train of planar
pulses. As an overall conclusion, we see that transversal
effects become already important even when the cross sec-
tion of the radiation beam is relatively larger than the lon-
gitudinal pulse size.
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ELECTRON AND POSITRON BUNCH SELF-MODULATION
EXPERIMENTS AT SLAC-FACET∗

P. Muggli† , O. Reimann, Max Planck Institute for Physics, Munich, Germany
N. Lopes, L. Silva, J. Vieira, Instituto Superior Tecnico, Lisbon

E. Adli, S. Gessner, M. Hogan, S. Li, M. Litos, SLAC, Menlo Park, California
C. Joshi, K. Marsh, W. Mori, N. Vafaei-Najafabadi UCLA, Los Angeles, California

Y. Fang, USC, Los Angeles, California

Abstract
We describe some of the measurements that will be per-

formed to study the physics of the self-modulation insta-
bility of electron and positron bunches. These measure-
ments will be performed at SLAC-FACET in the E209 ex-
periment. The effect of the SMI on the drive bunch itself
(electron or positron) will be studied. Differences between
electron and positron bunches are expected since the wake-
fields are driven into the nonlinear regime.

INTRODUCTION
It was recently proposed to use the self-modulation in-

stability (SMI) of long charged particle bunches in dense
plasmas to drive large amplitude (∼1 GV/m) accelerat-
ing wakefields [1]. Using the SMI is a method to pro-
duce a train of short bunches out of long bunches avail-
able today. Long bunches are interesting for driving wake-
fields and possibly accelerating particles because they can
cary large amounts of energy, between 6 and 110 kJ for
the p+ bunches produced by the CERN SPS or LHC
with σz ∼=10-12 cm. Short bunches are desirable be-
cause the maximum amplitude of the accelerating field
scales as EWB =

(
2πmec

2/e
)
/λpe and wakefields

are most efficiently driven by bunches with σz ∼= λpe,
therefore Emax ∝ 1/σz . Since λpe = 2πc/ωpe =

2πc/
(
ne0e

2/ε0me

)1/2
, shorter bunches also require larger

plasma densities ne0.
We proposed to use the long e− and e+ bunches the

SLAC linac produced for early plasma wakefield accel-
erator (PWFA) experiments (σz ∼=500-700µm) [2, 3, 4]
and the high density plasma available for current experi-
ments ne0 ∼=1016-1017 cm−3 [5] to test some of the SMI
physics [6].

Theory and simulations predict that as long as the wake-
fields are in the linear regime, the SMI of positively and
negatively charged particle bunches are identical (all other
parameters being the same). The wakefields are in the lin-
ear regime as long as Ez ≈ (δne/ne0)EWB � EWB ,
i.e., the electron density perturbation δne that sustains the
wakefields satisfies δne � ne0. But the nonlinear wake-
field regime with δne ∼ ne0 is interesting because the ac-
celerating field can reach the wave breaking field ampli-

∗This work performed [in part] under DOE Contract DE-AC02-
7600515
†muggli@mpp.mpg.de

tude. In this regime the wakefields become anharmonic
and in general more favorable for propagation and accel-
eration of negatively charged bunches. This is due to the
pure ion column (focusing for electrons, defocusing for
positrons, for example) occupying most of the phase of
the wakefields. This regime is often referred to as the
blowout or bubble regime. While the wakefields driven
by the (long) unmodulated bunch are in the linear regime
(δne0 ∼= nb0 � ne0, see Table 1), the self-modulation and
the ensuing resonant wakefield excitation drives the wake-
fields into the nonlinear regime. As a result, different quan-
titative outcomes are expected when changing only the sign
of the drive bunch charge.

With the beam and plasma parameters available at
SLAC-FACET many of the physics aspects of the SMI, in-
cluding the asymmetry between negatively and positively
charged drive bunches can be studied [6]. We outline here
some of the measurements currently planned in experiment
tentatively scheduled for this Fall and beyond.

PLANNED MEASUREMENTS
The experiment aims at observing as many of the char-

acteristics of the SMI as possible with the FACET infras-
tructure. The nominal parameters for the beam and plasma
are given in Table 1. However, these parameters will be
varied over as large a range as possible depending on the
setup that will be available at the time of the experiments.

Table 1: E209 Experiment Parameters

Parameter & Symbol Value

Bunch population, Nb <2× 1010

Length, σz 500µm
Radius, σr >30µm
Density, nb0 <2.8 × 1015 cm−3

Energy, Wb 20 GeV

Plasma density, ne0 1-30 × 1016 cm−3

Wavelength, λpe 334-61µm
Frequency, fpe 0.9-5 THz
Length, Lplasma 1 m

Relative bunch density, nb/ne0 0.1-0.003
Bunch length,kpeσz 3.5-51
Bunch radius, kpeσr 0.6-3
Plasma length, kpeLplasma 19,000-103,000
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Energy Gain/Loss

The first evidence that SMI has occurred can be ob-
tained by comparing the energy spectrum of the bunch
downstream from the plasma location with and without
plasma. Without plasma the energy spectrum is that of
the incoming bunch, i.e., around 20 GeV and with a cor-
related energy spread on the order of 1%. The imaging
magnetic spectrometer has an energy range from ∼11 GeV
to>60 GeV with sub-GeV resolution, reaching∼100 MeV
for the nominal energy [7]. With the plasma, but with-
out occurrence of SMI, the maximum energy gain and loss
would be given by the longitudinal wakefields amplitude
driven the long bunch multiplied by the plasma length. This
amplitude can be calculated from 2D linear theory [8]. The
longitudinal field amplitude far behind a symmetric Gaus-
sian current profile distribution bunch with N particles is:

E± ∼= e
4πε0

Nbk
2
pee

−k2peσ
2
z

2 , where kpe = 2π/λpe. Note that
this expression is valid for narrow bunches (kpeσr � 1, σr
the rms Gaussian bunch radius), and it overestimates the
fields driven in the kpeσr ∼ 1 bunches of these experi-
ments. With the parameters of Table 1 (ne0=1016 cm−3),
this amplitude is ∼=630 MV/m. Therefore, for the case of
a 1 m-long plasma, the energy gain/loss would be less than
0.63 GeV, much lower than the one predicted by simula-
tions when SMI occurs (>5 GeV both for electrons and
positrons, see Fig. 5 in [6]). The wakefield amplitude and
thus the energy gain are even smaller at larger plasma den-
sity (larger kpeσr). Even the product of the post-saturation
amplitude (>7 GV/m, see Fig. 3 in [6]) with a 1 m plasma
length leads to multi-GeV gain and loss.

For these experiments the plasma will be created by
laser-ionization of an alkaline metal vapor [9]. The laser
pulse is focused to a line along the beam propagation axis
by an axicon lens. The axicon maps the radial intensity
of the laser pulse onto position along the line focus. There-
fore, the plasma length can in principle be varied by chang-
ing the transverse size of the laser pulse on the axicon, for
example by an iris. Variation of the plasma length could
provide information about variations of the longitudinal
wakefields along the plasma, or even, with short enough
plasma length, about the growth of the SMI itself.

Note that since the energy gain and loss are much larger
than the incoming energy content of the bunch, no evidence
of the periodic structure of the wakefields is expected in
the energy spectra. This is unlike what was observed in
experiments at BNL-ATF with a 50 pC, 60 MeV electron
bunch and a 2 cm-long plasma [10]. Note also that unlike
in experiments planed for example at CERN, in these ex-
periments the plasma length (∼1 m) is much larger than
the saturation length of the SMI (∼5-10 cm). Also, the ex-
pected energy gain and loss can be comparable to the bunch
incoming energy. Therefore, energy change by drive bunch
particles is a suitable diagnostic for SMI occurrence.

Transverse Modulation
Of course, the SMI occurs because of the transverse

wakefields. The observation of the effect of the longitu-
dinal wakefields, although the goal of particle accelera-
tion experiments, is only indirect evidence of SMI develop-
ment. The longitudinally periodic modulation of the bunch
density is the result of local focusing and defocusing. Tran-
sition radiation [11] is often used to characterize the time
structure of charged particle bunches. While incoherent
optical transition radiation (OTR) carries direct informa-
tion about the bunch time structure it is difficult to measure
in the plasma frequency range of these experiments (∼1-
5 THz). The information contained in the long wavelength,
coherent range of transition radiation (or CTR) can be mea-
sured using interferometry. In this case the information is
contained in the transverse, bunch radius dependent form
factor. The effect of this bunch factor has been observed at
lower energy at the FLASH facility [12]. While the effect
of radial modulation tends to be suppressed for high-energy
bunches that emit CTR essentially in the forward direction
(peak angle at ∼ 1/γ, γ the particles’ relativistic factor),
this effect has previously been observed at FACET [13].

Therefore, CTR interferometry should reveal the time
structure of the bunch when SMI occurs. With a typical
Mach-Zender interferometer arrangement, the periodicity
is expected with a path length difference ∆z ∼= λpe/2.
Note that the interferometer trace will be obtained from
multiple SMI events with parameters as similar as possible.
Although the amplitude of the modulation and its phase
along the bunch may vary, its periodicity should remain
essentially constant, as long as the plasma density is repro-
ducible. The metal vapor is produced in a system with a
long thermal time constant (minutes) [14]. The laser ion-
ization is a threshold process rather insensitive to the small
shot-to-shot laser intensity variations expected. These vari-
ations should therefore not impede the SMI period deter-
mination.

Seeding and Hose Instability
An important topic is that of the seeding of the SMI. The

SMI can be seeded to reduce the plasma length for it to
reach saturation at the same maximizing the length avail-
able for acceleration with a fixed plasma length. In addi-
tion, the seeding should allow for the fixing of the phase of
the wakefields along the drive bunch. Without seeding, the
SMI grows from noise and the phase of the SMI wakefield
is random with respect to position along the bunch. The
position of the seed (short laser pulse or particle bunch,
ionizing laser pulse, sharp bunch leading edge) determines
the wakefields starting point. A witness bunch to be ac-
celerated can then be injected into the optimum accelerat-
ing and focusing phase of the wakefields once their zero is
fixed.

Another important issue is the mitigation of the compet-
ing transverse hose instability (HI) [15]. This instability
competes with SMI and could destroy the drive bunch be-
fore SMI or acceleration can occur. This effect has been
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illustrated for the case of a proton bunch in Ref. [16]. Cal-
culations and simulations indicate that seeding the SMI al-
lows it to win over the HI, at least under some circum-
stances and plasma length [6, 17].

A notch collimator method is available at FACET to
produce a drive/witness bunch train for PWFA experi-
ments [5, 18]. This method will be used to create a sharp
(when compared to λpe) leading edge at various positions
along the bunch. The effect of seeding on energy gain and
hosing will be studied.

Varying Parameters
The development of the SMI and of the HI depend on

the initial beam and plasma parameters. The effect of the
bunch charge species, population, radius, as well as of the
plasma density and length on all the above measurements
will be studied in details.

SUMMARY
The E209 experiment was proposed to SLAC FACET

to study the physics of SMI thanks to the available long
(∼500µm) particle bunches (electron/positron), source of
dense plasma (ne0=1016-1017 cm−3), seeding mechanism
(notch collimator) and diagnostics: large range, good reso-
lution energy spectrometer, OTR, CTR, etc. The effects of
SMI onto the drive bunch only will be measured, no par-
ticles will be injected in the wakefields to be accelerated.
These experiments are scheduled for the Fall 2013 and be-
yond.
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PHOTONIC CRYSTAL AS A PASSIVELY DRIVEN STRUCTURE TO 

BOOST BEAM ENERGY* 

B.R. Poole#, LLNL, Livermore, CA 94550, USA 

J.R. Harris, S.V. Milton, Colorado State University, Fort Collins, CO 80523, USA

Abstract 
The use of electromagnetic structures to couple energy 

to a charged particle beam is well known. These 
structures are usually driven by an external source of 
electromagnetic energy and the structure distributes that 
energy in such a way as being favorable to accelerate 
charged particles. Photonic crystals which typically consist of periodic arrays of metal and/or dielectric 
structures spaced on a scale comparable to the wavelength 
of interest, have been investigated for use both as sources 
of microwave radiation and as particle accelerators. In 
this case we consider driving a photonic crystal structure 
using a repetitive sequence of charge bunches driven from 
a photo-injector to resonantly excite the structure to 
produce an acceleration field to accelerate a suitably-

delayed witness bunch to high energy. We examine the 
generation of the acceleration field as well as spurious 
modes. The characteristics of the witness bunch are examined to determine the longitudinal dynamics of the 
bunch and the energy spectra. 

INTRODUCTION 

Periodic structures are commonly used in the 
accelerator community for particle accelerators and as 
slow wave structures for microwave sources. The use of 
an L-band RF source to drive an X-band linac structure 
consisting of a disk loaded waveguide to accelerate properly phased electron bunches has been described [1]. 
Periodic structures with alternative geometries may be 
considered for the same task. For example, a structure 
consisting of a waveguide with a periodic array of metal 
rings at two radii was demonstrated as a microwave 
source operating as a backward wave oscillator [2] and 
such configurations in principle could be used to add 
energy to the beam rather than extracting energy from it. In this paper we consider several structures for use with 
an L-band source for passive acceleration including the 
disk loaded waveguide and two ring array geometries. The dispersion properties of various structures are determined using the COMSOL MultiPhysics RF package eigenmode solver [3]. The 2-D PIC code OOPIC [4] is 
then used to examine the excitation of the X-band 
structure at the 9th harmonic of the 1.3 GHz L-band 
source. The effect of higher order modes (HOMs) are investigated as well as the dynamics of a witness bunch. 

MODELING AND SIMULATIONS 

Three X-band structures were considered in this paper. 
All the structures have the same -mode resonance at 11.7 

GHz, the 9th harmonic of the 1.3 GHz electron source by 
adjusting various geometric structure parameters. The 
only fixed parameter was the spatial periodicity d , to 
maintain the -mode axial wavenumber

z
k d . The 

drive beam consisted of 6 MeV, 1.3 GHz Gaussian-like 
bunches with 100 A peak current, 10 ps FWHM, and 1.23 
nC of charge per bunch with a bunch radius of 2 mm. The 
Fourier spectrum of the drive beam current is a comb of 
frequencies with 1.3 GHz spacing as shown in Fig. 1. The 
witness bunch is injected into the structure typically after 
50-100 ns (65-130 drive pulses) during the accelerating 
phase of the fields established by the drive bunch. 

 
Figure 1: Beam current 1.3 GHz frequency comb. 

Disk Loaded Waveguide 

The first structure considered is the disk loaded 
waveguide shown in Fig. 2 with

0
1R  cm, 0.3a  cm, 

0.2w  cm, and 1.2d  cm. 

 
Figure 2: Disk loaded waveguide. 

 
The TM0n dispersion properties are shown in Fig. 3 and 
Fig.4 shows the axial electric field distribution for the 
11.7 GHz -mode. 

 
Figure 3: TM0n modes of disk loaded waveguide. 

 
The response of the structure to a single bunch was found 
using OOPIC to verify the various structure resonances. 
Figure 5 shows this response with resonances located at 
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* This work performed under the auspices of the U.S. Department of 
Energy by Lawrence Livermore National Laboratory under Contract 
DE-AC52-07NA27344 
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the intersection of the structure modes with the beam 
mode,

z
k c  . 

 
Figure 4: Axial electric field distribution at 11.7 GHz. 

 
Figure 5: Single bunch response of disk loaded 
waveguide showing mode resonances. 
 

A 1.3 GHz bunch sequence with the frequency comb 
spectra shown in Fig. 1 will resonantly excite the 9th 
harmonic 11.7 GHz -mode in the linac structure. This 
field may then be used to accelerate a witness bunch to 
higher energy. Figure 6 shows a typical accelerating field 
greater than 1 MV/cm in the linac at 74.49 ns. The drive 
bunch has lost nearly 5 MeV of energy at this time. 

 
Figure 6: Acceleration field at 74.49 ns. 

 
The evolution of the witness bunch energy distribution is 
shown in Fig. 7 and the evolution of the mean energy of 
both the drive and witness bunches shown in Fig.8. The 
maximum acceleration gradient is 1.2 MV/cm producing 
an energy boost of nearly 7 MeV for the witness bunch. 

 
Figure 7: Snapshots of witness bunch energy 
distributions. The times indicated in the plot are in ns. 
 
Note that the energy gain of the witness bunch benefits 
from the integrated energy stored in the linac structure 
accumulated from the previous drive bunches. 

 
Figure 8: Mean energy of drive and witness bunches near 
the time of maximum acceleration gradient. 

 

Single Ring Array 
The single ring array consists of an axial array of 

circular rings, in this case with rectangular cross-section 
as shown in Fig. 9. 

 
Figure 9: Single axial ring array loaded waveguide. 

 

The structure dimensions are
0

1.475R  cm, 0.3a  cm, 
1.1b  cm, 0.2w  cm, and 1.2d  cm. Figure 10 

shows the TM0n dispersion properties. 

 
Figure 10: TM0n modes of single ring array structure. 

 
The dispersion curves in this structure exhibit much larger 
passbands compared to the disk loaded waveguide. There 
are also two additional modes for frequencies less than 40 
GHz. This is due to increased coupling between the 
periodic cells and additional capacitance elements 
between the rings and the waveguide wall. Figure 11 
shows the single bunch response for this structure which 
allows many additional discrete resonances in each of the 
modal passbands. It is easily seen in Fig. 11 that modes 
with larger passbands have more discrete resonances. The 
strength of these discrete resonances depends on the 
interaction with the bunch, the field distribution, as well 
as axial boundary conditions associated with the finite 
length periodic structure. Based on this spectral response, 
HOM’s are expected to be more severe and tuning of the 
structure more difficult. Figure 12 shows the evolution of 
the drive and witness bunch mean energies showing an 
energy boost of only 4 MeV. 
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Figure 11: Single ring array single bunch response 
showing discrete resonances within each passband. 

 
Figure 12: Mean energy of drive and witness bunches for 
single ring array structure. 

Double Ring Array 

The double ring array consists of two radial layers of an 
axial array of circular rings as shown in Fig. 13 with

0
1.73R  cm, 

1
0.3a  cm, 

1
0.7b  cm, 

2
1a  cm, 

2
1.4b  cm, 0.3w  cm, and 1.2d  cm. 

 
Figure 13: Double axial ring array loaded waveguide. 

 
Figure 14 shows the TM0n dispersion properties showing 
an additional mode for frequencies less than 30 GHz, and 
significantly wider passbands compared to the single 
array structure allowing for a significant number of 
discrete modes within each passband. 

 
Figure 14: TM0n modes of double ring array structure. 

 
Also evident in Fig. 14 is the presence of a driven -

mode resonance for the 4th mode near 23.4 GHz at the 
18th harmonic of the L-band source. This HOM competes 
with the 11.7 GHz -mode and makes energy transfer to 
the witness bunch more difficult. To detune the 23.4 GHz 
resonance, the outer ring layer was moved radially inward 
by 1 mm moving the resonance upward by about 400 

MHz. Simulations with the 1.3 GHz bunch sequence were 
run for both cases. Figure 15 shows typical spectra for 
both cases. It is easily seen, that both resonances appear 
in the original structure (Case A) with the 23.4 GHz 
resonance dominating and after shifting the outer rings 
the 23.4 GHz resonance is eliminated and the 11.7 GHz 
resonance become prominent (Case B). Figure 16 shows 
the energy evolution for both cases showing an energy 
boost of 1 MeV for Case A and 1.8 MeV for Case B.  

 
Figure 15: Double ring array response to 1.3 GHz bunch 
sequence showing effect of detuning 23.4 GHz mode. 

 
Figure 16: Mean energy of drive and witness bunches for 
double ring array structure. 

CONCLUSION 

X-band structures for passive acceleration were studied 
for their effectiveness in providing an energy boost to a 6 
MeV witness bunch when driven with a 1.3 GHz 6 MeV 
bunch sequence. It was found that the disk loaded 

waveguide was able to boost the energy by 7 MeV while 

the open ring array structures provided more modest 

energy boosts. This is due to the open nature of the ring 

structures which reduce the electric field near the axis due 

to higher capacitance and the presence of HOM’s. 
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LONG TERM EVOLUTION OF PLASMA WAKEFIELDS∗

A.A. Sahai† , T.C. Katsouleas,
Electrical Engineering, Duke University, Durham, NC, 27708 USA

Frank S. Tsung, Warren B. Mori
Physics and Astronomy, UCLA, Los Angeles, CA, 90095 USA

Abstract
We study the long-term evolution (LTE) of plasma

wakefields over multiple plasma-electron periods and few
plasma-ion periods, much less than a recombination time.
The evolution and relaxation of such a wakefield-perturbed
plasma over these timescales has important implications
for the upper limits of repetition-rates in plasma collid-
ers. Intense fields in relativistic lasers (or intense beams)
create plasma wakefields (modes around ωpe) by trans-
ferring energy to the plasma electrons. Charged-particle
beams in the right phase may be accelerated with accelera-
tion/focusing gradients of tens of GeV/m. However, wake-
fields leave behind a plasma not in equilibrium, with a re-
laxation time of multiple plasma-electron periods. Ion mo-
tion over ion timescales, caused by energy transfer from the
driven plasma-electrons to the plasma-ions can create inter-
esting plasma states. Eventually during LTE, the dynamics
of plasma de-coheres (multiple modes through instability
driven mixing), thermalizing into random motion (second
law of thermodynamics), dissipating energy away from the
wakefields. Wakefield-drivers interacting with such a rela-
tivistically hot-plasma lead to plasma wakefields that differ
from the wakefields in a cold-plasma.

INTRODUCTION
Intense laser and particle beams interacting with plasma

can force plasma electrons to relativistic energies. Under
the appropriate plasma conditions, energy gained by the
plasma electrons can be used to create short-lived coher-
ent structures in the plasma. These structures (such as
linear electron waves and bubble) have been extensively
studied and employed as accelerating and focussing sys-
tems for charged-particle beams. The structures created
in the plasma have spatio-temporal scales that are defined
by the characteristic of the plasma. The spatial scales by
the plasma skin-depth, c

ωpe
(ωpe =

√
4πe2/me

√
ne/γe).

And the temporal scales by the plasma frequency, 1
ωpe

. It
should be noted that the wakefield theory assumes fixed
background ions. In addition to this, the plasma structures
are used only over a few plasma electron periods. How-
ever, when these plasma structures evolve over time, ion-
dynamics which occurs over ion-acoustic wave times 1

ωia

(ωia = ωpe
√

me/Mi) becomes significant. For instance, in
electron-proton plasma, ωpe = 43 ωia. If plasma density,
ne = 1018, 1

ωpe
' 20 f s and 1

ωia
' 1ps. These timescales are

∗ Work supported by the National Science Foundation under NSF-PHY-
0936278 and the US Department of Energy under DE-SC0010012

† aakash.sahai@duke.edu

important to understand the upper limits of the repetition-
rate (and hence luminosity) in a future plasma collider [1].
Also, highly relativistic plasmas are created in astrophys-
ical entities such as Active Galactic Nuclei (AGN such as
Centaurus-A (NGC-5128), M-87) and lab-based hot plas-
mas can better explain phenomenon such as the relativis-
tic jets emanating from AGNs. These particle jets interact
with surrounding gravitationally heated hot plasma and can
exhibit phenomenon such as self-focussing, hosing and ra-
diation generation.

The plasma wave is coherent under the cold-plasma
approximation as seen from its dispersion characteristic,
ω2 = ω2

pe + 3k2v2
th which under, vphase � vth is excited over

a narrow-band mode centered around ωpe. However, if the
plasma is thermally inhomogeneous or the electrons have a
large thermal spread the plasma wave mode begins to lose
its narrowband characteristic. When a plasma wave evolves
in time, plasma spatial inhomogeneities, driver spatial non-
uniformity and ion motion introduce a new set of fre-
quencies into the plasma. With non-linearity and instabil-
ity driven phase mixing between these modes, the plasma
wave further de-coheres and equilibriates into random ther-
mal motion. This increase in the entropy of the system fol-
lows from the second law of thermodynamics which makes
the energy distribution equipartitioned between all possible
modes of a system, driving it towards equilibrium.

In a future plasma collider, the need for high luminos-
ity would require each plasma stage to be re-used within a
finite interval (depending upon the drive bunch-train de-
sign). The fraction of drive-bunch energy coupled into
the plasma that is absorbed by the accelerated-bunch has
been shown to be ' 50% under optimal non-linear beam-
loading which implies significant energy leftover in the ac-
celerating plasma structure. Hence the next drive bunch
would be affected by the thermalization of the wake from
the previous pulses. In this paper we discuss the long-term
evolution of a wake-perturbed plasma in terms of its tem-
perature and density profile. We look at the electron mo-
menta to determine if unabsorbed energy from a previous
drive-bunch could heat the plasma to relativistic tempera-
tures (kBTe ' 0.5MeV). We use simulations to estimate the
plasma diffusion timescales. Past experimental work have
imaged about 10 plasma periods behind the driver [2].

ENERGY IN A PLASMA WAVE
The planar electron plasma wave in 1-D can be denoted

as ~Epw(x) = x̂ E0
pw ei(ωpet−kpe x). The force equation of the

plasma wave acting on a single plasma electron is me
d ~ve
dt =
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−e~Epw. Therefore, ~ve =
−eE0

pw

me

∫
ei(ωpet−kpe x) x̂ =

e~Epw

meωpe
eiπ/2

and |~ve|/c =
e|~Epw |

mecωpe
. From the electron velocity we can

estimate the kinetic energy of the single electron in the

plasma wave, Ek = 1
2

(
e|~Epw |

mecωpe

)2
mec2. If all the plasma

electrons are picked up by the plasma wave, we can es-
timate the kinetic energy density of the electrons in the

plasma wave as Ek/unit volume = 1
2

(
e|~Epw |

mecωpe

)2
mec2 ne.

The field energy density in the plasma wave fields isW f =

|~Epw |
2

8π =

(
e|~Epw |

mecωpe

)2 m2
e c2ω2

pe

8πe2 . Using ω2
pe = 4πnee2

me
, we have

W f = 1
2

meω
2
pe

4πnee2

(
e|~Epw |

mecωpe

)2
mec2ne = 1

2

(
e|~Epw |

mecωpe

)2
mec2ne. As

Ek =W f , there is an energy exchange between the kinetic
energy of the oscillating electrons and the electric field of
the wave.

If the beam-loading of the plasma wave by an acceler-
ated beam is 50%, the energy leftover in the plasma can be

estimated as Eplasma/unit volume = 1
2

(
e|~Epw |

mecωpe

)2
mec2 ne.

We study the density and temperature distribution of the
plasma (electrons and ions) over ' 10000 cycle of 1

ωpe
and

' 1000 cycle of 1
ωia

.

SIMULATIONS OF LONG TERM
EVOLUTION OF LASER DRIVEN

WAKEFIELD
To study the LTE of a laser wakefield in the plasma, we

use 2 1
2 D OSIRIS[3] PIC code with Eulerian specification

of the plasma dynamics. We initialize the plasma density
to 0.01nc with background ions of 10mp and pre-ionized
singly-charged state. We have intentionally chosen a rela-
tively high density plasma because ωpe = ω0×

√
ne/nc. We

resolve and reference the real time in simulation to the laser
period 2π/ω0 thereby the dynamics within a single plasma
cycle is simulated in just

√
nc/ne = 10 laser cycles. We

discretize the space with 20 cells per skin-depth (c/ωpe) in
the longitudinal and 10 cells per c/ωpe in the transverse di-
rection. The simulation space size is chosen as 300 c/ωpe

x 600 c/ωpe. We use absorbing boundary conditions for
fields and particles of all species. The laser pulse is chosen
to be a circularly polarized Gaussian pulse with normalized
vector potential a0 = 4.0 with pulse width of 10 f s.

From the simulations we observe that a plasma bubble is
excited by the laser pulse, as seen in Fig. 1[a] at 264 1

ωpe
.

The ions are stationary as seen from the ion density in
Fig. 2[a]. We observe that the bubble oscillates for about
20 plasma periods. The more the oscillations are delayed
in time, the more the bubble’s transverse size decreases and
the electron sheath around the bubble curves with smaller
radii towards the back of the bubble. We also observe at the
end of the bubble oscillations that the density of electrons
in the sheath around the bubble reduces and the electron
density is modulated further away from the axis of the bub-
ble in the transverse direction. Such a weak bubble with

	   	   	  

a	   b	   c	  

Figure 1: Laser wakefield LTE snapshots of plasma elec-
tron density in real space at times, t = (a) 264 1

ωpe
(b)

1650 1
ωpe

(c) 6283.20 1
ωpe

.

	   	   	  

a	   b	   c	  

Figure 2: LTE snapshots of plasma ion density in real
space at times, t = (a) 264 1

ωpe
(b) 1650 1

ωpe
(c) 6283.20 1

ωpe
.

We can observe onset of ion motion in (b).

curved electron sheath may be observed around 200 c
ωpe

in
Fig. 1[b].

At later times we also observe that neighboring plasma
bubbles merge into each other and the electrons in the
sheath execute motion around the merged ion cavity. The
merged bubbles can be seen around 100 c

ωpe
. The ion den-

sity at the same time as Fig. 1[b] is shown in Fig. 2[b].
From the ion density snapshot in Fig. 2[b] a feature can be
observed in the background ions around 100 c

ωpe
which has

shape similar to the merged bubble in electron density. The

	   	   	  

a	   b	   c	  

Figure 3: LTE snapshots of electron longitudinal momen-
tum phase space along longitudinal dimension at times, t=
(a) 264 1

ωpe
, (b) 1650 1

ωpe
, (c) 6283.20 1

ωpe
.
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a	   b	   c	  

Figure 4: LTE snapshots of electron transverse momen-
tum phase space along the longitudinal direction at times,
t= (a) 264 1

ωpe
(b) 1650 1

ωpe
(c) 6283.20 1

ωpe
.

	   	   	  

a	   b	   c	  

Figure 5: LTE snapshots of longitudinal electric field in
real space along the longitudinal direction at times, t= (a)
264 1

ωpe
(b) 1650 1

ωpe
(c) 6283.20 1

ωpe
.

ion motion occurs as expected at the ion acoustic timescales
as the Fig. 2[b] is shown is around 10 1

ωia
. After the onset

of ion motion we observe structures with very low phase
velocities in comparison to the plasma wave, as seen in
Fig. 1[c] and Fig. 2[c]. In Fig. 2[c] we see ion expansion
away from the axis and an ion channel is seen.

In Fig. 3 and Fig. 4, we show the momentum phase
spaces corresponding to the density snapshots. In Fig. 5
and Fig. 6, we show the fields in the real space correspond-
ing to the density snapshots. It can be seen from the fields
much after the short laser pulse (10 f s long) has passed by
and the plasma wave has evolved and decayed there is still
significant trapped electric field (Fig. 6[b] and Fig. 5[b]) in
the merged bubble seen in the Fig.1[b]. This is the charac-
teristic of a caviton. In the laser driven wake we can ob-
serve trapped laser radiation, however in beam driven case
there is no driving radiation and hence the characteristic of
beam-driven wake LTE differ from the laser-driven wake
LTE.

	   	   	  

a	   b	   c	  

Figure 6: LTE snapshots of transverse electric field in
real space along the longitudinal direction at times, t = (a)
264 1

ωpe
(b) 1650 1

ωpe
(c) 6283.20 1

ωpe
.
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ANALYSIS OF HIGH REPETITION RATE EFFECTS IN DIELECTRIC 
WAKEFIELD ACCELERATORS* 

Paul Schoessow#, Sergey P. Antipov, Chunguang Jing, Alexei Kanareykin, Stanley Zuo 
Euclid Techlabs, 5900 Harper Rd 102, Solon, OH 44139, USA 

John Gorham Power, Alexander Zholents, ANL, Argonne, IL 60439, USA
Abstract 

Recently the question has arisen of whether dielectric 
charging might become a significant limiting effect on the 
performance of the DLAs (dielectric loaded accelerators), 
leading either to deflection of the beam by the static 
electric field generated, or to breakdown of the structure. 
In experiments to date this has not been problematic with 
appropriate choice of dielectric material. However, given 
the high repetition rate that would be required, the device 
would be subjected to essentially a dc bombardment from 
the beam halo and thus be vulnerable to these effects 
because there is no time between machine pulses for 
discharge of the dielectric. We have begun re-examining 
this problem, emphasizing the expected charging rate and 
charge distribution in a thin walled dielectric device and 
the physics of conductivity and discharge phenomena in a 
dielectric medium. Simulations of the charging process 
will be presented. We will review early work on beam-
induced charging of dielectric structures and also results 
from deep charging of satellite components by cosmic 
rays. Ageing and induced conductivity under large 
radiation doses are also to be investigated. 

IRRADIATION EFFECTS ON DLAS 
The physical processes involved with the unwanted 

interception of beam electrons by a dielectric accelerating 
structure are complex and interacting:  
 Asymmetric charging of the dielectric, leading to 

beam deflection; 
 Breakdown (with structure damage). Although 

breakdown thresholds ~14 GV/m have been 
demonstrated for very short (<330 fs) pulses [1], 
maximum DC fields that can be supported are 
considerably lower; 

 Changes in material properties with absorbed dose 
and repeated DC breakdowns; 

 Dynamics of the charging/discharge process in the 
presence of high dose rates. Table 1 lists the 
characteristic discharge times for a number of 
dielectric materials used in DLAs, nearly all of 
which do not reflect the observed resistance to 
charging. This seems to suggest that other effects are 
compensating, for example ionization induced 
conductivity. 

Charging effects were studied by the Argonne group as 
an incidental part of the first dielectric wakefield 
acceleration tests in 1988 [2]. In these experiments the 
charging originated from missteering of the drive beam 
through the dielectric structure. Transverse deflection of 

the beam through large angles by the induced DC field 
was sufficiently large as to deflect the beam outside the 
acceptance of the spectrometer focal plane detector. The 
initial tests used dielectric tubes made from plastics. 
Rexolite and Nylon dielectrics showed rather different 
behaviors under charging. 

Table 1: Characteristic discharge times τc=ε/σ for 
commonly used dielectrics [6]. Here σ is the dc 
conductivity and ε is the (SI) permittivity.  

Material τc 

Alumina >0.78 s 

Delrin ®      310 s 

Kapton ®   3.5 d 

Mylar ®     3.1 d 

Polystyrene      37 min 

Fused Quartz >38 d 

Borosilicate glass 0.41 s (variable) [7] 

Teflon ® 2.1 d 

Rexolite was found to charge until the beam was 
deflected and to hold its charge (and maintain the dc 
electrostatic field) for an extended time (~ 1 hr). No 
breakdowns were seen under the test conditions. Nylon 
would charge up and deflect the beam until breakdown 
occurred, snapping the beam back to its nominal 
undeflected position. The charge-discharge period was 
found to be ~ 30 s. It is worth noting that no permanent 
damage to the nylon structure was observed (based on 
repeated longitudinal wakefield measurements) despite 
being subjected to many charge-discharge cycles. 

The rexolite structure was field-modified by depositing 
a thin layer of graphite powder on the interior surface of 
the tube. A thin conducting layer can short out the static 
field but be thin enough (<< 1 skin depth) to allow the rf 
fields of the structure to penetrate into the vacuum 
channel as before. It was determined that the graphite 
layer did in fact have the desired effect, although some 
trial and error was necessary to obtain a sufficiently thin 
layer. While use of graphite in this fashion is impractical 
for high energy acceleration, the principle of using an 
interior conductive coating was demonstrated. Ultimately 
the best approach was found to be tuning the beam 
through an electrically isolated aluminum tube in place of 
the dielectric, minimizing the intercepted beam current, 
and then swapping in the dielectric under test for the 
aluminum tube. 

 ___________________________________________  

*Work supported by US Dept of Energy, SBIR Program 
#paul.schoessow@euclidtechlabs.com                
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Later AATF and AWA experiments used borosilicate 
glass as the dielectric [3]. This material exhibits a large 
temperature dependent electrical conductivity. 
Measurements on wakefield structures made of this 
material showed no detectable charging and no apparent 
degradation in the magnitude of the wakefield excitation. 
While borosilicate glass does indeed possess a short 
discharge time, fused quartz has a discharge time longer 
than 30 days, while repeated experiments at the AWA and 
elsewhere have not observed DC charging effects with 
this material.  

Euclid and ANL have begun a systematic study of 
radiation effects in dielectric wakefield accelerators, with 
the goal of understanding both acute (charging, dose rate, 
electric field) and long term (material damage) effects. 
This project involves both experimental and 
computational aspects; here we focus on the status of the 
simulation effort. 

COMPUTATIONAL APPROACH 
A complete model of DLA irradiation effects needs to 

include  
 characteristics of the halo (energy spectrum, angular 

distribution) either determined experimentally or 
from a simulation of the accelerator; 

 interaction of the halo particles with the dielectric 
structure (spatial distribution of stopped charges and 
energy deposited in the dielectric); 

 computation of the electric field in the dielectric 
from the trapped charge distribution using a self-
consistent determination of the conductivity. This 
will give the dependence of the equilibrium electric 
field on the halo current.  

Dielectric Irradiation by Halo Electrons 
The Geant4 Monte-Carlo code [4] will be used to 

transport the halo electrons through the dielectric 
structure, simulating their electromagnetic interactions 
with the material and scoring the distribution of charges 
injected into the material. User-written C++ routines are 
used to code the geometry and material of the target 
structure, and a Tcl/Tk interface is used to input 
parameters to control the execution of the program. While 
originally designed for high energy physics applications, 
a number of authors ([5], e.g.) have used Geant4 for the 
study of dielectric charging in spacecraft.  

We have begun looking at some test problems to study 
charging in dielectric structures. Fig. 1 shows a Geant4 
simulation of 100 MeV electrons striking the interior of a 
quartz wakefield structure at glancing incidence to 
simulate beam halo. The user code we developed flags the 
location of each stopping electron and also the location 
where an effective positive charge is created (for example 
where an electron is removed by a Compton scattering 
event). In this way the distribution of charge internal to 
the dielectric induced by the halo is computed (Fig. 2-3). 
At the same time, the energy deposited in the dielectric 
and any induced temperature rise is also calculated. The 

charge and energy deposition results are then input to a 
field calculator.  

Figure 1: Geant4 simulation of 100 MeV electrons 
striking a quartz tube (0.35 mm inner radius, 0.45 mm 
outer radius, 10 mm long, 336 GHz fundamental TM01 
mode) at glancing incidence to a point on the inner 
surface. The plots are a sum of 100 events. Red tracks: 
photons; green: e+ and e-. The yellow rectangles indicate 
the segmentation of the tracks. 

This part of the simulation code will use the spatial 
dependence of the stopped charges from Geant4 and a 
Poisson solver to compute the dc field inside the 
dielectric. Using the electric field and the energy 
deposited in the dielectric, the conductivity can be 
determined as a function of position. Finally, the trapped 
charges can be updated using Ohm’s law. The procedure 
is iterated to obtain the time dependence of the field and 
charges in the dielectric.  

An assumption is made here that the quasistatic electric 
field and its effect on the conductivity are independent of 
the rf fields induced by the beam. If needed, rf effects 
could be incorporated through the use of a FDTD EM 
solver. 

Dielectric Conductivity 
There are a number of empirical relations used in the 

literature to parameterize the time, temperature and 
electric field and dose rate dependence [8-11] of the 
dielectric conductivity σ.  

1
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F bt
   (time) (1)

EA
kT
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2 2
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 (electric 

field)
(3)

dD dD
0 pdt dt

( )= +k ( )    (Dose rate) (4)

here 3 /F e  , E is the electric field strength, and D 

is the absorbed radiation dose (rads). kp and Δ are positive 
constants, with Δ in the range 0.6-1.0; these and the other 
free parameters in eq. (1)-(4) need to be determined 
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experimentally. We note that the conductivity increases 
with increasing dose rate and electric field, leading to  
 

 
Figure 2:  Trapped charge distribution in a 1 mm axial 
segment for 100 MeV electrons incident symmetrically 
around the circumference of the tube in Fig. 1. Note that 
regions with excess electrons and depleted in electrons 
both occur. 

reduced discharge times of accumulated charge in an 
accelerator environment.   

Modeling of Beam Halos 
Machine parameters (rf, optics, vacuum) are input to a 

halo simulation code. (Alternatively, if sufficient data 
from the accelerator exists, they could be parameterized 
and input directly to the particle transport code.) The 
tracking code Placet [12] incorporating the halo simulator 
htgen [13] has been chosen as a reference to perform the 
machine simulation. The accelerator lattice and other 
parameters are input via Tcl/Tk scripts.  

Htgen models the effects of beam-gas scattering and 
bremsstrahlung from scraping on collimators and other 
beamline components, using the Placet components to 
model the beam and also transport the halo particles 
produced to the dielectric structure. 

SUMMARY 
We have begun investigating the effects of irradiation 

on dielectric wakefield structures. We consider 
developing a simulation code to calculate the interaction 
of halo electrons with DLA structures. Because of the 
more complex geometry the problem presents challenges 
not treated in previous analyses. 
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ASTA AT FERMILAB: ACCELERATOR PHYSICS AND ACCELERATOR 
EDUCATION PROGRAMS AT THE MODERN ACCELERATOR R&D 
USERS FACILITY FOR HEP AND ACCELERATOR APPLICATIONS* 

V. Shiltsev#, P. Piot, Fermilab, Batavia, IL 60510, USA

Abstract 
We present the current and planned beam physics 

research program and accelerator education program at 
Advanced Superconducting Test Accelerator (ASTA) at 
Fermilab.   

ASTA FACILITY 
The Advanced Superconducting Test Accelerator 

(ASTA) at Fermilab will enable a broad range of beam-
based experiments to study fundamental limitations to 
beam intensity and to develop transformative approaches 
to particle-beam generation, acceleration and 
manipulation. ASTA incorporates a superconducting 
radiofrequency (SRF) linac coupled to a photoinjector and 
small-circumference storage ring capable of storing 
electrons or protons. ASTA will establish a unique 
resource for R&D towards Energy Frontier facilities and a 
test-bed for SRF accelerators and high-brightness beam 
applications. The unique features of ASTA include: (1) a 
high repetition-rate, (2) one of the highest peak and 
average brightness within the U.S., (3) a GeV-scale beam 
energy, (4) an extremely stable beam, (5) the availability 
of SRF and high-quality beams together, and (6) a storage 
ring capable of supporting a broad range of ring-based 
advanced beam dynamics experiments. These unique 
features will foster a broad program in advanced 
accelerator R&D and accelerator education which cannot 
be carried out elsewhere. Several experiments and test can 
be carried out at ASTA simultaneously at three 
experimental areas – see Fig.1. Detail description of 
ASTA can be found elsewhere [1,2] 

 

 
Figure 1: Schematics of ASTA (Stage I 
configuration).  

 

ASTA ACCELERATOR R&D THRUSTS  

 Accelerator R&D for Particle Physics at the Intensity 
and Energy Frontiers  

The combination of a state-of-the-art superconducting 
linear accelerator and a flexible storage ring enables a 
broad research program directed at the particle physics 
accelerators of the future. The corresponding  research 
program includes a number of proposals: 

 
i) Test of non-linear, integrable, accelerator lattices (the 

Integrable Optics Test Accelerator) which have the 
potential to shift the paradigm of future circular 
accelerator design 

ii) Test of space charge compensation in high intensity 
circular accelerators 

iii) Advanced phase space manipulations  
iv) Test of optical stochastic cooling 
v) Flat-beam-driven dielectric-wakefield acceleration in 

slab structures 
vi) Investigation of acceleration and cooling of carbon-

based crystal structures for muon accelerators 
vii) Measurement of the electron wave function size in a 

storage ring  
viii) Studies of beam echo phenomena in a storage ring 

ix) Development of a quadrupole pickup and  study of 
the quadrupole mode dynamics in space-charge 
dominated beams 

x) High power targetry studies for LBNE  
xi) A tagged photon beam at ASTA for Detector R&D 

xii) HEP applications of inverse Compton scattered 
photons. 

It was specifically noted at the 2013 Community 
Summer Study (“Snowmass-2013” [2]) that there is 
obvious lack of accelerator test facilities where many  
burning accelerator science and technology issues of the 
Intensity Frontier (IF) accelerators [4] can be addressed. 
ASTA will provide this so-much needed platform for the 
IF accelerator R&D.  

Accelerator R&D for Future SC RF Accelerators 
 
High gradient, high power SC RF systems are critical 

for many accelerator facilities under planning for the 
needs of high-energy physics, basic energy sciences and 
other applications.  ASTA offers a unique opportunity to 
explore the most critical issues related to SC RF 
technology and beam dynamics in SC RF cryomodules, 
such as:  

 

 ___________________________________________  

*Fermi Research Alliance, LLC operates Fermilab under  contract No. 
DE-AC02-07CH11359 with the U.S. Department of Energy 
#shiltsev@fnal.gov                
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i) Demonstration of High Power High Gradient SRF 
Cryomodules with Intense Beams 

ii) Demonstration of technology and beam parameters 
for the Project X pulsed linac 

iii) Wakefield measurements in the SC RF cryomodules 
iv) Demonstration of  ultra-stable operation of SC RF 

cryomoduyles with beam-based feedback 
v) Development and experimental test of neural network 

based control systems and optimization tools for SRF 
accelerators 

vi) Exploration of CW mode of operation of the ILC-
type SRF cryomodule  

 

Accelerator R&D for Novel Radiation Sources 
 
High energy (up to 1 GeV), high peak and average 

power and high brightness electron beams have 
tremendous potential for generation of high-brightness 
high energy photon beams spanning the range from keVs 
to dozens of MeV. The high average power and 
brightness of the ASTA electron beam has unmatched 
potential for development of several novel radiation 
source ideas, such as:  

 
i) High brightness X-ray channeling as a compact x-

ray radiation source 
ii) Inverse Compton scattering gamma-ray source and 

its applications 
iii) Demonstration of feasibility of an XUV FEL 

oscillator 
iv) Production of narrow-band gamma-rays 
v) Laser-induced microbunching studies with high 

micropulse-repetition rate electron beams 

Accelerator R&D for Stewardship and Applications 
 
With its high energy, high brightness, high repetition 

rate, and the capability of emittance manipulations built-
in to the facility design, ASTA is an ideal platform for 
exploring novel accelerator techniques of interest for 
very broad scientific community beyond high energy 
physics.   The proposed research program includes 
several proposals and expressions of interest for such 
explorations:  

 
i) Demonstration of techniques to generate and 

manipulate ultra-low emittance beams for future 
hard X-ray free-electron lasers 

ii) Beam energy dechirper using corrugated pipes 
iii) Development and test of a beam-beam kicker 
iv) Coherent diffraction radiation measurements of 

bunch length 

All the proposals can be found in [1] and have been 
discussed by the Fermilab’s Accelerator Advisory 
Committee (February 6-8, 2013). Later, all of them have 
been presented at the 1st ASTA User’s Meeting and 

reviewed by the ASTA Program Advisory Committee 
(July 23-24, 2013).   

ACCELERATOR EDUCATION OPPOR-
TUNITIES AT ASTA, ASTA AND IARC 

Accelerators have taken an increasingly important role 
in our Society and improving their performances, 
downsizing their footprints, or reducing their cost will be 
a long and challenging endeavour that will strongly rely 
on future generation of accelerator scientists. In addition, 
the multidisciplinary nature of Accelerator Science makes 
accelerators ideal platforms for student education over a 
vast range of topics. 

New beam physics issues associated with future 
accelerators have emerged (single-bunch and multi-bunch 
collective effects in high brightness electron accelerators, 
simulations of large emittance beams in heavy ions and/or 
multi state charge accelerators) and more intricate 
accelerator physics tools capable of accounting for all 
these effects are being developed and need to be carefully 
validated at available facilities. Such models are 
mandatory to efficiently design and test the performance 
of these accelerators prior to their construction. Similarly, 
future accelerators will require the development of precise 
diagnostics and controls capable of measuring and/or 
correcting unprecedented beam parameters (sub-
micrometer size, femtosecond duration, with high average 
current). Most of these topics will be explored to some 
extent at ASTA and could form the basis of research 
projects for PhD, Masters, or internships.  

Interdisciplinary research projects involving the 
engineering discipline will also be possible at ASTA. 
Examples that come to mind are fabrication of state-of-
the-art accelerator components requiring precision 
modeling, drafting and manufacturing. RF engineering 
R&D examples are ubiquitous in accelerator physics. 
Likewise, novel synchronization techniques and feedback 
systems will be needed, e.g. to insure that the accelerating 
fields in the superconducting linear accelerators are very 
stable.  

Over the last decade the number of Educational 
Institutions that have taken on developing a curriculum in 
Accelerator Science has increased from a couple to about 
10 [5]. None of these Universities currently operates a 
full-fledged accelerator complex and generally rely on 
facilities available at National Laboratories to carry most 
of their experiments. National laboratories have 
developed programs to foster partnership with 
Universities. Fermilab was actually the first laboratory to 
initiate such a selective program, which offers to 
financially support students to carry-out Accelerator-
Science research at Fermilab’s facilities [6]. This program 
– the Joint University - Fermilab Doctoral Program in 
Accelerator Physics and Technology – has graduated 
close to 40 students since its initiation in 1987. More than 
half of the program’s graduates have remained in the field 
of Accelerator Science, and approximately one quarter of 
them are prominent scientists with leadership positions in 
national laboratories or universities.  
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Fermilab also created prestigious fellowships to attract 
promising scientists to carry-out research in Accelerator 
Science: the Peoples fellowshipwas created in 2001 and 
the Bardeen-Engineering Leadership fellowship [7] was 
created in 2005. The John Bardeen Engineering 
Leadership Program is designed to provide entry-level 
opportunities for outstanding engineering graduates who 
are interested in working in a cutting edge research 
environment.  Fermilab provides opportunities in the 
fields of electrical, electronics, radio frequency systems, 
power distribution, magnets, RF cavities, mechanical, 
materials science and cryogenic engineering.  The 
Peoples Fellowship was created at Fermilab with the goal 
of attracting outstanding accelerator scientists early in 
their careers, both to enhance Fermilab’s capabilities in 
accelerator science and related technologies, and to train 
and develop the accelerator scientists and technologists 
who will carry our field forward in the future. Together 
these fellowship programs have attracted and trained 
approximately 20 people within the last decade. Most of 
these fellows still carry-out research in Accelerator 
Science.  

Finally, Fermilab has also been active in involving 
younger scientists (undergraduate students) through 
various summer programs. One of these programs, the 
Lee Teng Undergraduate Internship in Accelerator 
Science and Engineering established by Fermilab and 
Argonne, aims at attracting undergraduate students into 
the world of particle accelerator physics and technology. 
The selected students first attend a two-week general 
accelerator physics class at the summer US particle 
accelerator school thereby gaining a broad overview of 
Accelerator Science. They then work on a research 
project for the following weeks under the supervision of 
Fermilab and Argonne staff members.  ASTA offers the 
possibility of significantly enhancing the Lee Teng 
program by incorporating a “hands-on” component to the 
students’ summer research experience, making it a truly 
unique internship with the potential to attract future 
accelerator scientists at the critical undergraduate stage. 

In addition to these laboratory-driven programs, 
Fermilab has also welcomed students from University 
groups carrying out research at Fermilab funded by grants 
to universities. Examples includes the development of 
photo-emission laser with University of Rochester, 
research on flat-beam generation with University of 
Chicago, or the investigation of beam-driven plasma 
wakefield acceleration with University of California, Los 
Angeles.   

ASTA will be an excellent platform that could support 
and enhance the aforementioned education programs and 
support extramural research engaging students from 
Universities. Given the breath of the scientific program 
described in this proposal, we expect ASTA to provide 
support for topics of research in Advanced Accelerator 
R&D, laser science, beam diagnostics and 
synchronization, accelerator-based light source, 
superconducting RF system, and Beam Physics. Finally, 
some of the proposed topics could also foster research 

beyond Accelerator Science such as the utilization of 
single-cycle Terahertz pulses for solid-state Physics 
research or the use of X-rays for developing phase-
contrast imaging (with possible spin-off to medical 
imaging).  

ASTA will also offer a unique opportunities for the US 
Particle Accelerator School [8] sessions and classes.  A 
number of hand-on, practical training laboratory sessions 
can use the ASTA accelerators – the photoinjector, the 
SRF cryomodule and the IOTA ring. Among them, those 
which were very popular in the past US PAS sessions:  

 
a. Modern RF systems class 
b. Beam Instrumentation Lab  
c. Fundamentals of Accelerator Instrumentation  
d. Beam Measurements and Diagnostics in Linacs 

and Rings 
e. Beam Dynamics Experiments at the IOTA ring 
f. Beam Measurements, Manipulation and 

Instrumentation in SRF Linac 
 

Proximity of the Illinois Accelerator Research Center 
(IARC) at Fermilab [9] will make these classes attractive 
for the industrialists and technologists. At the IARC, 
scientists and engineers from Fermilab, Argonne and 
Illinois universities will work side by side with industrial 
partners to research and develop breakthroughs in 
accelerator science and translate them into applications 
for the nation's health, wealth and security. Besides a 
dedicated state-of-the-art facility that will house offices, 
technical and educational space to study cutting-edge 
accelerator technologies, it is anticipated that IARC’s  
private industry partners will have access to the nearby 
ASTA facility to perform high power beam tests and 
collaborate with ASTA users from the US universities in 
training a new generation of scientists, engineers and 
technical staff in accelerator technology. These 
partnerships will make critical contributions to the 
technological and economic health of Illinois and the 
nation in general. 
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ISSUES AND R&D REQUIRED FOR THE INTENSITY FRONTIER 

ACCELERATORS* 

V.Shiltsev
#
, S.Henderson, P.Hurh, I.Kourbanis, V.Lebedev, Fermilab, Batavia, IL 60510, USA

Abstract 
Operation, upgrade and development of accelerators for 

Intensity Frontier face formidable challenges in order to 

satisfy both the near-term and long-term Particle Physics 

program. Here we discuss key issues and R&D required 

for the Intensity Frontier accelerators. 

INTENSITY FRONTIER ACCELERATORS 

       The near-term program of HEP research at the 

Intensity Frontier continuing throughout this decade 

includes the long-baseline neutrino experiments and a 

muon program focused on precision/rare processes. It 

requires: a) double the beam power capability of the 

Booster; b) double the beam power capability of the Main 

Injector; and c) build-out the muon campus infrastructure 

and capability based on the 8 GeV proton source. The 

long-term needs of the Intensity Frontier community are 

expected to be based on the following experiments: a) 

long-baseline neutrino experiments to unravel neutrino 

sector, CP-violation, etc.; and b) rare and precision 

measurements of muons, kaons, neutrons to probe mass-

scales beyond LHC.  

       Both types of experiments will require MW-class 

beams. The Project-X construction is expected to address 

these challenges [1]. The Project X represents a modern, 

flexible, Multi-MW proton accelerator (see Fig.1).  

 
Figure 1: Accelerator beam power landscape.  

 

High power hadron accelerators for the Intensity Frontier 

have two over-riding design constraints [2]:  

Minimizing beam loss (typical beam loss requirements for 

a MW proton beam: < 1 Watt/m, or/and < 1x10
-4

 total 

beam loss), and 

Proper beam structure (the required formats significantly 

vary from experiment to experiment – from a quasi-CW 

for rare particle decays to a single ~2-ns long bunch for 

MC/NF ). The key challenges to satisfy these constrains 

include:  

• Producing high current, high-quality and high 

brightness beams with required bunch structure;  

• Accelerating high beam currents to high energy with 

(1) high-duty factors required for high resolution 

experiments and (2) very low duty factors for neutrino 

experiments;  

• Running multiple experiments in parallel (quasi-

simultaneously)  required means for beam manipulations 

on the bunch-by-bunch base – see Fig.2;  

• Transporting high power beams while maintaining 

beam loss at a level where routine maintenance is possible 

– see Fig.3;  

• Acceleration of beams from keVs to GeVs preserving 

emittance and minimizing amplitude growth for large-

amplitude particles (“beam halo”);  

• Low-loss extraction of the beams;  

• Target systems capable of handling extreme power 

densities and extreme radiation environments – see Fig.4;  

• A related challenge is producing intense, high-quality 

beams of secondary particles (muons, kaons, …).  

 

ACCELERATOR R&D NEEDED 

       Below we outline the directions of the accelerator 

R&D needed to address the above challenges (we omit 

specific Project X R&D needs which are addressed 

elsewhere [3], and focus mostly on other important needs, 

especially, for  the Fermilab's future intensity frontier 

program, which have not been articulated yet): 

 

High Intensity beam sources:  Radio-frequency 

quadrupoles (RFQs) are the injector technology of choice 

at present; the state of the art performance of 100 mA CW 

demonstrated at LANL/LEDA with 6.7 MeV output 

energy; is there an alternative technology which could 

compete with conventional technology?);  

Beam dynamics issues with high intensity beams in 

existing accelerators (e-cloud, impedances/instabilities): 

RF systems (how to provide RF power for beam 

acceleration with many-fold higher beam current when 

the beam induced voltage greatly exceeds RF voltage?); 

Space Charge issues (need to understand the Space 

Charge losses with the higher intensity slipped stacked 

bunches in MI and Recycler; the need collimators in 

 ___________________________________________  

*Fermi Research Alliance, LLC operates Fermilab under  contract No. 

DE-AC02-07CH11359 with the U.S. Department of Energy 

#shiltsev@fnal.gov                
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Recycler (?); realistic Space Charge MI simulations with 

predictive power that we can compare with data); 

SYNERGIA simulations  (to include all apertures and 

magnetic multipoles; compare with beam data); 

Electron-Cloud (most effective coating and scrubbing;  in 

situ SEY measurements, micro-wave measurements in the 

Main Injector);  

Transition Crossing (evaluation need of a gamma-t jump 

in MI, transition crossing in Booster);  

 

Injection issues (investigation of painting scenarios and 

other potential mitigation schemes -  such as use of laser 

assisted stripping and R&D on rotating injection foil 

technology - Ultra Nano Crystalline Diamond (UNCD) 

technology, rotating graphene foil technology);  

 

Loss Control (the need and design of the most efficient 

collimation schemes)  

 

 
Figure 2: Fermilab’s Proton Source proton flux ramp up 

expectations for the Intensity Frontier experiments. 

 

Advanced simulation/modeling capabilities for high-

intensity beams : We definitely will need to capitalize on 

the theoretical developments in beam physics theory and 

further develop the theory itself. Understanding the 

coherent instabilities is the corner-stone of the Intensity 

Frontier developments. Theory of coherent motion of 

coasting and bunched beams needs to be further studied in 

various approximations with several complimentary 

approaches.  

      Characterization of the loss mechanisms will have 

significant impact on the entire field of high-intensity 

accelerators – it is fundamental to loss minimization and 

control.  

      Development of a (flexible) beam dynamics 

framework with fully 3D PIC capabilities (eg on base of  

SYNERGIA) which will include space-charge & 

impedance capabilities, both single and multi-bunch 

effects, single-particle physics with full dynamics and 

which could run on on desktops, clusters and 

supercomputers.  

      Further development of Energy Deposition modeling 

tools (eg MARS) including: (1) updates related to recent 

developments in nuclear interaction model;  (2) 

implementation of polarized particle transport and 

interaction, (3) recent developments of radiation damage 

models and transfer matrix algorithms in accelerator 

material-free regions; and (4) further enhancement of the 

geometry modules.  

 

 
 

Figure 3: Losses in 8 GeV Fermilab Booster during its 15 

Hz cycle occure at injection due to poorly captured beam, 

at the moment of notch creation (gap for extraction 

created with a kicker, particles lost in a gradient magnet).  

slow losses at high-energy (due to optics issues, RF 

variation), and losses at the transition energy (courtesy of 

Fermilab’s Proton Improvement Plan team).  

       

     There is a need in a trustable weak-strong fully 

symplectic particle tracking codes with a comprehensive 

set of features for simulation of beam dynamics effects in 

electron and hadron storage rings, such as dynamics in 

integrable optics, in presence of space-charge forces and 

electron compensators, which could also do element-by-

element tracking through machine lattice, incorporate 

FMA methods to assess particle diffusion, etc. 

     Transfer knowledge from theory and modeling to 

general R&D (support of the Intensity Frontier-related 

experiments in existing accelerators and beam test 

facilities, e.g., ASTA [4]) further into the projects.  

 

Beam-stripping and beam-chopping with laser-based 

methods: The conventional approach to accumulating 

high proton intensities in a ring is to use multi-turn 

charge-exchange injection of H- beams, but it is very 

challenging to apply to >MW class beams, esp. CW 

beams. Novel laser stripping idea from Danilov, et. al. [5] 

has been demonstrated, but scaling to realistic accelerator 

parameters is needed. Laser chopping offers very 

attractive way to form the required beam current 

structures, and needs to be explored in realistic beam 

environment.  

 

Targetry and collimation for Fermilab's future plans, 

delivery of 2MW beam power on the Long-Baseline 

Neutrino Experiment (LBNE) target, etc. [6, 7]: 
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There is a need in enhanced modeling of beam energy 

deposition, secondary particle production and collection, 

radiation damage (DPA), transmutation products (gas 

production), and residual dose. Also required are 

advanced simulations of target material (non-linear) 

response using FEA codes including fracture and/or phase 

change; exploration/determination radiation damage 

effects in candidate target and collimator materials at 

accelerator target facility operating parameters (e.g., via 

the RaDIATE Collaboration: Radiation Damage In 

Accelerator Target Environments).Verification and 

benchmarking of the above mentioned simulation tools 

and material properties is needed through dedicated 

testing at beam facilities and autopsy of existing 

materials. 

     

 
 

Figure 4: A downstream cooling water turn-around end of 

NuMI target NT-06 that failed after 4 month of operation 

at peak beam power of 340kW (toatl of 1.3e20 protons on 

target, 2011, courtesy J.Hylen, Fermilab) 

 

   One also needs to explore and compare high heat flux 

cooling methods through analysis and testing; to develop 

novel target and beam window concepts for use in 

proposed facilities; to develop target facility conceptual 

designs taking into account full life-cycle and radiation 

protection issues (remote handling, radioactive 

component disposal, tritium mitigation, etc.) and  

diagnostics for use in high radiation environments. We 

need to  continue to engage in the high power targetry 

community to leverage the collaborative expertise and 

knowledge base to address the challenges of the High 

Intensity Frontier. 

 

New ideas for clean slow extraction: Slow spills of high 

intensity beams are needed in particle physics, but beam 

loss limits intensity. Are there novel ways to cleanly 

achieve slow spills of high intensity beams? E.g., the 

resonant extraction - can it be extended to higher orders?  

Can crystals be used for high-power proton extraction or   

can electron beams be used to extract protons [8]? Are 

there other absolutely novel ideas which can employ  

lasers or high brightness electron beams? 

 

 

Revolutionary ideas for Intensity Frontier accelerators:  

Integrable Optics [9] promises significant advance for 

low-loss operation of the IF facilities and must be tested 

at the IOTA ring at Fermilab’s ASTA facility.   

     Space-charge compensation with either electron 

columns or electron lenses [10, 11] also has a promise of 

significant benefit for high intensity beams (due to 

improved emittance and loss control in high intensity 

beams) and also needs to be tested at the IOTA in ASTA 

[12].  

 

Experimental Characterization and Understanding of 

High Intensity Beams and Underlying Dynamics 

(Advanced Instrumentation): reliable beam 

instrumentation is needed for precise halo (and emittance) 

measurements and connection to simulation in a reliable 

way. Novel diagnostics is required for in-depth 

understanding of intra-bunch and multi-bunch dynamics 

(position,  modes, tunes, chromaticities, etc.).  

 

       One has to note that many of the above listed R&D 

thrusts are synergetic with the needs of the Accelerator 

Driven Systems (ADS) [13].  

 

    The facilities where the above listed R&D can/will be 

carried out include existing accelerators (Fermilab’s 

Booster, Recycler and Main Injector) and the ASTA 

facility. Radiation damage studies for high power targetry 

may need dedicated facilities for required irradiations and 

examinations, such as BLIP at BNL for high energy 

proton irradiations or the proposed UK triple-beam 

facility, TRITON, for low energy ion irradiations. 

Verification studies for high power targetry will need 

dedicated areas at beam facilities capable of delivering 

intense beam pulses on heavily instrumented test samples, 

such as HiRadMat at CERN [14-16]. 
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Abstract 
In the development of high efficiency and high gradient 

RF-accelerators, RF waveguides and cavities have been 
designed with Photonic Band Gap (PBG) and fishnet-
metamaterial structures. The designed structures are 
comprised of a periodically corrugated channel 
sandwiched between two photonic crystal slabs with 
alternating high to low dielectric constants and a multi-
cell cavity-resonator designed with fishnet-metamaterial 
apertures. The structural designs of our interest are 
intended to only allow an operating-mode or -band within 
a narrow frequency range to propagate. The simulation 
analysis shows that trapped non-PBG modes are 
effectively suppressed down to ~ -14.3 dB/cm, while PBG 
modes propagated with ~2 dB of insertion loss, 
corresponding to ~1.14 dB/cm attenuation. The pre-
liminary modeling analysis on the fishnet-embedded 
cavity shows noticeable improvement of Q-factor and 
field gradient of the operating mode (TM010) compared to 
those of typical pillbox- or PBG-cavities. Fabrication of 
the Ka-band PBG-waveguide and S-band fishnet cavity 
structures is currently underway and they will be tested 
with a microwave test bench/8510C Network Analyzer 
and 5.5 MW S-band klystron. These structures can be 
applied to stable short-bunch formation and mono 
chromatic radiation in high frequency accelerators.   

INTRODUCTION 
Periodic conducting structures have been utilized as 

active slow wave media interacting with high energy 
electron beams in a wide range of applications from high 
gradient linear accelerators to coherent power radiation 
sources. The distorted dispersion relation of metallic 
lattices constitutes effective plasmonic modes with 
negative permittivity (epsilon-negative materials,  <0) [1 
– 4]. The non-radiative waves have been widely used in 
microwave regimes as they can be readily guided in 
passive components or strongly excited by energy-
momentum-coupling with kinetic electrons as an active 
medium [5]. The confined evanescent waves induce 
electron bunches when the current density exceeds 
thermo-dynamic divergence ( f-2) [6]. This gives rise to 
a strong coherent electron-photon interaction that is 
commonly used for high intensity photon generation or 
high gradient RF acceleration. The spectral regime of the 
electronic RF devices has rapidly increased from 
microwave to near terahertz (near-THz) wave regime 
(0.1–1 THz) as device size can be significantly reduced 
proportional to the wavelength. 

Energy conversion efficiency on the photon- emission 
or -absorption process is thus noticeably reduced as the 
optical cycle is decreased [7, 8] Recent trends in the 
development of THz electron beam devices have 
gradually transitioned to elliptical sheet beams from round 
ones as enlarging the beam width either increases 
radiation intensity or reduces beam current loading. 
Among various planar slow wave structures (SWSs) 
recently micro-channels with an asymmetrically aligned 
double grating array [9] were intensively studied for 
frequency-tunable coherent radiation source application as 
they have large instantaneous bandwidth of plasmonic 
modes that are strongly confined in the beam channel with 
small ohmic losses. However, this broad band 
characteristic can lead to unstable oscillation of abnormal 
modes, which possibly destabilize beam-wave 
interactions, and perturb normal electronic energy 
conversion. In particular, the structure becomes heavily 
overmoded (TE  TEM) as its aspect ratio between x-y 
transverse dimensions is increased to expand the beam-
wave interactive area. It is thus certain that there is a 
limitation in increasing the aspect ratio of the sheet beam 
structure due to low-energy mode excitation. A substantial 
solution to the issue could be obtained from bandgap 
structures. This paper will present the band-selective 
planar waveguide combined with the photonic crystal 
slabs and fishnet-type metamaterial slab. The composite 
structure permits only non-radiative photonic-band-gap 
(PBG) modes [2–4] to propagate through the sub-
wavelength micro-channel. Comparative numerical 
analysis and test results on the spectral response and field 
distribution will be discussed in detail.  

PHOTONIC BAND GAP WAVEGUIDE  
In principle, the lowest frequency (cutoff) of a 

rectangular TE-mode waveguide is determined by 
waveguide width, so TE modes become closer to TEM 
modes as the cutoff decreases. Figure 1 shows the 0th 
order dispersion curves (m = 0) of TE- and TEM-
waveguides. Normalized structural dimensions of the 
designed models are specified with a0/d0 = 0.75, L0/d0 = 
0.6, b0/d0 = 0.33, and h0/d0 = 1.674, where d0 is the grating 
period of a unit cell. The surface wall conductivity is 
defined with oxygen-free high-conductivity (OFHC) 
copper ( = 5.8  108 [m-1]). With an increase in the 
guide width, the entire eigenfrequencies of the 
fundamental band (grey solid  grey dashed) are lowered 
as the other dimensions remain consistent with the ones of 
the TE mode waveguide. In the 2nd TEM waveguide (grey 
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dashed line), the grating height (L0) is shortened to keep 
the upper cutoff (stop-band) at the same frequency as the 
TM mode dispersion curve, which further extends the x-y 
dimensional aspect ratio. The passband of the 2nd TEM 
SWS (higher aspect ratio: black solid) thus tends to 
become even more heavily overmoded with larger phase 
and group velocities. As aforementioned, spatial harmonic 
components of lower frequency modes are readily 
coupled with low energy electrons, so that while haunting 
around in the structure, once excited, they are often self-
amplified by phase-mismatching condition, which can 
cause strong perturbation to electron-photon coupling. 

Embodiment of PBG elements in guided wave 
structures significantly reduces background noise level, 
including non-PBG modes, in the dynamic spectral range. 
In Fig. 1(b), the top and bottom gratings are replaced with 
the arrayed PBG slabs, which consist of alumina (Al2O3: 
r = 9.4, tan = 0.0004) rods. In the crystal designed with 
the lattice constant of a/ = 0.3 and filling ratio of r/a = 
0.25, normalized global band-gap emerges at f (= d0 
/2c) = 0.25 –0.3. As depicted in Fig. 1(b), like an 
ordinary confined slow wave structure, electromagnetic 
(EM) waves bouncing back from the crystal lattices in the 
band-gap spectra that satisfy the Bragg condition 
propagate through the channel between the two PBG slab-
arrays with strong field confinement. On the other hand, 
non-resonant eigenmodes outside the band gaps are freely 
radiated through the lattices, which are thereby strongly 
suppressed in the channel. Figure 2 shows dispersion 
curves, (a), of the TEM waveguide with the staggered 
vane arrays and transmission spectra of the photonic 
crystal slab, (b), and the PBG-slab embedded TEM 
waveguide, (c), with respect to two filing ratios, r/a = 0.2 
and 0.3. In Fig. 3(b), the crystal slab arrays with r/a = 0.2 
and 0.3 have three band gaps below the coalesced mode 
(upper cutoff) of the fundamental passband (a). Therefore, 
only the eigenmodes in the band gaps are allowed to 
propagate through the beam channel. Figure 3(c) shows 
an apparent emergence of three spectral bands with zero 
insertion loss which are exactly matched with the band 
gaps in Fig. 3(b). The background loss level of radiative 
non-PBG modes is about _45 dB that is low so as not to 

cause an abnormal beam-wave interaction. In Figs. 2(b) 
and 2(c), it is readily noticeable that the band-gap widths 
of r/a = 0.3 is only about half of widths of r/a = 0.2, 
which implies that increase of the rod size relative to the 
lattice constant leads to raising population density of 
guided photonic eigenstates with narrowing their intrinsic 
bandwidths. This indicates that the active spectral range 
and dispersion characteristics of confined waves are 
primarily determined by a lattice constant and a filling 
ratio of the photonic crystal filter rather than by the 
grating dimensions.  

The simulation models in Figures 2 and 3 are designed 
to be the ideal TEM-mode waveguide with the magnetic 
boundaries in the major transverse axis that appear 
impractical in actual application. The actual device model 
is thus designed with the oversized TE-mode waveguide 
that has an electric boundary. Figure 3(a) is the dispersion 
curves of the two slow waveguide structures embedded 
with the grating arrays (grey) and the photonic crystal slab 
arrays (red) that are procured by the finite-integral-
technique (FIT) eigenmode solver. 

The blue-shaded and white colored areas represent the 
photonic zone (far-field, k < 2/) and plasmonic one 
(near-field, k > 2/), respectively. The plotted points 
indicate all scattering modes corresponding to a phase 
change per period of the staggered corrugation. These 
unguided waves travel around and radiate in free space, 
and therefore have no interaction with the electron beam. 
In Fig. 3(b), the global band-gap noticeably emerges from 
f = 0.265 to f = 0.31 at either the photonic or plasmonic 

 

Figure 1: (a) Dispersion graph of the overmoded planar 
SWS. Inset is the schematic drawing of the staggered 
double grating arrayed waveguide with the dimensional 
parameters (TEM-mode) (b) 3D drawing of the PBG-
slab-arrayed waveguide and unit cell of the designed 
PBG slab.  

 

Figure 2: (a) 0th order dispersion graph of TEM-mode 
SWS and transmission spectra of the PBG-slabs (b), and 
the PBG slab-arrayed SWS (c), of r/a = 0.2 (black) and 
0.3 (grey).    

 

Figure 3: (a) 0th order dispersion graphs (band-diagram) 
of the PBG-slab-arrayed SWS and TEM-mode SWS. (b) 
Transmission spectra (S21) of staggered grating 
waveguide, straight waveguide, and PBG-slab-arrayed 
waveguide.    
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wave area. There is no other photon mode than interactive 
plasmon modes in the first forbidden band. The channel 
confined interaction modes disappear beyond the stop-
band as they radiate to annihilate owing to the non-
resonant matching condition with the crystal lattices. Note 
that the PBG-modes are considerably more dispersive 
than fundamental eigenmodes of the oversized waveguide 
(grey line). Figure 4 (a) shows a K-band test device 
machined and assembled with two PBG slabs. The 
reflection and transmission coefficients (S11 and S21) are 
measured by a vector network analyzer (HP8510C), as 
shown in Fig. 4(b). The experimental data, well agreeing 
with simulation result, clearly show the PBG band in the 
transmission spectrum. The transmission spectrum of the 
PBG band is ~ 25 dB higher than that of the non-resonant 
band.    

FISHNET-METAMATERIAL RF CAVITY 
A higher frequency SRF cryomodule will make a great 

benefit that can save construction and operation costs, in 
addition to reduce a physical size of facility and to 
increase accelerating gradients. Also, operating at high 
frequency and low bunch charge reduces the risks of 
brightness degradation during beam transport. However, 
presence of higher-order-mode (HOMs) wakefields in the 
high-Q cavities possibly decreases RF energy conversion 
efficiency, plus inducing thermal heating. Especially, for 
high-duty-factor machines the heat is not easily extracted, 
which possible causes deformation or even quenching. 
The wakefields, normally proportional to a cube of the 
frequency, can significantly reduce luminosity and cause a 
beam breakup (BBU), which can severely destabilize 
acceleration and collision of beams in the long-pulse or 
CW mode operation.  A fishnet structure [ref], consisting 
of the sandwiched metal-dielectric-metal layer [2 – 4], is 
one of the simplest double negative meta-materials with 
negative refractive indexes at resonances. The negative 
field response can efficiently remove HOMs from a beam 
interaction area over the broad spectral range. We 
designed two types of pillbox cavities with fishnet 
absorbers. Figure 5 shows the cavities strongly suppress a 
level of HOM wakefields down to - 30 ~ 40 dB in the 
transmission spectrum. Note that the accelerating mode 

becomes much narrower with the fishnet-embedded 
cavities. It is found that a small size cavity with the same 
physical dimensions with an accelerating mode (TM010) 
cavity can be used to suppress or filter HOMs with the 
structure (over-sizing cavity volume is unnecessary). We 
also observed that implementing the structure in the cavity 
doubles Q-values (loaded Q, QL). It is expected that 
negative dispersion response of the novel RF component 
have potential to advance SRF technology and we will 
look into its field characteristics and thermal properties of 
HOMs by simulation and experimentation.       

CONCLUSION 
The staggered double PBG-slab arrays enable over-

moded planar slow waveguides to induce monochromatic 
wave propagation of a single plasmonic mode within a 
narrow band-gap. This highly selective band filtering 
noticeably improves spectral purity of plasma-interactive 
evanescent waves in the over-moded slow waveguides, 
free from the instability problems. A fishnet meta-material 
absorber strongly suppresses HOM wakefields down to – 
30 ~ 40 dB range in a high-Q RF cavity. The quasi-optical 
mode-filtering/damping/absorbing devices support 
efficient energy conversion, which can be utilized as a 
passive or active component for various optoelectronic 
and electron beam devices. 
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Figure 4: (a) Experiment setup with HP8510C vector 
network analyzer (b) K-band test device (c) transmission 
spectrum (S21) of 12 – 38 GHz.    

 

                 (a)                                        (b) 

Figure 5: Transmission spectrums of fishnet metamaterial 
RF cavities (a) type-1 and (b) type-2 ((1) TM010 and (2) 
HOM)  
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Abstract 
Crystal channeling technology has offered various 

opportunities in accelerator community with a viability of 
ultrahigh gradient (TV/m) acceleration for future HEP 
collider in Energy Frontier. The major challenge of the 
channeling acceleration is that ultimate acceleration 
gradients might require high power driver at hard x-ray 
regime (~ 40 keV), exceeding those conceivable for x-
rays as of today, though x-ray lasers can efficiently excite 
solid plasma and accelerate particles inside a crystal 
channel. Moreover, only disposable crystal accelerators 
are possible at such high externally excited fields which 
would exceed the ionization thresholds destroying the 
atomic structure, so acceleration will take place only in a 
short time before full dissociation of the lattice. Carbon-
based nanostructures have great potential with a wide 
range of flexibility and superior physical strength, which 
can be applied to channeling acceleration. This paper 
present beam-driven channeling acceleration concept with 
CNTs and discuss feasible experiments with the 
Advanced Superconducting Test Area (ASTA) in 
Fermilab and beyond.  

INTRODUCTION 
The cost models of the modern colliders are quite 

complicated, but one may safely assume that a future 
facility should not exceed a few tens of km in length and 
simultaneously require less than 10 to a few tens of MW 
of beam. To get to the energies of interest within the 
given footprint, fast particle acceleration is inevitable. 
Plasma-wakefield acceleration (PWA) has become of 
great interest because of the promise to offer extremely 
large acceleration gradients, on the order of E0  n01/2 
[GeV/m], where n0 is the ambient electron number 
density (n0 [1018cm-3]), on the order of 30-100 GV/m at 
plasma densities of n0 = 1017 – 1018 cm-3.[ 1 ] The 
density of charge carriers (conduction electrons) in solids 
n0 = ~ 1020 – 1023 cm-3 is significantly higher than what 
was considered above in plasma, and correspondingly, 
wakefields of up to 100 GeV/cm or 10 TV/m are possible. 
In the solid plasma, as escaping from a driving field due 
to fast pitch-angle diffusion resulting from increased 
scattering rates, particles must be accelerated along major 
crystallographic directions. This is called “channeling 
acceleration”. Normally, crystal channeling has been 
applied to high energy beam control such as collimation, 
bending, and refraction [2]. For high energy beam optics, 
carbon nanotubes (CNTs) have been considered for 
bending and collimation [3, 4] on account of the much 
wider range of flexibility, including superior physical 
strength, which also ideally fits with channeling 
acceleration. CNTs, composed of graphene sheets rolled 

into seamless hollow cylinders with diameters ranging 
from 1nm to about sub-micron, exhibit unique physical 
and chemical properties as a quasi-one dimensional 
material [5]. In principle, both straight and bent CNTs can 
effectively be used for high-energy particle channeling [6], 
provided the technological challenge of achieving an 
almost perfect alignment of CNTs with respect to the 
beam direction could be tackled effectively in the 
synthesis of samples. 

Recently, Fermilab built the Advanced 
Superconducting Test Accelerator (ASTA) facility (50 
MeV and several hundreds of MeV energy beams) that 
will enable a broad range of electron beam-based 
experiments to study fundamental limitations to beam 
intensity and to developing transformative approaches to 
particle-beam generation, acceleration and manipulation, 
which is ideally suited for the channeling acceleration 
experiment. We plan to detect a measurable energy gain 
from the electron bunches passing through CNTs. 
Successful demonstration of the experiment with this 
beam driven method will verify the viability of CNT 
channeling interaction for ultra-high gradient acceleration, 
which will also prove the feasibility of the laser-driven 
channeling acceleration. The experimental setup will be 
accommodated to a 50 MeV main stream beamline and 
high energy (50 – 300 MeV) beamline in our plan. In the 
research, beam energies and radiation spectra of CNT 
samples will be mainly characterized by beam tests at 
relativistic regimes.  

CHANNELING ACCELERATION  

Wakefields in crystals can be excited by two sorts of 
driving sources: x-ray laser (Fig. 1(a)) or short electron 
bunch (Fig. 1(b)). With the x-ray pumping method [7], a 
crystal channel can hold > 1013 V/cm transverse and 109 
V/cm longitudinal fields of diffracted traveling EM-
waves at the Bragg diffraction condition (/2b = sinB), 
where b is the lattice constant and B is the diffraction 
angle) However, to hold the ultimate gradients, the 
acceleration requires coherent hard x-rays (ħ  40 keV) 
of  3 GW to compensate for radiation losses, which 

Figure 1:  (a) Laser (x-ray) driven acceleration (muon, 
proton) (b) beam-driven acceleration (electron).   
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exceed those conceivable today. The x-ray driving method 
thus fits for heavy particles, e.g. muons and protons, 
which have relatively smaller radiation losses. For 
electrons, the beam-driven acceleration is more favorably 
applicable to channeling acceleration as the energy losses 
of a drive beam can be transformed into acceleration 
energy of a witness beam [8]. The highly intensive plasma 
interaction in a crystal channel induces thermal radiations 
and collisional impacts accompanied by a large amount of 
heat energy, which would exceed the ionization thresholds 
and may even destroy the atomic structure. Only 
disposable forms of crystals such as fibers or films can be 
used for channeling acceleration. Also, lattice structures 
of crystals have fixed atomic dimensions, which thereby 
have some limits in designing acceleration parameters to 
mitigate physical constraints in solid plasma channels. 
Carbon nanostructures have potential advantages over 
crystals for channeling acceleration such as wider 
channels (weaker de-channeling), broader beams (using 
nanotube ropes), wider acceptance angles (< 0.1 rad), 3D 
beam control over greater lengths, and in particular 
excellent thermal and mechanical strength, which are 
ideally fit to channeling acceleration and cooling 
applications, plus beam extraction, steering, and 
collimation. CNTs are comprised entirely of sp2 bonds, 
which are extremely stable and thermally and 
mechanically stronger than crystals, steels, and even 
diamonds (sp3 bond). Nanotubes thus have a higher 
probability of surviving in an extremely intense 
channeling, radiation, and acceleration environment.  

Plasma frequencies of CNTs are normally in the THz 
range, which need a beam bunch duration within an order 
of microns for wakefield generation in the linear regime, 
an electron bunch in the pico-second range, which is 
readily obtained from conventional RF photoemission 
technique, would need to be either compressed down to 
an order of a femto-second or split into microbunches. It 
is well known that injecting a driver beam with multiple 
microbunches in a plasma channel improves field gradient, 
transformer ratio, and energy efficiency of plasma 

wakefield acceleration. With the multiple microbunches, 
phase matching conditions between a plasma wave and a 
modulated beam can be selectively tuned in order to 
maximize wakefield, transformer ratio, or energy 
efficiency.  

SIMULATION ANALYSIS  
The basic pattern of channeling acceleration has been 

analyzed by theoretical model and computer simulation 
with the nominal ASTA beam parameters: bunch-to-
bunch space = 10 m, beam energy = 50 MeV, charge 
density of plasma channel = 1025 m-1, bunch length = 2 ~ 
3m. Figure 2 shows summarized acceleration gradient 
and energy gain graphs with respect to beam charges, 
obtained from the 1D linear wakefield theory and plasma 
accelerating simulator (VORPAL). The simulation data 
agree well with the theoretical graph in the linear regime. 
This result clearly verifies that micro-spaced electron 
bunches gain energy up to ~ 70 MeV (~ 200 pC) along a 
100 m long channel, corresponding to a ~ 0.7 TeV/m 
acceleration gradient. The analysis indicates that further 
increase of the beam charge excessively blows out the 
ambient plasma charges in the channel ((3) of Fig. 3: 
bottom). It strongly pushes plasma waves out of phase-
synchronization with the beam wave, which rather 
decreases the energy gain. The analyzed parameters will 
be implemented into the design process of the 
experimental setup. This kind of simulation method will 
be continuously used to analyze/design the beam-driven 
accelerator with various channeling conditions.  

EXPERIEMNTAL LAYOUT 

Two kinds of channeling accelerator structures, crystals 
(silicon or diamond) and arrayed CNT bundles, will be 
manufactured and tested and compared in the first 
experiment. Crystal samples will be obtained by a similar 
fabrication technique used for silicon samples in 
channeling experiments in Tevatron of Fermilab: cleaved 
and cut silicon wafers [9]. The sample holder, used for the 
experiment, will also be re-used for crystal acceleration 
tests, but only with the straight section (no bending). A 
test device with a straight multi-wall CNT bundle will be 
prepared using an anodic aluminum oxide (AAO) 
template (Fig. 3(a)) [10]. We plan to test a 100 m long, 
200 nm wide CNT structure first, which may possibly be 
manufactured within 2 ~ 3 months. It is expected that 
these types of crystal channels induce plasmonic waves of 
p  ~ 10 m. 

Figure 2: Channeling acceleration analysis, obtained from 
the linear wakefield theory and computer simulations: top 
- (a) acceleration gradients and (b) energy gain versus 
beam charge and bottom - spatial charge distributions of 
plasma and beam (1) 10 pC (2) 200 pC (3) 1 nC.    

Figure 3:  (a) Schematic diagram of an AAO template 
process (b) SEM image of an AAO film, inset is the 
enlarged SEM image.   
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As we plan to conduct the 1st experiment at 50 MeV 
beamline of the Fermilab-ASTA, test equipment will be 
installed downstream of the capture cavity-2 (CC-2) and 
bunch compressor before the 1st cryomodule. Figure 4 
shows the beam line drawing, describing the currently 
planned location of the proposed experiment. The boxed 
areas indicate prospective locations of the vacuum-
compatible goniometer to be loaded with a test sample. 
While passing through the BC, the slit-mask placed in the 
BC will produce microbunch trains by imprinting the 
shadow of a periodic mask onto a bunch with a correlated 
energy spread. Once passing through a test device in the 
goniometer, beam energies will be measured by a 
spectrometer with a dipole magnet and yttrium aluminum 
garnet (YAG) screen positioned in the beamline toward a 
beam dump. A test with higher energy beams is also 
planned, so the experiment will be accommodated to the 
Development of a Compact Photo-injector with RF-
Focusing Lens for Short Pulse Electron Source 
Application mainly consider the slit-mask technique, 
which is the simplest way to create multiple sub-ps micro-
bunches [ 11 ], and an inverse free electron lasing 
technique. Currently, a laser-induced microbunching 
(LIM) scheme with the FEL undulator is proposed in the 
ASTA stewardship program, which is potentially 
employed to generate microbunches to the channeling 
acceleration test.  

The proposed experimental scheme will need several 
positions to monitor bunch profiles and measure their 
spatiotemporal radiation patterns and energy spectra of 
accelerated beams. We measure the time pattern of a 
masked beam entering the dispersion-free region of the 
beam line using coherent transmission radiation (CTR) 
interferometry. The broadband transition radiation emitted 
by the electrons when entering a copper mirror placed 
after the dogleg, near the experimental region, is sent to a 
Martin-Puplett interferometer. After the energy-analyzed 
and collimated beam of electrons is transported through 
the bunch compressor into the experimental area, it is 
defocused by an asymmetrically split quadrupole triplet to 
give a low-divergence (nearly parallel) beam incident 
upon the crystal in its goniometer. A critical factor in 
performing channeling acceleration experiments is the 

divergence of the incident beam. Since the characteristic 
angle for the process is 1/, an angular resolution at least 
an order of magnitude smaller is required in order to 
obtain data of sufficient precision to compare with the 
results of theoretical calculations; for  ~ 100, a beam 
divergence larger than 1 mrad is inadequate. Moreover, 
the critical angle for channeling is a few mrad for 
electrons of a few tens of MeV, and varies as -½; 
therefore, in order that a large fraction of the beam be 
channeled, a beam divergence  1 mrad is required. The 
experimental arrangement is used for obtaining a very-
low-divergence beam, which is used as well for 
measurements of the transmission of electrons through 
crystals.  

CONCLUSION 
Despite the great potential of HEP colliders, 

excessively high driving energy and power requirements 
accompanied by the insufficient durability of crystal 
structures has removed channeling acceleration from 
primary consideration for high gradient (HG) accelerators. 
However, replacing crystals with nano-structures makes 
this possible by mitigating the power and energy 
requirements, with the advantage of improved physical 
strength. The fundamental mechanisms of plasmon 
excitation and photon-particle coupling of the nanotube 
can thus be studied at Fermilab-ASTA. Successful 
demonstration of all the simulations and experimental 
tests will open new opportunities for HG accelerator 
research efforts by merging nanotechnology and high 
energy physics. All of the new techniques and methods 
developed from heuristics will indeed be incorporated 
into existing technologies for current HEP collider R&D 
programs. 
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Figure 4: Prospective locations of experiment setup: 50 
MeV beam line (top) and 300 MeV (bottom).   
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COMMISSIONING AND INITIAL EXPERIMENTS ON NDCX-II* 

S. M. Lidia , T. Schenkel , W. G. Greenway, K. Murphy, T. Schenkel, C. D. Weis,
 W. L. 
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Waldron, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, U.S.A.

Abstract 
The Neutralized Drift Compression Experiment 

(NDCX-II) is a new induction accelerator facility 
designed to facilitate user experiments in high energy 
density laboratory physics, intense beam physics, and 
materials processing and testing with intense, pulsed ion 
beams. The facility has completed the initial 
commissioning phase of its injector, 27-cell solenoid 
transport lattice, induction accelerator modules and non-
neutral pulse compression section. Space-charge-
dominated Li+ beams carrying 20-50 nC have been 
generated from the 133 kV pulsed, ~1.0 microsecond 
(FWHM), 65-mA injector, and compressed to 20-30 ns 
with 0.75-1.3 A peak currents and amplification factors of 
10-20. We report results of non-neutral beam compression 
and transport studies to generate variable ion beam 
fluences on to solid targets. We also report on studies of 
dose rate effects in pulsed ion implantation and on the 
recombination dynamics of radiation-induced defects in 
semiconductors using the NDCX-II Li+ beam. 

INTRODUCTION 
The NDCX-II facility [1, 2] was constructed between 

July 2009 and December 2012. Commissioning results of 
the source and injector systems has already been reported 
[3]. The induction accelerator modules with pulsed, 2-3 T 
solenoid magnet transport were added in several stages 
(5-cell, 11-cell, 27-cell) to facilitate the integration of 
diagnostic and controls systems [4].The 27-cell beamline 
configuration is shown in Fig. 1, with schematic 
representation indicating the position of the active 
induction cell modules, diagnostic cells, injector and end 
station. Each cell is instrumented with a pulse solenoid for 
transport. 

The original complement of beam diagnostics for 
commissioning included a movable end station 
complemented with a Faraday cup, slit and slit-cup pairs, 
and scintillator viewable through downstream flange 
window. A pepper-pot mask and dedicated scintillator 
were added later, with the removal of the slit/slit-cup 
pairs. Other non-interceptive beam diagnostics included 6 
capacitive plate beam position monitors at the diagnostic 
cell locations, solenoid current transformers, and 
accelerator cell voltage resistive monitors. This level of 
beam instrumentation was sufficient for initial beam 
transmission studies and beam quality 
––––––––––––––––– 
* This work is supported by the Director, Office of  
Science, Office of Fusion Energy Sciences, of the U.S. 
Department of Energy under Contract No. DE-AC02-
05CH11231. 
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Figure 1: NDCX-II beamline and schematic. 

 

measurements. 

ENHANCED DIAGNOSTICS AND 
COMMISSIONING STRATEGY 

The modular beamline is built up from 21 identical 
induction cells and 6 diagnostic cells. For these 
commissioning exercises, only 7 of the induction cells are 
active, with the remaining inactive cells providing drift 
length for longitudinal compression. We utilized an 
additional 10 inactive cells as reciprocal inductive current 
monitors. The drive matching circuits for these cells were 
modified to provide a ~5  termination, and measured L/R 
response times were in the range of 1.6 – 2.2 μs.  

These additional current diagnostics increased the 
spatial resolution of time-of-flight measurements along 
the beamline, and permitted determination of velocity and 
beam energy to within accepted error margins. 
Furthermore, interpolation of the beam arrival time and 
beam pulse duration to the active induction cell positions 
permits fine tuning of the accelerating voltage waveform 
amplitude and delay, enabling optimization of the bunch 
compression process and tailoring of the magnetic 
solenoid lattice. 
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LONGITUDINAL COMPRESSION AND 
ACCELERATION 

The 7 active induction cells function to impress a time-
varying energy (or velocity) ramp on the beam and, with 
the additional drift lengths between them, to allow the 
beam to compress longitudinally with concurrent increase 
in the peak current. The injector and induction cell 
voltage waveforms are shown in Fig. 2 for a particular 
tune of delays and amplitudes. 

 

 
Figure 2: Injector and induction cell voltages. Interpolated 
beam arrival times and pulse durations are indicated. 

Beam line charge density profiles and beam current 
profiles are measured with the BPMs and inductive 
current monitors, respectively. The current waveforms are 
shown in Fig. 3. 
 

 
Figure 3: Evolution of beam current profile. 

Time-of-flight calculations based on the arrival times of 
the pulse leading edge at the monitoring stations is used to 
generate a profile of the beam velocity and energy 
evolution through the machine. The peak current, average 
beam energy, and pulse duration (FWHM) are shown in 
Fig. 4. 

BEAM TRANSPORT 
Several classes of solenoid focusing lattice tunes were 

examined for beam matching and transmission in the 
drifting (i.e. not accelerator or compressed) case. Simple 
space-charge dominated envelope simulations were 
performed and are shown in Fig. 5. 

 

 
Figure 4: Evolution of longitudinal beam parameters. 

 

Injector Exit  

Peak solenoid  
field in lattice 
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Figure 5: Solenoid transport tune classes for 135 keV, 65 
mA drifting beam. 

 
Figure 6: Solenoid field profile match to evolving beam 
current and energy. 

 
These tune classes provide a basis for tuning the 

compressed pulse case. Using the field scaling B2~Ipk/vavg, 
where Ipk and vavg are the peak currents and average bunch 
velocity, respectively, we retune the solenoid field (Fig. 6) 
to maintain constant beam radius along the accelerator.  
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BEAM EMITTANCE AND FLUENCE  
At the target plane, a scintillator captures the beam 
transverse profile, while a pepper-pot is used to measure 
the 4D phase space distribution. The last solenoid is 
scanned to vary the beam envelope and convergence 
angle. The resultant variation in the radius, peak fluence, 
and emittances is shown in Fig. 7 for the compressed 
beam case (Table 1).    
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Figure 7: Peak intensity and emittances at target plane. 

Table 1: Target Plane Beam Parameters 

 Drifting Compressed 
Final energy (keV) 135 315 
Peak current (mA) 65 760 
Pulse length, FWHM (ns) 450 20 
50% beam radius (mm) 5.1 11.8 
Average fluence (mJ/cm2) 3 0.84 
Peak intensity (kW/cm2) 8.8 88 

INITIAL TARGET EXPERIMENTS 
Intense, short ion beam pulses enable pump-probe type 

experiments to access the multi-scale (ps to many 
seconds) dynamics of radiation induced defects in 
materials [5, 6]. Using NDCX-II, we are conducting 
studies to examine the pulse length and peak fluence 
dependence on lattice defect generation and recovery in 
single crystal silicon and metals.  First, we irradiated 
single crystal silicon (100) samples and performed ex situ 
SIMS (Secondary Ion Mass Spectrometry) analysis of Li 
ion depth profiles [5].  Here, damage built-up during ion 
implantation shots reduces the probability for ions to 
channel along high index crystal directions.  When 
varying dose rates (~0.1 - 50 mA/cm2) and pulse lengths 
(~20 - 500 ns), we saw evidence for defect recombination 
on a 100 ns time scale.   

In the next series of experiments we utilize a thin (1-
μm) single crystal silicon (100) membrane to intercept the 
beam. The membrane thickness is chosen to block the 
randomly scattered ions while allowing the channeled ion 
flux to pass. A fast Faraday cup (FFC) on the downstream 
side of the membrane is used to collect the transmitted 
ions with a time resolution of a few ns.  The effect of 

pulse duration and peak fluence on transmitted beam is 
shown in Fig. 8. In the long pulse/lower fluence (137 keV, 
640 ns, 6 nC) case, the transmitted flux profile reproduces 
the control case without the Si membrane, indicating low 
effective angles for the uncompressed beam. In the short 
pulse case (261 keV, 40 ns, 2.2 nC), the transmitted ion 
current profile deviates significantly from the control 
case.  For the tuning conditions of this 40 ns shot, ions in 
the pulse peak are mostly absorbed in the membrane, 
indicating effective beam angles of a few degrees, while 
trailing ions later in the pulse transmit the membrane, 
indicating beam angles <1º.  The critical angle for 
channeling of ~300 keV Li+ ions in Si (100) is about 1º.  
Ion transmission tracking provides in situ feedback for 
tuning of effective beam angles.  For the short pulse tune 
in Fig. 8, ions in the peak generate defects (vacancies and 
interstitials) and the disordered lattice is probed by ions 
that arrive later on channeling trajectories.  For the 
relatively low dose rates present in the shots shown in 
Figure 8, we see no evidence for damage built-up.  Dose 
rates will be increased 10 to 50 fold in experiments with 
shorter (~15 ns), more intense (~40 nC) pulses.  Tuning of 
pump-probe type ion beam pulses shapes [6] and 
implementation of auxiliary diagnostics will enable 
unprecedented access to multi-scale defect dynamics in 
materials.   
 

 
Figure 8: Current traces for a single 640 ns long (left) and 
40 ns short pulse, (right), with (green) and without (red) 
Silicon membrane target in front of the FFC.   

SUMMARY 
We have implemented diagnostics and tuning 

techniques to produce a variety of target plane conditions 
on NDCX-II, with unneutralized pulse compression ratios 
of 10-20 for high perveance (~10-2) beams. The measured 
beam quality matches numerical predictions. We present 
results from experiments that utilize the unique short 
pulse capabilities of NDCX-II.   
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BETATRON X-RAYS FROM A LASER WAKEFIELD ACCELERATOR IN
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Abstract

Betatron x-rays with multi-keV photon energies have

been observed from a GeV-class laser-plasma accelerator.

The experiment was performed using the 200 TW Callisto

laser system at LLNL to produce and simultaneously ob-

serve GeV-class electron beams and keV Betatron x-rays.

The laser was focused into various gas cells with sizes rang-

ing from 3 to 10 mm, and containing mixed gases (He, N,

CO2, Ar, Ne) to accelerate large amounts of charge in the

ionization induced trapping regime. KeV betatron x-rays

were observed for various concentrations of gases. Elec-

tron spectra were measured on large image plates with the

two-screen method after being deflected by a large 0.42

Tesla magnet spectrometer.

INTRODUCTION

Laser Wakefield Acceleration (LWFA)[1] is one of the

most notable applications of petawatt-class laser systems.

Since the discovery that this mechanism can accelerate mo-

noenergetic electron beams up to energies comparable to

those obtained with conventional rf accelerators[2, 3, 4]

but in a table-top setup, novel applications of these elec-

tron beams have been constantly increasing. Concurrently,

x-ray sources such as synchrotrons, or more recently free-

electrons lasers such as the Linac Coherent Light Source

(LCLS)[5] continue to explore new properties of atoms,

molecules, condensed matter, warm dense matter or plas-

mas. In this context, LWFA beams are very attractive to

seed the next generation of light sources. Such beams

can either be wiggled by an external periodic magnetic

structure[6] or directly by the plasma in the wake of the

laser pulse[7, 8] to produce keV x-rays. The latter exam-

ple, the betatron x-ray source, first observed in a beam-

driven plasma channel[9] is the subject of this work, and its

mechanism can be described as follows: an ultrashort (fem-

tosecond), ultraintense (I > 1018 W/cm2) laser pulse is fo-

cused under vacuum on the edge of a gas target. The gas

is fully ionized to form a plasma. The laser ponderomotive

force (proportional to the gradient of light intensity) plows

the electrons of the plasma away from the strong light in-

tensity regions. Because of the very short duration of the

laser pulse, the heavier ions stay immobile and a bubble

free of electrons is formed in the wake of the pulse. At

∗This work was performed under the auspices of the U.S. Department

of Energy under contract DE-AC52-07NA27344, and supported by the

Laboratory Directed Research and Development (LDRD) Program under

tracking code 13-LW-076.

the back of this bubble, some electrons are trapped, ac-

celerated and wiggled by the electrical fields present in

the plasma: these electrons emit the betatron x-rays. This

source produces broadband, synchrotron-like radiation in

the keV energy range[10, 11], within a source size of a few

microns[12, 13], a divergence of less than 100 mrad[14],

and a pulse duration of less than 100 fs[15]. Since betatron

x-rays are directly related to the electrons emitting them,

the source is also widely used as an electron beam diagnos-

tic. The electron beam emittance and size can be deduced

from the x-ray beam profile[14], spectrum[16] or source

size[17], using various x-ray spectroscopy and imaging

techniques. Traditionally, betatron x-rays are produced in

the blowout regime of laser wakefield acceleration[18] us-

ing pure helium gas, where electrons are self-injected into

the wake. This paper investigates the properties of betatron

x-ray radiation produced in mixed gases.

BETATRON RADIATION MODELING

The motion of an electron accelerated along ~uz with mo-

mentum ~p and position ~r in the wake of a laser pulse can

be described by the Lorentz equation of motion:

d~p

dt
= −mω2

p

~r

2
+ α

mcωp

e
~uz, (1)

where m is the electron rest mass, e the elementary charge,

and ωp =
√

nee2/mǫ0 is the plasma frequency. Here, ne is

the electron density, and ǫ0 the vacuum permittivity. In the

blowout 3D nonlinear regime of laser wakefield accelera-

tion [18], α = 1
2

√
a0 is the normalized accelerating field,

where a0 is the laser normalized vector potential, typically

around 2 for our experiments. Equation 1 can be solved

by using a 4th order Runge-Kutta algorithm to obtain the

single electron trajectories for given initial conditions and

fields. The electron trajectory is used to calculate the inten-

sity radiated by the particle per unit frequency ω and solid

angle Ω [19]:

d2I

dΩdω
=

e2ω2

4πc

∣

∣

∣

∣

∫

∞

−∞

~n× (~n× β) eiω(t− ~n.~r

c
)dt

∣

∣

∣

∣

2

, (2)

where ~n is the vector corresponding to the direction of ob-

servation, and β = v/c the normalized electron velocity.

The betatron x-ray beam profile is calculated by integrating

Equation 2 over frequencies. Figure 1 shows an example

of electron trajectory, with its corresponding betatron x-ray

spectrum and beam profile. For this particular case, the pa-

rameters are ne = 1019 cm−3, γ = 200, x0=1 µm, y0 = 0,
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Figure 1: From left to right: example of an electron trajec-

tory in the plasma, with the corresponding betatron spec-

trum observed on-axis and the x-ray beam profile.

To Forward Imaging!

Gas cell!
4mm!

!"

#"

Magnet! OAP!Pellicle!
IPA IPB 

Probe pulse!

!"

Figure 2: Experimental setup for betatron x-rays produc-

tion and detection (see text for details).

and α = 0. The trajectory was calculated using 3000 time

steps (with each unit step dt = 0.2c/ωp). At each point of

calculation of the trajectory, the spectrum and beam profile

were calculated using frequency steps of 100 eV. For the

chosen parameters, ωc= 4.2 keV and K ≃ 6. The beam has

a divergence of 1/γ and K/γ along the direction parallel

and perpendicular to the plane of the oscillations, and the

on-axis spectrum peaks at ∼ 2 keV. Although more com-

putationally intensive, electrons trajectories obtained from

PIC simulations can be post-processed using Equation 2

to calculate the spectrum and profile with a much better

resolution[20].

EXPERIMENTAL SETUP

The experiments were conducted at the Jupiter Laser Fa-

cility (JLF) using the 200 TW Callisto laser system. Cal-

listo can deliver up to 12 J in a 60 fs pulse (full width at half

maximum, fwhm). The 13 cm diameter beam was focused

by an off-axis parabola (f/8) onto the 500 µm entrance pin-

hole of a gas cell. The experimental setup is shown on

Figure 2. The laser focal spot size w0 was measured under

vacuum at low power to be 12 µm. The back pinhole is 1

mm wide, and we have used different gas cell lengths (from

3 mm to 10 mm) as well as two-stage designs [21]. The cell

was typically filled with He gas, but also with N, CO2, Ar

and Ne. Electron densities ranging from 2× 1018 cm−3 to

1.5 × 1019 cm−3 were measured for each shot with a 100

fs probe using interferometry in combination with an Abel-

inversion code. The laser spot at the exit of the gas cell was

imaged using a forward diagnostic, and spectrally resolved

using grating and prism-based spectrometers. The electron

beams were characterized using a two-screen spectrometer

[22, 23]. This system provides an accurate measurement
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Figure 3: Betatron x-ray beam observed on IPa through

the pie-shaped set of filters (left) and corresponding Ross

filter pairs used to measure the spectrum (right). Each pair

corresponds to the difference of signal observed through

two specific filters. The nine pairs (and their respective

mean energy En and bandwidth ∆En) are, from low to

high x-ray energy: 5.5 µm Ti and 37.5 µm Saran (3.9 keV,

2 keV), 20 µm V and 30 µm Ti (5.2 keV, 0.45 keV), 15 µm

Cr and 20 µm V (5.7 keV, 0.45 keV), 10.5 µm Fe and 15

µm Cr (6.5 keV, 1.05 keV), 10 µm Co and 15 µm Fe (7.4

keV, 0.53 keV), 24.35 µm Ni and 30 µm Co (8.3 keV, 0.52

keV), 19 µm Zn and 17.5 µm Cu (9.3 keV, 0.6 keV), 22.5

µm Nb and 30 µm Zn (18.5 keV, 0.9 keV), 58 µm Sn and

52 µm Cd (28 keV, 2.3 keV).

of the energy of the electrons, the vertical and horizontal

angle that the electrons exit the plasma relative to the origi-

nal laser axis, the divergence, and the electron charge. The

electrons exiting the plasma are deflected in the vertical di-

rection by a 21-cm-long, 0.42 Tesla dipole magnet. The

electrons are detected by two successive image plates (IPa

and IPb) allowing for a unique solution to their energy and

deflection, provided common spatial features can be iden-

tified on both image plates. Both the betatron x-ray beam

profile and the x-ray spectrum were measured on the first

image plate IPa. At the vacuum/air interface, we used a 12

µm thick Al foil to block the 800 nm light from the laser

as well as a 60 µm mylar window to hold vacuum. X-rays

(profile or spectrum) are then measured on the image plate.

To measure the x-ray spectrum from 1 keV to 30 keV, we

used a set of Ross filter pairs, with transmission functions

that provide narrow energy bands. The number of x-ray

photons per unit energy is given by Nph = Sn/(Tn∆En),
where Sn, Tn and ∆En are respectively the signal, trans-

mission and bandwidth of a given energy band. Shown on

Figure 3 is a typical x-ray beam observed on IPa through

the pie-shaped sets of filters, as well as the energy bands

used in the experiment.

RESULTS AND DISCUSSION

Betatron x-rays where observed in different gases. For

the different profiles shown in Figure 4, observed on IPa

through the filters, the x-rays where produced in a 4 mm

gas cell containing mixed gases. Although these x-rays

where produced in different gases, in order to make quan-

titative arguments it is important to note that they corre-
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Figure 4: Betatron x-ray beam beam profiles observed on

IPa through the pie-shaped set of filters (see text for de-

tails). The gas composition for each shot was (from top

left, clockwise): 100% He, 95% He and 5% Ar, 80% He

and 20 % N2, 80% He and 20 % N2, 98% He and 2% Ar,

95% Ar and 5% He.

spond to different electron beam energies. The electron

beam maximum energy (the largest contribution to the x-

rays) is, for each of these shots: 234 MeV, 300 MeV, 385

MeV, 186 MeV, 280 MeV, 125 MeV (from top left, clock-

wise). Electron densities were in the 5 × 1018- 1 × 1019

cm−3 range for each of these shots and 2 < a0 < 2.5.

In some cases (Figure 4) the beam profile could be very

well observed on both IPa and IPb with a 25% transmis-

sion from IPa to IPb. According to the theoretical and

experimental response function and transmission curve of

the image plates[24], it means that the beam contains a

large amount of x-rays with energies above 20 keV. For

this particular case, the electron beam peaked at ∼ 385

MeV, where most of the charge was located. Since the crit-

ical frequency scales with γ2 and that in practical units,

h̄ωc[keV]=5 × 10−24 × γ2ne[cm−3]r[µm], it means that

for ne = 1019 cm−3 and γ = 750, r ≃ 0.7 µm when the

electrons reach their end energy. The drawback of using fil-

ter wedges in our experiments was the beam pointing jitter.

As observed on Figure 4, the beam center location varies

up to a few milliradians around the filter tips. Since the

x-ray intensity and energy strongly depend on the angle of

observation (Equation 2), making quantitative statements

about the x-ray spectrum requires x-ray measurements be

made at the same angular position with respect to the beam

center.

CONCLUSION AND PERSPECTIVES

In conclusion we have observed betatron x-rays at ener-

gies beyond 20 keV in a collimated beam with <30 mrad

divergence. X-rays have been observed in pure He, but also

in He/N and He/Ar mixes, which opens several possibili-

ties to improve and control the x-ray flux and spectrum of

the source. By taking advantage of electron acceleration

in the ionization-induced trapping regime, large amounts

of charge can be trapped and produce bright betatron x-

rays. Our preliminary measurements support betatron os-

cillations of ∼1 µm in the plasma, but also show that a

simultaneous measurement of the x-ray beam profile and

spectrum at a particular angle is necessary in order to make

quantitative arguments about betatron x-rays production in

this regime.
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PARTICLE-IN-CELL MODELING OF DIELECTRIC WAKEFIELD 
ACCELERATOR* 

C.-K. Huang#, T. J. T. Kwan, D. Yu. Shchegolkov, and E. I. Simakov, Los Alamos National 
Laboratory, Los Alamos, NM 87545, USA

Abstract 
We explore the potential of Dielectric Wakefield 

Accelerator (DWA) to achieve compact high gradient 
acceleration of high brightness beams required by an X-
ray Free Electron Laser (FEL). Particle-In-Cell (PIC) 
simulations of a LANL DWA experimental design 
utilizing a double triangle beam current profile indicate 
accelerating field >100 MV/m and large transformer ratio 
are accessible while the longitudinal wakefield phase is 
insensitive to beam parameters and radial offset for fixed 
longitudinal profile. End-to-end simulation is developed, 
which allows us to validate and optimize future DWA 
experimental design.     

INTRODUCTION 
The pre-conceptual design for Matter-Radiation 

Interactions in Extremes (MaRIE) future signature facility 
at LANL calls for a 12 GeV electron linear accelerator for 
hard X-ray FEL production. MaRIE demands a high 
quality electron beam with the electron bunch charges of 
0.1 to 1 nC, normalized RMS emittances of 0.1 to 1 mm, 
and RMS energy spreads of less than 0.1%. A major 
deficiency of the conventional accelerator technology is 
the accelerating gradient that is limited to a few tens of 
MV/m, which put a severe restraint on the cost and future 
upgrade of such facility.  

The wakefield which causes the dominant energy 
spread in beams in conventional linacs can be used in 
carefully designed electromagnetic structures, 
specifically, dielectric loaded waveguides in this study, to 
generate extraordinary gradients and potentially small 
energy spreads for electron beam acceleration. In this 
paper we present simulation study to assess the 
characteristics of DWA and its potential applications in 
advance of experimental validation. 

THEORY ON WAKEFIELD IN DWA 
Figure 1 shows the schematic of the dielectric-lined 

metallic waveguide. Here we confine our study to a 
waveguide with cylindrical symmetric geometry. The 
theory of wakefield generation in a cylindrical dielectric 
waveguide is generally formulated in frequency domain 
and dated back at least to 1951 in Ref. [1], where Bessel’s 
equation for the fields is solved with boundary matching 
conditions at the dielectric-vacuum interface. In general, 
the dielectric-lined waveguide supports infinite number of 
discrete Hybrid EM modes. The supported EM modes 
have low frequency cut-off determined by the geometric  
 

 
Figure 1: A schematic of the DWA consisting of a 
dielectric-lined metallic waveguide and an electron beam 
as the excitation source. 

parameters of the waveguide and the dielectric constant ε 
of the liner materials.

   

However, for axial symmetric excitation (azimuthal 
mode number m=0), the TE and the TM modes are 
decoupled. For co-linear particle acceleration, the TM0n 
modes are most useful for particle acceleration via the 
strong longitudinal electric field. While TE modes are 
detrimental to acceleration but can be used for beam 
deflection.  

 In Ref. [1], the dispersion of the TE, the TM and the 
HEM eigen modes are derived. Similar efforts are found 
in Ref. [2-4] for resonant modes driven by a moving 
particle. Here we adopt the notation used in Ref. [3] and 
summarize the key results relevant to our interests below: 

(1) The conditional equation (dispersion relation) for 
modes with phase velocity vph = β = v/c, 

€ 

C(s) =
m2sk 2
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β 2
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 (1) 

where 

€
 

k 2 =ω 2(1−β 2) /v 2, 

€ 

s2 =ω 2(εβ 2 −1) /v 2 ,

€ 

k0 =ω /c , 
and Rm, R’m, Sm, S’m are combinations of mth–order Bessel 
functions of the first and second kinds as defined in Eq. 
(35-38) in Ref. [3].  

(2) The TMmn longitudinal electric field for a single 
particle (Green’s function), 

€ 

Ez,mn (r,θ,z − vt) = −8ecos(mθ)cos ω
v
(z − vt)
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and sn is the solution of Eq. (1). 
To obtain the wakefield generated by a beam, one can 

convolve (sum) the single particle field from Eq. (2) with 
the beam profile. For smooth beams, this can be done 

 ____________________________________________  
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with sufficient accuracy using the first few modes excited. 
However, this procedure will involve more modes if the 
beam profile has a large Fourier content.  A more efficient 
method is the expansion of the fields into the orthonormal 
modes of the dielectric waveguide [5]. In addition, 
evanescence modes that co-move with the beam have to 
be taken into account for Gauss’s law to be satisfied [6].    

DWA PROTOTYPE EXPERIEMENT 
We attempt to combine the concepts of the dielectric 

wakefield acceleration and the Emittance Exchanger 
(EEX) [7] in a unique way to experimentally demonstrate 
a high-brightness DWA with an acceleration gradient 
exceeding 100 MV/m and with less than 0.1% induced 
energy spread in the accelerated beam. The designed 
DWA parameters are listed in Table 1. ELEGANT 
simulation is used to track the beam through the beam line 
elements to the entrance of the DWA. More detail about 
the beam optics to produce the double triangle drive beam 
current profile and a witness beam can be found in Ref. 
[7]. Theoretical analysis [8] indicates that a double 
triangle drive beam can excite a wakefield with large (>2) 
transformer ratio.  

Table 1: DWA Parameters 

PIC SIMULATION OF DWA 

We use PIC codes MERLIN [9] and LSP [10] to model 
the DWA in 2D cylindrical (r, z) and 3D (r, θ, z) 
geometries, respectively. We first conduct benchmark 
with analytic DWA theory presented in Ref. [3] using the 
same dielectric waveguide parameters defined in Table 1, 
but with a longer 4 ps, 5 nC, 100 MeV double-triangle 

beam of a temporal profile described by 

€ 

f (t) = t  for 0 ≤ t 
≤ 0.85 ps and

€ 

f (t) = t − 0.52  (ps) for 0.85 ps ≤ t ≤ 4 ps. 
    The MERLIN simulation uses stationary box of size 
0.662 mm × 30 mm. The simulation box is divided into 
133×6000 cells. The dielectric material is placed at 0.57 
mm < r < 0.662 mm. The cell size is 0.00498 mm × 0.005 
mm and the time step is 11.7 fs. The electron beam is 
injected from the boundary at z=0 mm. 1600 macro-
particles per cell is used for the beam. Perfect Electric 
Conductor is used at the boundaries at z=0 mm and r = 
0.662 mm. Transmitting boundary for particles and fields 
is used for the boundary at z=30 mm.   

Benchmark Result 
   The longitudinal wakefield in the simulation and the 
analytical result based on the formalism described in 
previous section are compared in Fig. 2. The simulation 
lineout is taken at radius R=0.37 mm when the beam has 
propagated 2.464 cm into the DWA. Good agreement 
between the simulation and theoretical result is seen for 
the wakefield generated in the beam (the decelerating 
field) and behind (periodic accelerating and decelerating 
fields). Lineout on the axis shows similar agreement but is 
noisier. The deceleration field within the drive beam is 
nearly flat, which is a consequence of the double-triangle 
drive beam current profile and important for a high 
transformer ratio (in this particular example, Edec≈17.5 
MV/m and Eacc≈117 MV/m, leading to a transformer ratio 
of about 6.7). The difference at t >35 ps is due to the 
transient behavior of the wake excitation near the DWA 
entrance. 

 
Figure 3: Comparison of the wakefield generated by on-
axis beam (MERLIN) and off-axis beam (LSP, shifted by 
20 µm at θ=0) at t=41 ps. The simulation lineouts are 
taken at R=0.04 cm and θ=1.5, 4.5.    

When the transverse shape of drive beam is varied among 
a radial flat-top profile with radius of 0.2 mm (result 
shown in Fig. 2) and a Gaussian profile with spot size of 
0.165 mm and 0.0825 mm respectively (not shown), the 
longitudinal dependence of the longitudinal wakefield 
shows little variation in overall shape but different noise 
levels (noisier for narrower beam). The former 
observation is consistent with Eq. (2) where the 
longitudinal and radial dependences are completely 
separate. On the other hand, higher longitudinal resolution 
simulation indicates that the noise is a numerical artifact, 
which mostly results from under-resolving the sharp edge 
of the double triangle beam. 

Parameter Value 

Inner/Outer radius b/a 0.57 mm / 0.662 mm 

Dielectric constant ε 3.75 

TM mode cutoff freq.  298 GHz  

Drive/Witness beam charge 5 nC / 250 pC 

Drive/Witness beam length 2.35 ps / 100 fs 

 

Figure 2: Comparison of theoretical prediction and 
MERLIN simulation result for the longitudinal wakefield 
driven by a double triangle beam.  

z=2.464cm  

E
dec

~17.5MV/m E
acc

~117MV/m 

Drive  

beam 
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   The wakefield of an off-axis beam in LSP simulation is 
compared to the MERLIN simulation and the theory in 
Fig. 3. The result shows that its longitudinal dependence 
is largely unaffected by the shift as the theory predicts.  

End-to-End Simulation of DWA 

Although our benchmark shows reasonable agreement 
between the DWA analytical theory and simulation, 
experiment conditions are often non-ideal, requiring more 
realistic simulation to validate the experimental 
observations and to optimize the design.  It is important 
that this can be done in an end-to-end type simulation 
where beam particles are tracked through various beam-
line elements and modeled self-consistently in the DWA. 
For this purpose, we started developing a link between the 
beam tracking code ELEGANT and the electromagnetic 
PIC codes. We have built such a prototype code for 
linking with the 2D cylindrical code MERLIN. The 
particles are taken from the ELEGANT simulation, 
resampled (described below) and injected into MERLIN 
simulation, while the transverse beam fields are first 
calculated in a quasi-static solver similar to Ref. [11] and 
subsequently imported into the MERLIN simulation as 
initial conditions. For relativistic beams, the beam fields 
are predominantly quasi-static fields and the longitudinal 
fields can be ignored, therefore a quasi-static solver would 
be sufficient (an advantage of this approach is the removal 
of the image charge at the DWA entrance in the 
simulation). Because of the cylindrical nature of the 
MERLIN code, we need to apply an extra step to slice and 
symmetrize the beam particle population (not necessary in 
3D simulation). We assume the beam has a cylindrically 
symmetric Gaussian shape at the entrance of the DWA 
and calculate a cut-off radius according to the following 
formula for each slice,  

              

€ 

Q(z) = 2π Jb0(z)
e

e−r
2 σ r

2

rdr
0

Rcut∫                      (3) 

where Q(z) and Jb0(z) are the total charge and on axis 
longitudinal current density of the each beam slice from 
the ELEGANT data.  

Figure 4 shows the calculated cut-off radius using this 
approach.  Figure 5 shows the charge density of the beam 

injected into the MERLIN simulation and the longitudinal 
wakefield generated in the DWA.  

 
Figure 5: (Top) The on-axis beam charge density in an 
end-to-end simulation of DWA using MERLIN and input 
from ELEGANT and parameters in Table 1. Both drive 
and witness beams propagate to the left. (Bottom) The 
longitudinal wakefield generated (x1 in cm and E1 in 
MV/m). An accelerating field >100 MV/m together with a 
transformer ratio >3 are observed. The field noises are 
mostly due to the under-resolved sharp edge of the beam. 

SUMMARY 
We have carried out 2D and 3D PIC simulations of the 

DWA concept for potential application in high gradient 
compact accelerator. Simulations show good agreement 
with the analytic DWA theory for the accelerating field, 
the transformer ratio and the longitudinal dependence of 
the accelerating field with respect to the transverse beam 
shape and offset. End-to-end simulation shows that the 
LANL proof-of-principle DWA design can achieve an 
accelerating field >100MV/m and a transformer ratio >3. 
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Figure 4: The on-axis beam current density (black) from 
the ELEGANT and the calculated cut-off radius (red) for 
the symmetrized Gaussian beam distribution.  
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BEAM PULSE SHAPING EXPERIMENTS FOR UNIFORM HIGH 
GRADIENT DIELECTRIC WAKEFIELD ACCELERATION* 

D. Shchegolkov#, E.I. Simakov, Los Alamos National Laboratory, Los Alamos, NM 87545, USA 
S. Antipov, Euclid TechLabs, Solon, OH 44139, USA 

M. Fedurin, C. Swinson, Brookhaven National Laboratory, Upton, NY 11973, USA 
    

Abstract 
Dielectric wakefield accelerators (DWA) can produce 

high accelerating gradients and could possibly be used as 
afterburners for the accelerators of future free electron 
lasers (FELs) such as X-ray FEL of the proposed Matter-
Radiation Interactions in Extremes (MaRIE) experimental 
facility at LANL [1]. With a double triangular drive 
bunch DWAs can produce a high transformer ratio. Also, 
by slightly customizing the time profile of the accelerated 
bunch it is possible to achieve high gradient uniformity 
along the accelerated bunch resulting in a low induced 
energy spread [2]. We plan to test a DWA which would 
incorporate all those benefits. The only way to produce 
the desired current profile of the main and drive bunches 
is to use current shaping with a beam mask. A variation of 
this technique is currently used at Accelerator Test 
Facility (ATF) at Brookhaven National Laboratory (BNL) 
which is available for outside users' experiments. 

We report our recent beam shaping experiments at 
BNL for a transformer ratio test. We used a 58 MeV 
energy chirped electron beam and a single dogleg with a 
beam mask inserted in a region where the beam transverse 
size was dominated by the correlated energy chirp. Both 
measurement results and Elegant simulation data are 
presented. 

INTRODUCTION 
A demand for compact accelerators has recently 

resulted in an increased interest in dielectric wakefield 
accelerators (DWAs). The DWA is formed by one or 
several co-axial dielectric layers surrounded by metal 
cladding (Fig. 1) [3]. Wakefields in dielectric structures 
may reach gradients on the order of 10 GV/m [4] with 
100 MV/m being demonstrated in multiple experiments 
[5]. They also have the remarkable property that the 
wakefield’s axial electric field and the transverse electric 
field are transversely uniform and linear, respectively. 
This is due to the fact that the relativistic drive beam and 
the subsequent wakefield travel very nearly at the speed 
of light. If one can make the wakefield to be 
longitudinally constant along the bunch it will result in no 
induced energy spread within the bunch, leading to an 
extraordinary condition of preserving the main beam 
brightness while providing high gradient acceleration. We 
have realized that by a proper longitudinal customization 
of the accelerated beam the induced energy spread in a 
DWA can be made small enough (<0.1%) to satisfy tight 
requirements for X-ray free electron laser linac 

afterburner of the proposed Matter-Radiation Interactions 
in Extremes (MaRIE) facility at LANL [1, 2, 6]. 

An important characteristic of the wakefield 
acceleration is a transformer ratio (TR). It is the ratio of 
the peak accelerating gradient to the peak decelerating 
gradient experienced by the drive bunch, and thus it 
determines how long the drive bunch will be stable before 
some part of it decelerates to low energies. For a finite 
length longitudinally symmetric bunch the TR can never 
exceed 2 [7]. An enhanced TR can be achieved with a 
ramped beam or a ramp-profiled bunch train [7]. Recently 
a Double Triangular (DT) beam shape was proposed 
making possible high TRs with almost uniform drive 
bunch deceleration [8]. In the DT bunch the TR is 
approximately proportional to the beam length in 
wavelengths of the induced wakefield radiation and thus 
can be made very large. 

 
Figure 1: The schematic of a dielectric loaded waveguide with 
shaped electron bunches traveling on axis. 

The main obstacle on the way to experimental 
demonstration of superior properties of the DWA with a 
DT drive beam is that the DT bunch shapes are difficult to 
produce in the submillimeter scale required for ~300 GHz 
DWAs using conventional methods based on direct beam 
current modulation. One of the actively popularized 
methods to shape the beam currents in such a small scale 
is based on an emittance exchanger technique [9]. It is 
easy to shape the transverse beam profile using a mask. 
The emittance exchanger allows to convert a transverse 
particle distribution into longitudinal. However this 
method is relatively new and not available at any user 
accelerator facility although it has already been verified at 
the Fermilab A0 Photoinjector [10]. A relatively simpler 
technique is used at Accelerator Test Facility (ATF) of 
BNL [11] which also allows current shaping on the 
required scale. It utilizes an energy chirped beam which is 
cut with a transverse beam mask placed inside of the 
beamline dispersive region where one transverse 
coordinate is linearly related to both the particle energy 
and arrival time. 

We studied the possibility of using the ATF facility at 
BNL for demonstrating high gradient high transformer 
ratio operation of a DWA with a double triangular beam. 

 ___________________________________________  
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THE BEAMLINE SET-UP 
The electron beam at the ATF is produced with an S-

band RF photoinjector followed by an S-band linac. After 
the linac the beam can be directed to one of three different 
beamlines. For our experiment in May, 2013 we used the 
beamline #2. The system parameters relevant to the 
experiment are listed in Table 1. A linear energy chirp in 
time was produced by accelerating the beam off the crest 
of the RF wave. 
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Figure 2: Principal of beam shaping: simplified scheme with 
only essential beamline elements pictured. Top plot shows 
dispersion evolution caused by the beamline elements. Bottom 
plots show particle distributions in different locations along the 
beamline. 

Table 1: ATF Beamline #2 Beam Parameters. 

Beam energy 58 MeV 

Beam current 100 A 

Pulse shape Square 

Pulse duration 5 ps 

Repetition rate 1.5 Hz 

Beam transverse profile Gaussian 

Normalized transverse emittances ≈ 2 mm*mrad 

Typical energy chirp, ∆E/E 1.5% 

Beamline dispersion, Dx ≈ 1 m 

 
Figure 2 illustrates the principal of beam shaping 

employed at the ATF. Several quadrupole magnets are 
used inside of the dispersion region in the dogleg to 
minimize the beam x-beta function on the mask to make 
the beam size due to the dispersion strongly dominate 
over the beam size caused by a transverse emittance. The 
dogleg is followed by a zero dispersion region with a 
vacuum chamber where a DWA can be installed on a 
motorized mount. The last beamline element is a 
spectrometer. The spectrometer consists of a single dipole 
which produces dispersion, a phosphor coated metal 
screen and a high resolution camera. It also has a set of 
quadrupole magnets for minimizing the beam x-beta 
function on the screen. The brightness of pixels in the 
pictures from the camera is proportional to the density of 
electrons hitting the surface of the screen. There is also a 
number of pop-up phosphor screens with cameras along 
the beamline which are used to visualize the beam during 

a tuning of magnets process which had to be performed 
every day after the accelerator was warmed up. The beam 
parameters, including emittances, varied at the linac 
output quite substantially from day to day. Figure 3 shows 
the plots of the beam twiss parameters inside the whole 
beamline starting from the linac output with magnets' 
currents optimized in MAD-X [12] for beam shaping for 
some realistic set of initial beam parameters. At the top of 
Fig. 3 there is a scheme with all magnets, excluding weak 
dipole magnets used for fine beam steering, positioned 
along the beam path. 

mask

 
Figure 3: Twiss parameters as modeled in MAD-X vs the beam 
propagation distance with the mask location marked. 

BEAM SHAPING EXPERIMENT 
We used a mask on a motorized holder with three 

openings in the form of arrows, one of them being double 
triangular (Fig. 4). The mask was mounted on a motorized 
holder, its orientation corresponded to the tail of the 
arrows always irradiated by higher energy electrons. 

1
2
3

 
Figure 4: Aluminum mask used in the experiment. 

Figures 5-7 show experimental results. The beam had a 
close to a Gaussian shape with no noticeable x-energy 
correlation left after the dogleg (Fig. 5). However the 
spectrometer revealed a strong energy spectrum 
distortion. Also, depending on the sign of the beam 
energy chirp the energy spectrum looked either stretched 
or compressed. The observed behavior was consistent 
with the coherent synchrotron radiation (CSR) effect 
making the beam tail lose more energy than the head  
(Fig. 6). 

 

Figure 5: The beam in the test chamber: pictured with a camera 
using a phosphor screen (left), and simulated (right). 
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Another evidence denoting the charge related effects 
was that a low charge bunch transmitted through the off 
beam center mask opening was reproduced on the 
spectrometer with minimal distortions (Fig. 7). 

 
Figure 6: Left column: the beam profiles measured immediately 
after the mask. Right column: the beam profiles on the 
spectrometer, all at the same horizontal scale. Upper two rows 
are for a single triangular arrow mask, lower two rows are for a 
double triangular arrow mask (due to mechanical constraints 
only half of it was illuminated with the beam). For each mask 
the upper two pictures are for the arrow looking forward in the 
direction of propagation, and the lower two are for the backward 
arrow orientation. 

1

2

1

2

Figure 7: A low charge arrow #2 on the mask (left) is nicely 
reproduced on the spectrometer (right). 

SIMULATIONS 

 
Figure 8: Simulated distribution of electrons in the beam: (a) 
immediately after the mask; (b) on the spectrometer obtained 
using the transfer matrix method; (c) on the spectrometer and (d) 
in the test chamber with account for the LSC effect in drift 
spaces & CSR in the dipole bends. 

In order to confirm the nature of the effects observed in 
the experiment we performed simulations in Elegant [13]. 
We converted the MAD-X beamline model with 
parameters used to obtain the plot in Fig. 3 into Elegant 
format  and  wrote a script to  incorporate  the mask as  an 

x-y filter element in Elegant. Elegant is a matrix code, for 
each beamline element it uses a transfer matrix in the 
form of tensors accounting for up to the 3rd order 
nonlinearities. It can also account for a longitudinal space 
charge (LSC) and coherent synchrotron radiation (CSR) 
by doing a specified number of kicks on the length of 
each beamline element. Figure 8 demonstrates the 
severity of the beam shape distortion inside the beamline 
for the initially 100 A beam. The beam energy spectrum 
looks different compared to its time profile (Fig. 8(c)-(d)). 

CONCLUSION  
We have carried out a beam shaping experiment at the 

ATF BNL user facility. We tried two different masks with 
single and double triangular shapes. For nominal current 
of 100 A we observed a strong CSR effect which 
considerably degraded the output beam energy spectrum. 
At the same time for a low charge beam the shaping 
seemed to work very well. A simple dipole-based 
spectrometer installed on the beamline was not helpful in 
characterizing the beam time profile. An RF deflecting 
cavity is needed to be able to resolve the beam shape in 
time. The deflecting cavity is going to be implemented on 
the beamline in the nearest future. Its addition will allow 
to acquire both the current shape and the energy spectrum 
of the beam needed for a DWA experiment with a double 
triangular beam. However simulations show that 
obtaining a perfect double triangular beam is challenging 
due to space charge related effects and beamline 
nonlinearities. Probably, some of these effects can be 
taken care of by customizing the mask shape. 
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UPDATE ON FABRICATION AND TUNING OF THE PHOTONIC BAND 

GAP ACCELERATING STRUCTURE FOR THE WAKEFIELD 

EXPERIMENT* 

Evgenya I. Simakov
#
, Sergey Arsenyev, Randall L. Edwards, Samuel Elson, Cynthia Heath, David 

Lizon, and William Romero, Los Alamos National Laboratory, Los Alamos, NM 87545, U.S.A.           

Abstract 
We designed an experiment to conduct a detailed 

investigation of higher order mode spectrum in a room-

temperature traveling-wave photonic band gap (PBG) 

accelerating structure at 11.7 GHz. It has been long 

recognized that PBG structures have great potential in 

reducing long-range wakefields in accelerators. The first 

ever demonstration of acceleration in room-temperature 

PBG structures was conducted at MIT in 2005. Since 

then, the importance of that device has been recognized 

by many research institutions. However, the full 

experimental characterization of the wakefield spectrum 

in a beam test has not been performed to date. The 

Argonne Wakefield Accelerator (AWA) test facility at the 

Argonne National Laboratory represents a perfect site 

where this evaluation could be conducted with a single 

high charge electron bunch and with a train of bunches. 

We describe the design of the accelerating structure that 

will be tested at AWA in the near future. We also report 

the results of fabrication and tuning of PBG cells and the 

initial cold-testing of the traveling-wave accelerating 

structure. We discuss the plan for the wakefield 

experiment. 

INTRODUCTION 

The next generation of linear colliders with multi-

hundred GeV to TeV beam energies pushes the frontiers 

of the current beam physics and technology with the goal 

of obtaining high luminosity of the beam and avoiding 

bunch to bunch beam breakup.  Thus, the aaccelerating 

cavities for the future linear colliders must be selective 

with respect to the operating mode, and higher order 

mode (HOM) wakefields that affect the quality of the 

beam must be suppressed. Photonic Band Gap [1] (PBG) 

cavities have the unique potential to absorb all HOM 

power and greatly reduce wakefields. A PBG structure or 

simply, photonic crystal, represents a periodic lattice of 

macroscopic components (e.g., rods), metallic, dielectric 

or both. For accelerator applications, two-dimensional 

PBG resonators based on arrays of metal rods are 

commonly employed. The first ever demonstration of 

acceleration in a PBG resonator was conducted at 

Massachusetts Institute of Technology (MIT) in 2005 [2]. 

Since then, the importance of PBG structures for 

accelerators has been recognized by many research 

institutions worldwide.  

Two attempts to experimentally study wakefields in 

PBG accelerators were conducted to date, but were 

incomplete [3,4]. The MIT team [3] cold-tested the 6-cell 

PBG accelerator structure of [2] in a wide frequency 

range and recorded the wakefield spectrum. They also ran 

a beam test with a train of 200 picosecond electron 

bunches with the charge of 1-18 pC per bunch. Radiation 

was observed at the output port of the PBG structure and 

had a quadratic scaling with current at 17 GHz and at 34 

GHz. However, with the MIT setup, observation of 

significant wakefield radiation into other important 

HOMs, such as a dipole mode was impossible. A more 

advanced test was conducted by a team at Argonne 

National Laboratory (ANL) [4]. They observed 

wakefields in a three-cell X-band standing wave PBG 

structure when driven by a single electron bunch with a 

charge up to 80 nC. Major monopole and dipole modes 

were identified in the collected signal. A variable delay 

low charge witness bunch following a high charge drive 

bunch was used to calibrate the gradient. However, this 

test was not the test of the actual traveling-wave PBG 

accelerator. At this point, the full experimental 

characterization of the wakefield spectrum in a traveling-

wave PBG accelerator is overdue.  

 

Figure 1: A 16-cell traveling-wave PBG accelerator 

structure with two waveguide couplers. 

We have initiated a project at Los Alamos National 

Laboratory (LANL) to conduct the full experimental 

characterization of the wakefield spectrum of a traveling-

wave PBG accelerator structure. We plan to put together 

an 11.7 GHz 2π/3-mode accelerating structure of 16 PBG 

 ___________________________________________  
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cells, install it at the Argonne Wakefield Accelerator 

(AWA) facility and test it with a high charge (up to 100 

nC) electron bunch (as shown in Figure 1) to record the 

full traveling-wave (TW) wakefield spectrum. 

DESIGN OF 11.7 GHZ TW PBG 

ACCELERATOR  

We designed a 16-cell traveling-wave 2π/3-mode PBG 

accelerator structure with characteristics similar to the 6-

cell MIT PBG structure. The PBG accelerator was 

designed at the frequency of 11.7 GHz, which is 9 times 

the frequency of the AWA (1.3 GHz). The design of the 

traveling-wave cells was conducted with the CST 

Microwave Studio [5] and benchmarked with the HFSS 

[6]. The exact dimensions and the accelerator 

characteristics of the structure are summarized in Table 1. 

The structure has a slightly bigger beam opening and 

slightly larger group velocity than the scaled MIT 

structure to be more appropriate and attractive for higher 

current operations. We plan to have 14 traveling-wave 

and 2 coupler cells in the structure, 16 cells total.  

Table 1: Dimensions and accelerator characteristics of the 

11.7 GHz traveling-wave PBG accelerator. 

Frequency 11.700 GHz 

Phase shift per cell 2π/3 

Qw 5000 

rs 72.5 MΩ /m 

[rs/Q]  14.5 kΩ /m 

Group velocity 0.015c 

Gradient 15.4 √P[MW] MV/m  

Rod radius, a  (TW cell/coupler 

cell) 
1.55 mm/1.54 mm 

Lattice vector, b (TW cell/coupler 

cell) 
10.33 mm/10.30 mm 

a/b 0.150 

Length of the cell 8.53 mm 

Diameter of the iris  6.31 mm = 0.250 in 

Thickness of the iris 1.90 mm = 0.075 in 

OD of the cavity 76 mm = 3 in 

 

The coupler cells were designed with the HFSS using a 

periodic voltage standing-wave ratio method. WR-90 

waveguides were attached to the coupler cells, and three 

rods next to the waveguides were removed from the PBG 

structure to achieve critical coupling for the fundamental 

mode. The period and the diameters of the rods in the 

coupler cell differed slightly from the dimensions of the 

TW cell (Table 1) [7].  

 

Figure 2: Photograph of the electroformed cells destroyed 

by brazing. 

 

Figure 3: Photographs of the electroformed 11.7 GHz 

PBG cells and the assembled 16 cell PBG structure on a 

cold test bench. 

FABRICATION AND COLD TESTS OF 

THE 16-CELL STRUCTURE 

Three TW test cells were fabricated first in order to 

benchmark the tuning and brazing processes before 
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fabricating and assembling the 16 cell structure [7]. The 

cells were electroformed by Custom Microwave, Inc. and 

then tuned at LANL with the same etching procedure as 

described in [7,8]. The cells were then brazed in a 

hydrogen furnace and this step was totally unsuccessful. 

The internal stresses in electroformed cells caused 

deformations in the structure and the cells were destroyed 

(Figure 2). The lesson learned was that the electroformed 

structures cannot be brazed and the future 16-cell 

structure will have to be bonded instead of brazed. 

Next we fabricated PBG cells for the 16-cell structure. 

The total number of fabricated cells was 29, which 

included 25 TW cells and 4 coupling cells. The 

photographs of the several TW cells joined together and 

the assembled 16-cell PBG structure with waveguides are 

shown in Figure 3. The PBG cells were fabricated with  

small rings surrounding the beam holes which were 

elevated above the end surface and polished to mirror 

finish (Figure 3). This would ensure good electrical 

contact between the cells after bonding with non-

conductive vacuum-compatible epoxy. 

 

Figure 4: Transmission and reflection through the 

assembled 16 cell PBG structure. 

 

Figure 5: Bead pull field profile measurement in the 16 

cell PBG structure. 

The cells were tested with a network analyser and it 

was concluded that the frequencies of the end cells were 

close to the design value and the frequencies of TW cells 

were high. The frequencies of individual cells differed 

between each other all within 10 MHz frequency interval. 

This corresponded to approximately 0.1 thousand of an 

inch difference in the actual dimensions of cells. The two 

etching cycles were conducted to lower the frequencies of 

the TW cells following the procedures described in [7,8]. 

Each cycle removed 0.1 thousand of an inch or less off 

the diameter of each PBG rod. The frequencies of all PBG 

cells were equalized and lowered. 

The transmission and reflection from the assembled 

PBG structure after the two etch cycles is shown in Figure 

4. The 2π/3-mode is the 6
th

 dip from the right on the 

reflection curve, at the frequency of 11.712 GHz. The 

reflection curve shows that the frequencies of TW cells 

were still higher than the target frequency and more 

etching cycles are needed. 

The same conclusion can be made from the field profile 

measured with a bead pull method (Figure 5). The electric 

field in different cells of the structure differs slightly. The 

measurement of the phase shift between the cells 

confirms that the frequencies of the TW cells still need to 

be tuned down. 

Another etching cycle is currently underway. Once the 

etching is complete, it will be followed by bonding. 

CONCLUSION AND PLANS 

We have planned an experiment to conduct a 

complete evaluation of the higher order mode 

wakefields in a room-temperature traveling-wave open 

photonic band gap accelerator structure at the 

frequency of 11.7 GHz. A 16-cell TW PBG accelerator 

structure was fabricated and is currently undergoing 

tuning. Once tuned, the cells will be bonded together. 

The structure will go on the Argonne Wakefield 

Accelerator beamline in 2014. We plan to drive the 

structure with a single 100 nC electron bunch first and 

look at the spectrum of the wakefields at the waveguide 

outputs and with antennas at the side of the structure. 

We might be able to conduct some experiments with a 

train of bunches and with a low charge witness bunch. 
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BEAM BRIGHTNESS BOOSTER WITH IONIZATION COOLING 
 

V. Dudnikov#, R. Johnson, L. Vorobiev and C. Ankenbrandt, Muons, Inc. Batavia, IL, 60510 USA 
 

Abstract 
The brightness and intensity of a circulating proton 

beam can be increased up to the space charge limit by 
means of charge exchange injection or by electron 
cooling but cannot be increased above that limit. 
Significantly higher brightness can be produced by means 
of charge exchange injection with space charge 
compensation [1]. The brightness of the space charge 
compensated beam is limited at low level by development 
of the electron-proton (e-p) instability. Fortunately, e-p 
instability can be self-stabilized at a high beam density. 
By development of surface plasma sources (SPS) with 
cesiation and RFQ, H- beam injectors were prepared with 
intensity ~0.1 A.  We discuss possibilities for production 
of a “superintense” circulating beam with intensity and 
brightness far above the space charge limit. A beam 
brightness booster (BBB) for significant increase of 
accumulated beam brightness is discussed. Ionization 
cooling can be used for suppression of the beam 
brightness dilution. The superintense beam production 
can be simplified by development of a nonlinear nearly 
integrable focusing system with broad spread of betatron 
tunes and the broadband feedback system for e-p 
instability suppression [2]. 

INTRODUCTION 
    Charge Exchange Injection (CEI) was developed for 
increasing the circulating beam intensity and brightness 
above injected beam parameters by multiturn injection of 
beam into the same transverse phase space areas  [3-5]. At 
that time the intensity of H- beam from plasma source was 
below 5 mA with normalized emittance ~1 π mm mrad. 
The intensity of H- beam from charge exchange sources 
was up to 15 mA, but the brightness B of this H-  beam 
was ~100 times less than the brightness of a primary 
proton beam because only 2% of the proton beam was 
converted into the H- ions. In this situation the increase of 
the circulating beam brightness up to 100 times was 
necessary for reaching of the brightness of primary proton 
beam which can be used for one or several turn injection. 
The intensity and brightness of H- ion beams were 
increased by orders of magnitude by adding a trace of 
cesium into gas discharges (cesiation effect) [6]. After 
development of surface plasma source (SPS) with 
cesiation, the H- beam intensity was increased up to 0.1 A 
with emittance ~0.2 π mm mrad [7,8], so the brightness of 
injected beam approached the space charge limit of real 
accelerators such as the Fermilab Booster [9]. With such 
beam the further increase of circulating beam brightness 
is impossible, but CEI is routinely used to increase the 
circulating beam intensity by many orders of magnitude 
by injection into different parts of the transverse phase 

space (painting in the transverse phase space) [5, 9, 10]. 
Further increase of circulating beam brightness is possible 
by using multiturn CEI with space charge compensation 
by particles with opposite charge (electrons or negative 
ions) [1, 11, 12] 
Unfortunately, such possibility is complicated by strong 
transverse two-beam instability driven by beam 
interaction with accumulated compensating particles in 
the circulating beam. 
The strong instability with fast loss of a bunched beam 
was discovered at 1965 in a small scale proton storage 
ring (PSR) during development of charge exchange 
injection and was stabilized by feedback [3, 4, 5, 12, 13]. 
This instability was explained in [4] as an inverse variant 
of the strong transverse instability of circulating electron 
beam caused by the interaction with compensating ions 
(beam- ion instability) predicted in 1965 by B. Chirikov 
[14]. An analogue of this instability, electron-proton (e-p) 
instability with very low threshold was observed 
experimentally at the same time during accumulation of a 
coasting beam [1, 5, 11-13]. The e-p instability of 
coasting beam was in good agreement with theory [14, 
15].  

 
Figure 1: Schematic of storage ring with diagnostics and 
control.  1-stripping gas target; 2-gas pulser; 3-Faraday 
Cup; 4-Quartz screen; 5, 6-moving targets; 7-ion 
collectors; 8-current monitor; 9-Beam Position Monitor; 
10-Quadrupole pick ups; 11-magnetic BPM; 12-beam 
loss monitor; 13-detector of secondary particle density; 
14-inductor core; 15-gas pulses; 16-gas leaks. 

 
Superintense circulating beam with intensity far above the 
space charge limit was produced in BINP in a simple race 
track ring [5,12,13,16] shown in Fig. 1.   _________________  

#Vadim@muonsinc.com 
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H0 beam with current up to 8 mA, energy 1 MeV, 
produced by stripping of H- beam, is injected by CEI with 
electron stripping in the supersonic hydrogen jet into race 
track with a  bending radius 42 cm, magnetic field 3.5 kG, 
index n=0.2-0.7, straight sections 106 cm, aperture 4x6 
cm2, revolution frequency 1.86 MHz. An inductive core 
was used for compensation of the ionization energy loss 
of ~200 eV per turn, which produces some effects of an 
ionization cooling [3]. 
A superintense proton beam with intensity ~1 A 
corresponding to the calculated vertical betatron tune shift 
ΔQ=0.85x6 =5.1 with Q=0.85 was accumulated with e-p 
instability self-stabilization by fast accumulation of high 
circulating beam current and accumulation of plasma 
from residual gas ionization.  
This self- stabilization of the transverse e-p instability in 
the PSR was explained by increasing the beam density 
and increasing the rate of secondary particle generation 
above a threshold level with fast decrease of the unstable 
wavelength  below the transverse beam size a. (i.e. the 
sum of beam density nb and ion density ni is above a 
threshold level):  
 
(nb + ni)> 2 /2πre a

2 ; (re = e2/mc2). 
 

 
 
Figure 2: Schematic of BBB of circulating proton beam 
with thin targets accompanied by enhanced ionization 
cooling. 1- beam line for transportation of injecting H- 
beam; 2- injecting beam of H-; 3-bending magnets; 4-
vacuum chamber of storage ring; 5- generator of 
supersonic jet- stripping, reaction target; 6- supersonic jet, 
stripping-reaction target; 7- pump-recirculate of target jet; 
8- cone of resonant gamma rays; 9, 13- iron core for 
inductor for compensation of beam energy loss in first 
target; 10-circulating proton beam; 11- magnetic coil; 12- 
yoke of bending magnet; 14- magnetic lenses for beam 
focusing to the target. 

In high current proton rings it is possible to reach this 
“Island of stability” by fast, concentrated charge 
exchange injection without painting and enhanced 
generation of secondary plasma as it was demonstrated in 
the small scale PSR at the BINP [5, 12, 13, 16]. The beam 
brightness loss through proton scattering and ionization 
loss straggling can be compensated by improved 
ionization cooling with beam focusing to the target by 
lenses (14) as shown in Fig. 2. As a prototype of magnetic 
system it is possible to use a round beam collier VEPP 
2000 from BINP with a stron focusing of beams into the 
colliding point by strong solenoids [17]. 
The broad betatron tune and corresponding Landau 
damping are important for increasing the threshold of e-p 
instability [14,15].  This inference is supported by the 
increase of instability threshold with increase of bunching 
RF voltage, increasing of separatrix size and energy 
spread. With high RF voltage only the central (coherent) 
part of the beam is unstable and lost. 
With a broad betatron tune spread it is possible to produce 
stable space charge compensated ion and electron beams 
because e-p instability (electron cloud effect, ion 
instability) should be suppressed by Landau damping [13, 
14, 15]. 
  We hope that production of superintense beam can be 
easier in BBB with a stable close to integrable nonlinear 
focusing  lattice proposed in [2]. 
A possible design of such a storage ring is shown in Fig. 
3. In design of the storage ring with nonlinear focusing it 
is good to have possibility for high brightness beam 
accumulation by charge exchange injection. For energy 
up to 10 MeV it is possible to use a supersonic gas jet as a  
stripping target as was done in the small scale proton 
storage ring in BINP [3-5]. An RFQ and small linac can 
be used as injector with H- beam ~100 mA, 2-10 MeV.  
 

 
Figure 3:  Schematic of storage ring with a nonlinear 
close to integrable focusing system from [2]. 

MOPAC26 Proceedings of PAC2013, Pasadena, CA USA

124C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

03 Alternative Acceleration Schemes

A27 - Accelerators and Storage Rings, Other



 3

Some other methods of space charge compensation were 
discussed in [9, 18].  
A circulating proton beam ~10 or 100 A can be 
accumulated. Such a beam can be used for realization of 
resonance reaction induced by circulating ions in a thin 
internal target. 
The plasma accumulation during accumulation of 
superintense beam was discussed in [11]. 
A comprehensive review of e-p instability in different 
accelerators and storage rings was presented in [19]. 
Theoretical estimation of self-stabilization is presented in 
[20]. Practical application of space charge neutralization 
in advanced ion implanters is considered in [21]. 
With the barrier bucket acceleration, tried at the AGS in 
the collaboration between KEK and BNL [21], it is 
possible to accelerate a long uniform bunch of ions 
without loss of space charge neutralization. Acceleration 
of compensating electrons should be suppressed by 
magnetic field as in [12, 16]. 

CONCLUSION 
BBB with space charge neutralized superintense ion 
beams with intensity far above the space charge limit can 
be useful  in an induction Linac with recirculation and for 
inertial fusion, neutron, antiproton, and muon generators, 
resonant reaction with internal targets, high power density 
physics, FFAG accelerators, and inductive synchrotrons. 
It is very attractive to repeat an accumulation of 
superintense ion beam with modern high current injectors. 
High current density beam should be stable without 
secondary ions. 
The barrier bucket acceleration [22] can be used for 
acceleration of the long uniform bunch of ions without 
loss of space charge neutralization. 
Now from RFQ it is possible to have H- beam with 
current ~100 mA and Energy ~2-3 MeV. 
This can be enough for accumulation of about 1 kA of 
circulating proton beam in a small storage ring with 
R~1m.  
As a first step it is possible to conduct realistic 
simulations of superintense beam accumulation with 
enhanced  ionization cooling. Simulation of the self 
stabilization of the e-p instability can become a basis for 
new advanced accelerators and storage rings with 
intensity far above the space charge limit (by many orders 
of magnitude). This opens the way for new applications 
of accelerator technology in high energy density physics 
and technology. With a high injection current and with 
nonlinear focusing it is possible to have e-p instability self 
stabilization without the high density secondary plasma. 
The important tasks are the development of a physical 
model of electron multiplication, including ion 
generation, slow ion dynamics, ion/electron secondary 
emission, and gas desorption by ion and electron impact.   

An important aspect of this work is the estimation of 
parameters and scales for physical processes, leading to 
the development of a mathematical model. It is necessary 

to verify the proposed physical model. The system of 
Vlasov equations is nonlinear, requiring the use of 
numerical methods to solve them. As the first step it is 
appropriate to perform 1D and 2D simulations and 
compare the results of simulation with available 
experimental data and published results of simulations 
based on other codes [1-5,11-21].  
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TRANSVERSE BEAM DYNAMICS IN PLASMA GUIDED LASER DRIVEN

ACCELERATION

D. B. Cesar, P. Musumeci, UCLA ∗, PBPL, Los Angeles, CA 90095, USA

Abstract

An axially modulated plasma waveguide supports slow-

wave laser modes suitable for direct laser acceleration. The

channel studied here supports a gradient of 2 GeV/m driven

by a 1 TW laser. The transverse beam dynamics are an-

alyzed in the context of the envelope equation and simu-

lated by particle tracing to demonstrate the feasibility of

using a photogun as the electron source. External injec-

tion promises to take advantage of the precision offered by

state-of-the-art RF photogun technology to increase shot-

to-shot reproducibility.

INTRODUCTION

The acceleration of electrons directly by laser fields is an

attractive design for a compact accelerator because of the

large gradients lasers can provide. In particular, direct laser

acceleration (DLA) requires less power than laser plasma

wakefield acceleration (LWFA), which enables more com-

pact designs. In order to take advantage of the high fields

of the laser it is necessary to overcome the restrictions due

to phase slippage implied by the Lawson-Woodward theo-

rem [1]. The DLA scheme pursued here overcomes these

limitations by guiding a high intensity pulse through a cor-

rugated plasma channel [2]. Analogous to a conventional

disk-loaded LINAC, the corrugations introduce slow wave

components phase matched to the electron beam.

Corrugated plasma channels have been created in a laser-

ionized plasma [3]. Gas clusters were ionized and then

heated by a 100ps pulse focused to a line by an axi-

con. The corrugations considered for quasi-phase matching

were created by using a ring diffraction grating to introduce

radial modulations in the laser pulse. The axicon maps the

radial intensity pattern to the axis, and uneven heating of

the plasma leads to density modulations during the shock-

wave expansion. The use of the heater pulse to shape the

modulations offers control over the modulation parameters.

Here we propose fixing the modulation parameters to

provide focusing for an emittance dominated beam. The

transverse beam dynamics in an ideal channel are studied

in the context of the envelope equation. A matched solution

with asymptotically damped oscillations is calculated. The

input beam to match the channel can be obtained from an

RF photogun. This solution bypasses the problems LWFA

experiments have faced with injecting bunches from the

plasma into the accelerating field.

ANALYSIS

Following previous analysis [4], the density profile of the

plasma channel used for Direct Laser Acceleration experi-

∗dcesar@ucla.edu

Table 1: Channel Parameters
n0 km δ wch λ0 a0
5 · 1019/cm3 232200 .9 37 µm 800nm .2

ment can be approximately described as Eq.(1), with addi-

tion of a density ramp, ns(z) to be used for phase-matching

throughout the accelerator [5].

n(z) = n0 [1 + δ sin (kmz)] + n
′′

0 r
2/2 + ns(z) (1)

The parabolic density channel supports TM guided modes

of radially polarized waves. The lowest order solution is

expanded into slow-wave components and the transverse

forces due to the resonant and non-resonant components

are studied and used as the basis for an envelope calcula-

tion. Channel parameters used throughout the paper are

listed in table 1 and are chosen to be consistent with exper-

iment [3]. The channel is taken to be 1.8cm long so that the

length of the accelerating pulse does not limit acceleration

[4]. A laser power of a0 = .20 is chosen to correspond with

the TW laser in construction at UCLA’s Pegasus beamline.

Guided Modes

Since we want a longitudinal field component for accel-

eration, we seek the radially polarized component of the

laser vector potential in the slowly varying envelope ap-

proximation: A⊥ = Âre
i(k0z−ω0t), with Âr satisfying:

[

2ik0

(

∂

∂z
+

1

c

∂

∂t

)

+∇2
⊥

]

Âr =
ω2
p

c2
Âr

where ω2
p = ne2

mǫ0
. This can be solved using separation of

variables and expanded into harmonics using the Jacobi-

Anger expansion. Palastro [4] includes discussions of the

assumptions behind this model. Ignoring time dependence

in the laser envelope, the lowest order solution is written in

the Columb gauge as:

Âr = A0
r

wch
e

−r2

w2

ch

+∞
∑

q=−∞

iqJq(Ψ)e
i

(

−Ψ+(δk+qkm)z−

∫

k2
psdz

2k0

)

(2)

where:

• wch =

(

8c2

ω
′′2

p0

)1/4

• δk = − 1
k0

(

ωp0

2c2 + 4
w2

ch

)

• k2ps(z) =
e2ns(z)
mǫ0c2

• Ψ =
δωp0

2c2k0km

The transverse potential peaks at r = wch/
√
2. For our

parameters Ψ ≈ .5 is small, so that the Bessel functions

limit the relevant terms in Eq(2) to small q.
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The axial component of the potential is given by ~∇ ·
~E = 0 ⇒ ~∇ · ~A = 0. The magnetic field is given by
~B = ∇ × ~A and the electric field by ~E = − ∂

∂t
~A. The

phase velocity of an individual harmonic is calculated by

taking the derivative of the exponent of Eq.(2). The op-

tical scale dominates
(

k0 >> δk, nkm,
∫

k2psdz/k0
)

such

that phase matched particles would have acceleration given

by γ = γ0 + γ′z. This determines vp and allows phase

matching of the largest subluminal harmonic (q=1) by us-

ing a density ramp. The density ramp asymptotically ap-

proaches mǫ0c
2

e2 (2k0(δk + qkm)) from below and rises

slowly compared to both the optical and modulation pe-

riods, but quickly compared to the length of the plasma

channel. The condition to keep the total density positive is:

km >
e2

mǫ0c22k0
δn0 +

4

k0w2
ch

− k0

(

1− 1
√

1− 1/γ20

)

For the small values of ψ under consideration we have the

relation Ez ∝ a0n0δ/kmwch. This scaling helps deter-

mine acceptable values for the parameters used.

Transverse Force

The equations of motion for a particle in the channel de-

scribed above are:

ẍi =
e

meγ
Re[

+∞
∑

q=−∞

fi,qe
i(n−1)kmvpt] + c.c.

where, for r << wch

fz,q =
mecω0a0
eKq

1

wch
Jq(Ψ)eiφ+ikmξ(q−1)+i(π

2
(q)−Ψ)

fr,q = fz,qKqr

[

1− βz
βq

(

1 +
8

(Kqwch)2

)]

ei
3π
2

where Kq =
(

k0 + δk + qkm + k2ps/2k0
)

, ξ ≈ z − vpt,
and φ is the phase. Since ξ and φ are constant due to the

phase matching condition the f vary in time minimally, only

through theKq’s dependence on ns(z(t)). The 8
(Kqwch)2

is

due to the finite spot size of the laser.

Following the notation of [6] the motion is separated

into a slowly varying secular motion and a fast (corruga-

tion scale) motion. In solving for the rapid motion we have

used k0 >> δk, qkm, κ(z) and neglected terms κ(z)/k0.

Averaging over the fast motion yields the secular equation

of motion:

R′′(z) =
−1

β2γ

ω0a0
c

R

wch
J1(Ψ)

(

8

(Knwch)2

)

eiφ+i(π−Ψ)

(3)

+
a20

w2
ch(n− 1)2

(

K1

km

)2

R
∑

q 6=1

1

β2γ2
Jq(Ψ)2

(

− (q − 1)km
k0

− 8

(Kqwch)2

)2

+O
(

k0
kmγ2

)

+O (Jq(Ψ)J2−q(Ψ))

The term outside the sum is due to the resonsant force. The

terms in the sum are the ponderomotive force. For our pa-

rameters the terms in big O notation are small for γ >> 6
and q> 1. For γ >> 30 the resonant term dominates the

pondermotive force. To study the propagation of an elec-

tron beam through the channel we consider the envelope

equation in the emittiance dominated regime:

σ′′
r +

(βγ)′

βγ
σ′
r + k2rσr =

ǫ2nr
(βγ)2σ3

r

(4)

The pondermotive focusing term allows for a matched

beam envelope:

σm ≈
(

ǫnrwch√
2a0J0(Ψ)

)1/2

Because σ′
r(0) 6= 0 the pondermotive force will cause spot

size oscillations. In addition, the resonant term will add

overfocusing as γ increases. The asymptotic behavoir of

this system can be be easily interpreted as β → 1 by writing

σr(z) = σm + δ(z), where it is assumed δ(z) << σm.

Still approximating the particles’ phases as constant, and

changing variables to ẑ = γ0 + γ′z Eq.(4) becomes:

δ′′ +
δ′

ẑ
+

1

γ′2

(

k2res

ẑ
+

4k2pond

ẑ

)

= −k
2
resσm
γ′2ẑ

(5)

where k2res is the focusing due to the resonant harmonic,

k2pond is the focusing due to the pondermotive forces, and

primes denote derivatives with respect to ẑ. In the limit

where k2resγ >> k2pond the solution is a linear combina-

tion of J0(2kres

√
ẑ/γ′) and Y0(2kres

√
ẑ/γ′). For large z

this represents damped oscillations with a growing period.

When still in the regime β ≈ 1, but k2resγ ≈ k2pond the solu-

tion can be shown to be oscillations formed from a combi-

nation of Bessel and Hypergeometric functions.

Table 2: Beam Parameters
γ Espread ǫn σr Q

Initial 20 .2% 0.1 mm·mrad 2.6µm 1pC

Final 90 2.2% 0.3 mm·mrad 2.6µm .64pC

Particle Tracking

The particle tracking code General Particle Tracer (GPT)

was used to test the approximations made in determining

the envelope behavior. The tracing is only as accurate as

the input field, Eq.(2), as the tracer does not simulate the

plasma. For simplicity the laser is still assumed to be much

longer than the electron beam so that the overall pulse en-

velope can be ignored. The solver does calculate the small

contribution from spacecharge fields, but it does not ac-

count for wakefields in the plasma.

Beam parameters before and after acceleration are listed

in table 2. The input parameters are similar to those ob-

tained in UCLA’s Pegasus beamline, and the final param-

eters are for the accelerated electrons only. Further, the
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Figure 1: Energy spread of the accelerated bunch.

beam is assumed to have been previously microbunched

into 20 optical length bins, with each box having a FWHM

λ0/9, as might be created by bunching in an undulator [7].

During the first millimeter of acceleration many of the

particles far from the axis de-phase from the matched wave,

slip into the defocusing region of the resonant harmonic,

and are ejected from the channel. The remainder of the

particles are accelerated with a linear gradient to γ = 92.

A capture rate of as high as 64% was achieved by setting

the initial phase at π/6. Because of the dephasing, the

electrons fill the accelerating bucket and the final energy

spread (Fig.1) is nearly 5%. The energy spread and capture

rate are improved by reducing the dephasing. The capture

rate is little improved by reducing the emmittance, as the

dephasing is caused by betatron oscillations that are large

enough to modulate γ and dephase the outer electrons. This

effect would be reduced by increasing the channel width,

but at the cost of the accelerating gradient. A more com-

plex scheme may pursue a slowly changing channel width.

The envelope of a single bunch in the accelerated group

of electrons is graphed in Fig.2. The beam has an input

rms radius of 2.6µm, and then oscillates about the matched

spot size. The oscillation magnitude is damped and the pe-

riod is lengthening, consistent with the behavior predicted

by the asymptotic solution to the envelope equation. The

maximum spot size is 1/10 of the channel size, indicating

that the forces remain linear, yet the normalized emittance

triples. The increase in emittance is visually evident in the

evolution of the transverse phase space (Fig.3) as an in-

crease in the transverse momentum. Further increase in the

transverse momentum is limited by dephasing due to cou-

pling between the longitudinal and transverse momentum.

Particles at the edge of the phase space are slowly dephase

into the defocusing phase for arbitrarily large accelerators.

CONCLUSIONS

The transverse dynamics in an ideal corrugated waveg-

uide have been studied and found to yield focusing forces

suitable for matching a µm size beam. However, the large

focusing and over-focusing forces contribute to the dephas-

ing of electrons which leads to low capture rates, large en-

ergy spread, and emittance growth. Increasing the channel
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Figure 2: Envelope dynamics showing the spot size oscil-

lations of the accelerated bunch.
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Figure 3: The inital and final phase space of the acceler-

ated bunch. The growth in transverse momentum is due to

betatron oscillations.

width decreases these effects and a tapered channel width

may contribute to higher beam quality. Further analysis

of the accelerator would benefit from modeling the plasma

formation and beam-plasma interaction. Nonetheless, the

analysis here suggests it would be possible to channel an

externally injected beam in a proof of principle experiment.
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Abstract

Particle acceleration in dielectric laser-driven micro-

structures, recently demonstrated at SLAC, holds the

promise of providing low-cost compact accelerators for a

wide variety of uses. Laser-driven undulators based upon

this concept could attain very short (mm to sub-mm) pe-

riods with multi-Tesla field strengths. And since dielectric

laser accelerators operate optimally with optical-scale elec-

tron bunch formats, radiation production with high repeti-

tion rate (10s of MHz) attosecond-scale pulses is a natural

combination. We present preliminary analysis of the har-

monic field structure for a periodic undulator based on this

concept.

INTRODUCTION

The increasingly prohibitive cost and size of modern

accelerator facilities has prompted interest in a variety of

schemes for accelerating particles at higher gradients than

traditional metallic cavity accelerators can provide, rapid

fabrication techniques, and more readily available energy

sources. One of the most promising of these schemes is

the use of dielectric near-field structures powered by an in-

frared (IR) laser to produce a confined accelerating mode.

Since the size of the confining beam channel scales with

the wavelength of the source, the apertures of such struc-

tures are at most a few microns in transverse size. As a

result, particle beam confinement requires a new operating

regime with beams of low charge (10-100 fC) and ultra-low

normalized emittance (1-10 nm). The bunches should ide-

ally be short compared to the optical wavelength (10-100

fs), must be spaced at the optical period of the laser (or an

integer multiple thereof), and should come in bunch trains

commensurate with typical solid state laser pulse lengths

(10 fs - 1 ps). The decrease in luminosity due to such

small bunch charges are compensated by the fact that solid

state lasers permit repetition rates 3 orders of magnitude

higher than typical microwave sources. The requisite di-

electric structures can be fabricated with nanometer-level

precision on silicon wafers using modern solid state fab-

rication methods, and the first experimental demonstration

of high-gradient acceleration in such structures has been

recently reported [1].

The DLA concept leverages well-established industrial

fabrication capabilities and the commercial availability of

tabletop lasers to reduce cost, while offering significantly

higher accelerating gradients, and therefore a smaller foot-

print. Power estimates for the DLA scenario are compara-

ble with convention RF technology, assuming that similar

power efficiency (near 100%) for guided wave systems can

be achieved, 40% wall plug laser efficiencies (feasible with

solid state Thulium fiber laser systems), and 40% laser to

electron beam coupling (consistent with published calcula-

tions).

This research has significant near and long-term applica-

tions for energy frontier science [2, 3]. Additional applica-

tions including radiation production for compact medical

x-ray sources, university-scale free electron lasers, NMR

security scanners, and food sterilization are beginning to

be explored. A dielectric laser-driven deflector, operating

on the same basic principles as recently demonstrated ac-

celerator devices, was proposed by Plettner and Byer [4].

The scheme uses a pair of dielectric gratings excited trans-

versely by a laser beam and separated by a gap of order the

laser wavelength where a beam of electrons would travel.

By changing the sign of the excitation between succes-

sive structures (e.g. by alternating the direction of illu-

mination) an optically powered undulator could be con-

structed to create laser driven micro-undulators for produc-

tion of attosecond-scale radiation pulses synchronized with

the electron bunch.

As a next step in exploring this concept in more detail,

the commercial electromagnetic finite element code HFSS

12.0 was used to obtain realistic field profiles along the axis

of an electron beam propagating in a single stage of de-

flection (representing half of one undulator period). These

fields are analyzed with respect to the injection phase of a

test electron and the deflecting forces calculated to produce

a single-period model of the proposed undulator concept.

BACKGROUND

The deflector design proposed in Ref. [4] consists of a

pair of coplanar gratings with a pillar height g separated

by a gap of width w. If the gratings are constructed of an

optically transmissive material (such as glass) an electro-

magnetic mode can be excited in the gap region by trans-

verse illumination of the structure with a monochromatic

plane wave. The resultant confined mode is found to pro-

duce a net deflecting force transverse on a trajectory lying

in the midplane between the two gratings at an angle π−α
relative to the direction of the grating lines. Consquently
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Figure 1: HFSS simulation geometry with superimposed

color contour plot of the Gaussian excitation.

by tilting the gratings at an angle α relative to the beam

axis in the plane parallel to the grating surfaces a net trans-

verse deflecting force can be imposed on a charged parti-

cle traveling between the gratings. The maximum ampli-

tude of this deflection is found to be F⊥ ≈ qE0sin
2α,

where E0 is the electric field amplitude of the incident

laser field and q is the particle charge, which occurs for

the optimized geometrical values w = 0.4λ, α = 25◦,

and g = 0.85λ. For a silicon dioxide structure with a 0.3

ps laser pulse, the corresponding peak surface electric field

corresponding to the damage limit isEpk ≈ 8.2 GV/m, and

the corresponding incident laser field is E0 = Epk/3, cor-

responding to an equivalent undulator magnetic deflection

field Bu = µ0E0/Z0 = 1.6 T.

It should be noted that the deflection has both x and y
components and that there is also a significant z compo-

nent of net accelerating force. To create an undulator from

such structures, they can be staged, with successive stages

of deflection illuminated from opposite sides so as to alter-

nate the sign of the deflection force. Since the longitudinal

extent of the deflecting force in each stage is determined by

the transverse extent of the exciting laser field, in principle

the period of such an undulator could be many times the

laser wavelength.

SIMULATIONS

A single stage of the proposed deflector (half a period

of the undulator) was simulated using the commercial elec-

tromagnetic finite element code HFSS 12.0. The compu-

tational volume includes the entire structure, with no sym-

metry planes, and absorbing boundary conditions on all ex-

terior boundaries. The geometry is shown in Fig. 1. The

model is excited by a Gaussian laser mode at normal inci-

dence propagating in the negative x direction transverse to

the planes of the gratings. The beam axis is taken to be the

positive z direction, and the primary deflection component

is in the x direction.

Figure 2: Computed force components as a function of par-

ticle injection phase, for an incident field E0 = 1 V/m, in-

tegrated over half an undulator period (10λ).

For the structure orientation and dimentions, we take the

optimized values α = 25◦, w = 0.4λ, g = 0.85λ as calcu-

lated in Ref. [4], with the excitation field polarized perpen-

dicular to the lines of the gratings. The fields are then ex-

tracted along the z-axis and the integrated force on a speed

of light particle is computed. The force components as a

function of injection phase ψ0 of the particle, for an in-

cident laser field with an electric field amplitude E0 = 1
V/m, are shown in Fig. 2. We see that the deflecting force

F⊥ is dominated by the x component. At ψ0 = 0, the

integrated force on the particle is entirely in the x direc-

tion, as the contributions from the other two components

are zero. If the fields from the half-period are mirrored in

z to produce a single undulator period, the results can be

harmonically analyzed by a Fourier sine decomposition as

Fx(z) =
a0
2

∞∑

n=1

[an cos(nπx/L) + bn sin(nπx/L)] (1)

The resulting harmonics at ψ0 = 0 are found to have a

mixture of harmonic contributions from both the cosine and

sine terms. However, at an injection phase of 90◦, an = 0,

the accelerating (z) contribution is a maximum but the field

harmonics are sinusoidal with dominant contributions at

the first and third harmonics (b1 = 0.2E0, b3 = 0.05E0).

The corresponding lowest-order deflection force is consis-

tent with the analytical predictions of the prior section. The

next significant harmonic contributions appear at n = 18
and higher, and correspond to the fast oscillation compo-

nent related to the laser wavelength λ, as seen in the right-

hand plot of Fig. 3. The first and third harmonic sinusoids

are combined to produce the red curve superimposed upon

the plot in Fig. 3. If the system is scaled to larger undulator

periods (of order 100 λ), these components get pushed to

higher n values and hence the undulator parameter contri-

butions Kn from these higher harmonics become increas-

ingly ignorable.

The significant third harmonic contribution, however,

will contribute significantly to the radiation produced if
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Figure 3: Harmonic analysis of a single undulator period for 90◦ injection phase, showing the cosine and sine harmonic

terms and the dominant x force component (black curve) with superposition of the first 5 harmonics (red curve).

this device is used as an undulator for an optical-scale free

electron laser. In traditional undulator designs, third har-

monic field content occurs as a perturbative contribution

due to the nonlinear motion of the electrons in the undu-

lator field. However, the presence of significant inherent

third harmonic has recently been studied as a mechanism

to intentionally generate efficient third harmonics of the

fundamental FEL radiation [5]. In addition, although we

have here assumed a Gaussian laser mode for simplicity,

the harmonics of the undulator fields may be manipulated

(and the third harmonic contribution enhanced or reduced)

by transverse shaping of the incident laser mode profile.

Unlike other electromagnetic undulator concepts, the un-

dulator period in this scheme is set by the length of each

deflection stage and can therefore be much larger than the

driving wavelength. From simple 1D calculations, undula-

tors based upon this concept could attain very short (mm to

sub-mm) periods with multi-Tesla field strengths: an undu-

lator with a 250 µm period driven by a 2 µm solid state laser

would have a gain length of 4 cm and an X-ray photon en-

ergy of 10 keV when driven by a 500 MeV electron beam.

Since DLA structures operate optimally with optical-scale

electron bunch formats, high repetition rate (10s of MHz)

attosecond-scale pulses are a natural combination.

CONCLUSIONS

The grating-based optical deflector concept presented

previously by Pletter and Byer presents the possibility of

creating a FEL undulator compatible with future laser-

driven accelerators. We have simulated one period of such

an undulator concept using an electromagnetic finite ele-

ment code with a grating excited transversely by a Gaussian

monochromatic mode. The axial fields extracted do show a

significant integrated transverse deflecting force, as well as

a net integrated acceleration, as predicted. However, while

in Ref. [4], the ratio of these components is predicted to

be Fz/F⊥ ≈ 2, we find that the accelerating component

is generally smaller than the deflecting force, and varies

significantly with injection phase, an effect not previously

noted. In addition, we find that for a Gaussian laser mode,

the fields contain significant third harmonic content. The

impact of these observations will be explored in future by

analytical calculations as well as computational analysis

using FEL codes. Prototype devices based on a modified

version of the architecture reported in [1] are being devel-

oped for experimental testing at SLAC.
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Abstract

Plasma wakefield studies are normally conducted as

single-shot experiments. Here, single-shot means that the

plasma returns to its original state before the next bunch

passes through the plasma. The time scale for the plasma

to return to equilibrium is 10-100 ns, which is comparable

to the bunch separation in proposed linear colliders. The

SLAC linac typically delivers beam at a rate of 10 Hz to

FACET, but can also be operated in a manner that delivers

two electron bunches per RF pulse to FACET. We explore

operating modes with beam separations as small 5.6 ns so

that high repetition rate plasma wakefield acceleration can

be studied at FACET.

INTRODUCTION

The SLAC linac provides electron bunches with to-

tal beam charge of 3.2 nC to FACET experiments. The

beam originates at Sector 0 from a thermionic cathode gun,

passes through the sub-harmonic buncher for longitudinal

compression, is captured and accelerated in the Sector 1

s-band linac and sent to the North Damping Ring (NDR)

for beam cooling. After the emittance is damped in the

ring, the beam is extracted into the Sector 2 linac, accel-

erated to 20.35 GeV, and delivered to Sector 20 for final

compression and focusing. An overview of the linac and

associated systems is given in Fig. 1. Each system imposes

its own constraints on the possible bunch parameters and

inter bunch spacings.

Figure 1: Overview of Linac with affected subsystems and diag-

nostics for multi-bunch operation.

BEAM GENERATION AND CAPTURE

Source

The electron source is a thermionic cathode driven by a

multi-channel pulser. The pulser is a circuit with two planar

triode amplifiers that couple into a common amplifier driv-

ing the cathode. The two triodes can be fired independently

∗Work supported by the U.S. Department of Energy under contract

number DE-AC02-7600515.
† sgess@slac.stanford.edu

to produce electron pulses from the cathode with arbitrary

separation in time. The gun can generate up to 27 nC of

charge in a single pulse. We look to generate two pulses

with 3.2 nC each. This can be achieved without changing

the existing gun hardware [1].

Subharmonic Buncher

Immediately after the beam is generated it is captured in

the sub-harmonic buncher (SHB). The SHB is operated at

the 1/16th sub-harmonic of the s-band linac. The bucket

spacing for the SHB is 5.6 ns. The SHB bucket size sets

the interbunch spacing in the rest of the machine. Without

the SHB, most of the beam does not get captured in the

linac and there is the potential for radiation damage in the

injector. All of the interbunch spacings considered in this

paper are multiples of 5.6 ns.

The longitudinally compressed bunches are captured in

an s-band bucket at the start of Sector 1 and accelerated

to 1.19 GeV before being sent to the NDR via the North

Linac-to-Ring arc.

NORTH DAMPING RING

Kickers

A loaded ferrite kicker magnet with a flat-top of 30 ns

kicks the bunches into the ring. This magnet was designed

to have an extremely sharp rise and fall time, so as not

to disturbed another bunch in the ring, which was typical

during SLC operation. A second kicker magnet is located

on the opposite side of the ring and is used to extract the

bunches. This magnet is identical to the injection kicker ex-

cept that it has a different pulse forming network that uses

a Blumlein generator to produce an extremely flat pulse to

the magnet [2]. The field in the magnet provides a uni-

form 7 mrad kick for more than 60 ns. The injection and

extraction kickers set limits on the maximum separation be-

tween the two bunches. The maximum bunch spacing that

is consistent with the NDR RF and SHB RF is 61.6 ns. The

injection kicker would have to be equipped with a similar

PFN as the extraction kicker to achieve this separation.

Instabilities

The NDR limits the bunch charge and separation in an-

other manner due to single-bunch and coupled beam in-

stabilities. The single bunch instability is a short range,

microwave instability. With 3.2 nC per bunch, the ring is

operated above the threshold for the instability. However,

at this charge the instability is weak and does not degrade

the bunch quality [3]. Note that having two 3.2 nC bunches
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in the ring instead of one has no effect on this instability

because it is very short range.

On the other hand, a pi-mode instability arrises in the

ring due to bunch coupling to HOMs in the RF cavities.

The bunches exhibit both zero mode and pi-mode oscilla-

tions with respect to the ring RF. The zero mode oscilla-

tion is damped by synchrotron radiation but the pi-mode

is not. To counteract this instability, a passive cavity was

added to the ring in 1992 [4]. At the time, the cavity was

tuned to 1062.4 MHz, just below the 125th revolution har-

monic to accommodate two bunches with a bunch separa-

tion ti = 61.6 ns. The cavity has a movable plunger that

can be adjusted to match the frequency of the pi-mode os-

cillation for each of the different bunch separations tested

at FACET.

MAIN LINAC

The beam is extracted from the NDR and passes to the

main linac via the North Ring-to-Linac arc. The bunches

pass through a compressor cavity at the zero crossing of the

RF and this imprints a linear chirp on the beam. The beam

is compressed down to 500 µm bunch length by the R56

of the chicane and then captured in an s-band bucket in the

linac. Once the bunches reach the linac, the trailing bunch

is affected by longitudinal and transverse wakefields of the

leading bunch. Those two effects are discussed below.

Beam Loading

The leading bunch absorbs energy as it passes through

the accelerating cavities. This energy cannot be replaced

with additional energy from the klystron if the inter bunch

spacing is very short. This effect, called beam loading, re-

sults in the trailing bunch receiving less energy after pass-

ing through the cavity as compared to the leading bunch.

The voltage drop induced in the cavity by the leading bunch

is given by Vw = 2eNLκz where eN is the bunch charge,

L is the cavity length, and κz = 20 V/pc/m is the funda-

mental wakeloss factor for the SLAC s-band cavities. The

trailing bunch sees the accelerating voltage reduced by this

amount.

If the cavity phase is not zero (on crest), the trailing

bunch also sees a different RF phase as compared to the

leading bunch. The phase the trailing bunch sees is given

by Eq. 1 and explained visually in Fig. 2.

φ′ = tan−1

[

VRF sinφ

VRF cosφ− Vw

]

(1)

The phase shift effect is significant at FACET because

each sector in the front half of the linac is phased differ-

ently. The chirping scheme depicted in Fig. 3 was designed

to minimize the effect of wakefields on the beam at low en-

ergy while still achieving the necessary chirp for compres-

sion in the Sector 10 chicane. The phase in each sector is

an integer multiple of the Decker Phase, which is usually

about 10o. This rather complicated chirping scheme means

that the trailing bunch will we see a different phase relative

Figure 2: Phase diagram showing the RF voltage and phase dif-

ference seen by the trailing bunch.

to the leading bunch in Sectors 2 though 10. The resulting

phase shifts are listed in Table 1.

Figure 3: FACET front-end chirping scheme. Each phase ar-

row represents one sector and is an integer multiple of the Decker

Phase.

Table 1: Sector by Sector Phase Shifts for a Decker Phase

of 10o. Note that Sectors LI07 and LI08 are omitted from

the table since they are not powered.

Sect. L [m] VRF [GV ] φ Vw [MV] ∆φ

LI02 75.5 1.59 0o 9.66 0o

LI03 96.0 1.85 10o 12.3 0.066o

LI04 84.0 1.72 20o 10.8 0.12o

LI05 97.4 1.88 30o 12.5 0.19o

LI06 97.4 1.88 30o 12.5 0.19o

LI09 97.4 1.88 0o 12.5 0o

LI10 67.0 1.44 50o 8.57 0.26o

Beam loading reduces the energy of the second bunch by

0.8% in Sectors 02-10 and 0.5% in Sectors 11-20, relative

to the first bunch. This does not pose a problem because

the full-width half-maximum energy apertures of the Sec-

tor 10 and Sector 20 chicanes are 5% and 4% respectively.

The effective phase of the trailing bunch with respect to the
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leading bunch is 23.49o compared to 23.38o at the Sector

10 chicane. Although this effect seems small, it is amplified

by the difference in compression that each bunch will see in

the Sector 10 chicane, which leads to different wakefields

in Sectors 11-20. Short-range longitudinal wakefields ef-

fectively chirp the extremely short beams, and therefore

they will be compressed differently in the Sector 20 chi-

cane. This extremely non-linear problem will be studied in

simulation to determine the severity of the effect.

RF Pulse Compensation

For bunch separations larger 5.6 ns, RF pulse compen-

sation can be used to correct for the beam loading effect.

The SLEDed RF pulse fills the cavity over a period of sev-

eral microseconds according to the parabolic form depicted

in Fig. 4. Typically, the bunch is accelerated at the crest

of the pulse. In order to accommodate multiple bunches

per pulse, the bunches are instead accelerated on the rising

slope of the pulse, with the leading bunch slightly lower on

the slope and the trailing bunch slightly higher. For a bunch

separation of 16.8 ns (three times the minimal separation),

the effect of beam loading can be totally compensated [5].

Figure 4: Temporal shape of the SLEDed pulse in the s-band

cavity.

Transverse Wakefields

If the leading bunch is misaligned with respect to the

RF cavities, the trailing bunch may see a significant trans-

verse kick from the wakefields in the cavity. Fig. 5 shows

that there is a minimum in the transverse wake strength at

around 5 ns. For this reason, it is advantageous to choose

the 5.6 ns bunch spacing for our first tests of multibunch

operation. The size of the second envelope in Fig. 5 is

indicative of the wake strength out to 60 ns, which is the

largest bunch separation possible at FACET [6].

CONCLUSION AND OUTLOOK

The scientific merit for multibunch studies at FACET is

very high considering the recent advances in plasma wake-

field technology. It is critical to demonstrate that PWFA is

Figure 5: The time domain transverse wakefield in the SLAC

s-band cavity.

stable and reproducible at high repetition rates before this

technology can be used in light source or collider applica-

tions.

Relatively few systems need to be modified in order to

achieve in the multiple bunches at FACET. However, from

an operations perspective, the multibunch mode is chal-

lenging because many diagnostics, including BPMs, can-

not resolve the closely spaced bunches, and the timing win-

dows are very tight for injection and extraction at the NDR.

Some of these issues might be mute if the thermionic cath-

ode is replaced by an LCLS-style photocathode. This has

been proposed for FACET or FACET II. On the other hand,

the phase shifts in the main linac are still an important is-

sue, and would have to be dealt with for any high-charge,

multibunch mode at FACET, regardless of the beam source.
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SIMULATION OF POWER COUPLING AND WAKEFIELD IN PHOTONIC 
BANDGAP FIBERS FOR DIELECTRIC LASER ACCELERATION* 

C.-K. Ng, R.J. England, A. Kwiatkowski, R.J. Noble, J.E. Spencer, SLAC, Menlo Park, U.S.A. 
 

Abstract 
   A photonic bandgap (PBG) lattice in a dielectric fiber 
can provide high gradient acceleration in the optical 
regime, where the accelerating mode is obtained from the 
presence of a single defect in the lattice. In this paper, we 
will investigate two aspects of the PBG for acceleration. 
First, the excitation of the accelerating mode can be 
achieved by directing high-power lasers from free space. 
Simulation using ACE3P has demonstrated that, by 
appropriately shaping the end of the PBG fiber, power 
can be coupled into the fiber using a simple laser 
configuration.  Second, the wakefield generated by the 
transit of a beam through a PBG fiber will be simulated. 
The radiation spectrum of the wakefield will be evaluated 
and corroborated with measurements from a commercial 
fiber.  

INTRODUCTION 
The photonic bandgap (PBG) structure proposed by Lin 

[1] has demonstrated the possibility of confining an 
accelerating mode in an energy bandgap existing in a 
periodic lattice of vacuum holes in a dielectric fiber with 
a central vacuum defect of larger diameter. High 
accelerating gradient can be achieved in such fibers in the 
optical regime using lasers for excitation of the 
accelerating mode. The mechanism of coupling power 
into the PBG fiber needs to be investigated to ensure 
efficient excitation of the accelerating mode. Previous 
studies have shown that a coupling scheme from free 
space by directly focusing laser pulses in a certain 
configuration into the fiber can excite the accelerating 
mode [2]. However, for best results the configuration 
requires an array of six laser beams arranged in a pattern 
that obeys the hexagonal symmetry of the Lin lattice. It is 
desirable to develop improved coupling schemes that can 
simplify the laser configuration by modification of the 
existing geometry. It will be shown in the next section 
that a simpler coupling scheme can be achieved by 
appropriately shaping the end of the PBG fiber. 

While attempts to fabricate Lin-type PBG fibers that 
can support an accelerating mode are being explored, off-
the-shelf telecom fibers are available in the commercial 
market place, providing samples that can be tested using 
high energy electron beams at the test facility at SLAC 
[3]. An example of these commercial fibers is the 
HC1060 fiber of NKT Photonics which supports the 
propagation of a telecom mode at the wavelength of 1060 
nm. Although the HC1060 fiber does not support a strong 
TM-like accelerating mode, by measuring the radiated 
signal after the passage of an electron beam, it is possible 

to identify the modes that exist in the bandgap of the 
fiber. In order to corroborate with the measured radiation 
spectrum obtained from beam tests, simulations have 
been carried out using the 3D parallel electromagnetic 
code suite ACE3P [4] to model beam excitation in the 
HC1060 fiber to calculate wakefield effects and to 
compare with measurements. 

POWER COUPLING IN LIN FIBER 
The Lin PBG fiber consists of circular holes in a 

hexagonal lattice with spacing a between the centers of 
neighboring holes. The holes have a radius of 0.35a. In 
order to introduce a defect in the lattice, one hole is 
replaced by another with a radius of 0.52a. The material 
of the fiber has a dielectric constant of 2.13 for this glass 
at near IR wavelengths. A quarter of the model in the 
transverse plane is shown in Fig. 1, exhibiting a lattice 
with hexagonal symmetry and a central defect. The Lin 
PBG fiber supports a TM-like accelerating mode. For 
example, the wavelength of the defect mode is 2 m for  
a = 2.61 m. Using ACE3P’s frequency domain 
eigensolver module Omega3P, the calculated longitudinal 
electric field pattern of the defect mode is shown in Fig. 
1. It can be seen that a fairly uniform longitudinal electric 
field appears in the central circular hole and the field 
magnitude decays gradually at larger radial distances. 

 

 
 
Figure 1:  (Left) A quarter model of the Lin PBG fiber; 
(Right) The longitudinal component of the electric field 
of the defect mode in the Lin PBG fiber. 
 

The study of power coupling from free space can be 
carried out through an inverse process by simulating the 
transmission and radiation of the accelerating mode 
through a slab of the fiber. The electric and magnetic field 
patterns calculated by Omega3P are loaded as an 
excitation at the incident port for ACE3P time domain 
simulation module T3P. The calculation has been 
reported in a previous work [2] and has shown that the 
radiation focuses in six hot spots, which observes the 
hexagonal symmetry of the Lin fiber. Figure 2 shows the 
model used in the simulation where a cylindrical slab of 
the fiber is placed in a hemisphere representing the free 

 _____________________  
* Work supported by the Department of Energy under Contract 
Number DE-AC02-76SF00515 and funds provided by Incom, Inc. 
through CRADA 383 from DOE STTR Grant DE-SC0007718.  

 

Proceedings of PAC2013, Pasadena, CA USA MOPAC31

03 Alternative Acceleration Schemes

A25 - Laser-driven Dielectric Acceleration 135 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



space. The power on the surface of the hemisphere 
exhibits the six-fold symmetry of the radiation pattern. 

 

 
 

Figure 2: (Left) One half of the model for a cylindrical 
slab located in free space with the defect mode driven 
from the left end of the slab; (Right) Radiated power 
pattern in the forward hemisphere (after reflection at the 
symmetry plane in the front) with radius of 40. 
 

Modification of the above scheme by cleaving the end 
of the fiber at a certain angle has shown that the far-field 
radiation pattern changes to a simpler pattern. A model 
with a cleaved angle of 45o is shown in Fig. 3. By varying 
the angle gradually, the far-field radiation pattern moves 
away from its six-fold symmetry without cleaving to 
focus into two well-defined spots in the upper hemisphere 
for the slab cleaved with an angle of 45° at the mode exit 
end. Figure 4 shows the comparison of the far-field 
radiation for the two cases with and without cleaving. The 
latter fiber geometry that produces the two hot radiated 
spots has the potential of simplifying the configuration of 
laser beams needed to excite the defect mode. 
 

 
Figure 3: (Left) One half of the model for the Lin fiber 
slab cleaved at 45o at the exit end of the mode 
propagation; (Right) Radiated power pattern in the 
forward hemisphere (after reflection at the symmetry 
plane in the front) with radius 40. 

WAKEFIELD IN HC1060 FIBER 
The geometry of the commercial HC1060 fiber (KNT 

Photonics, Denmark) used for telecom was carefully   
modeled based upon scanning electron micrograph (SEM) 

 
 
Figure 4: Far-field radiation pattern in the forward 
hemisphere with radius 80for (a) fiber without cleaving 
showing six-fold symmetry; (b) fiber cleaved at 45o 
showing two hot spots. 
 
images taken at Stanford University. Figure 5 shows a 
recent SEM image of a HC1060 sample with  = 2.13 that 
was used in the wakefield experiments. The core of the 
fiber is a circular region, which is the PBG lattice, 
surrounded by a cladding with a thickness about 2/3 of 
the diameter of the lattice region. The lattice has a central 
defect whose size is much bigger than the other lattice 
holes when compared with the Lin fiber in the previous 
section. The lattice holes are separated by dielectric 
vertices and webs whose dimensions are on the order of 
sub-microns. Simulation using R-Soft BandSolve shows 
that the web thickness determines the bandgap location 
with thicker web making lower bandgap frequency. The 
glass vertices determine the bandgap width, with more 
glass making wider bandgap. More detailed SEM 
measurements will be carried out to elucidate more 
accurately the vertices and web dimensions. For T3P 
simulation, the lattice period a  2.75 m, the defect 
diameter 9.6 m, the vertex size = 0.16a, and the web 
thickness = 0.036a have been used.  

 

 
Figure 5: (Left) SEM image of a sample HC1060 
commercial fiber; (Right) Close-up image showing the 
glass webs and vertices connecting the vacuum 
hexagonal-shape holes. 

The T3P simulation of the HC1060 fiber assumes a 
perfect symmetry of the lattice, so that a 30o slice is 
sufficient to model the full geometry for the excitation of 
an axial beam. A Gaussian bunch of RMS  = 0.3 m 
enters from the left boundary and transits through the 
fiber with a length of 20a. The frequency content of the 
Gaussian bunch covers the bandgap frequency range as 
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well as that contributed by mostly the cladding modes 
located near the edge of the fiber. Figure 6 shows a 
snapshot of the wakefield generated by the transiting 
beam. The trailing field inside the lattice indicates 
possible excitation of the fiber modes and the field in the 
cladding demonstrates Cerenkov radiation because of its 
higher dielectric constant. The simulated model has a 
shorter cladding width than that shown in the SEM image. 
This mostly affects the excitation of the cladding modes. 
The effect on the lattice modes is small. The radiation 
field is monitored as a function of time outside the 
HC1060 structure, from which the mode spectrum is 
obtained by the Fourier transform of the radiated signal. 

 

Figure 6: Snapshot of T3P simulation of beam transit 
through the HC1060 fiber enclosed in a vacuum region. 
The beam enters the structure from the left end and exits 
at the right.  

Figure 7 shows the comparison of the radiated spectrum 
obtained by simulation and measurements. The 
spectrograph measurement in the experimental setup 
ranges from 550 nm to 1200 nm with 3 nm resolution 
step, which is comparable to the resolution of the time 
domain simulation. It can be seen that the simulated 
spectrum is in good qualitative agreement with 
measurements. It should be pointed out that modes of 
lower frequencies (or longer wavelengths) are also found 
in simulation. They are likely the modes generated in the 
cladding region of the HC1060 and will radiate away at 
short distances. The spectrograph measurement can be 
extended to the lower frequency region to determine 
whether the cladding modes still contribute to the signal 
measured at large distance from the beam excitation 
region. 

The modes in the peaks of the spectrum can be 
identified by calculation in the frequency domain using 
Omega3P. Figure 8 shows some modes that are localized 
in the lattice without much field content in the cladding. 
In particular, a mode with significant longitudinal electric 

field component is found at 994 nm, which is just outside 
the bandgap calculated by BandSolve.  

Figure 7: Comparison of simulation (red) and 
measurements (blue) for the radiation spectrum generated 
by a beam transit in the HC1060 fiber. 

 

Figure 8: Field patterns of lattice modes in the HC1060 
fiber. The wavelengths of these modes are 1150 nm, 1114 
nm and 994 nm (from left to right). 

SUMMARY 
We have used the electromagnetic code suite ACE3P to 

simulate power coupling and wakefield in photonic 
bandgap fibers. A simple mechanism of coupling power 
into the Lin fiber for exciting the accelerating mode can 
be achieved by cleaving the fiber end at 45o where the 
laser pulses are directed as indicated in Fig. 4. For the 
HC1060 commercial fiber for telecom applications, 
simulation results corroborate well with wakefield 
experiments, showing that modes in the bandgap can be 
excited by the transit of a beam through the fiber. 
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BEAM POSITION MONITOR FOR MICRO-ACCELERATORS
∗

K. Soong† , R.L. Byer, E.A. Peralta, Stanford University, Stanford, CA 94305, USA

R.J. England, Z. Wu, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

Abstract

Rapid progress in the development of laser technology

and in the sophistication of semiconductor manufacturing

has enabled the realization of the first dielectric laser-driven

particle accelerator (DLA) on a chip [1]. Since the accel-

erating channel in DLA structures typically have dimen-

sions in the sub-micron range, the ability to precisely con-

trol particle position within these structures will be critical

for operation. A number of beam deflection and focusing

schemes have been devised, but without the ability to mea-

sure the position of the particle beam to nanometer accu-

racy, these schemes will be extremely difficult to imple-

ment.

We present a new concept for a beam position monitor

with the unique ability to map particle beam position to

a measurable wavelength. Coupled with an optical spec-

trograph, this beam position monitor is capable of sub-

nanometer resolution. We describe one possible design of

this device, and present the current status of the structure

fabrication and experimental demonstration.

INTRODUCTION

Recent success at SLAC and Stanford have demon-

strated the proof-of-principle of the dielectric laser-driven

accelerator (DLA) [1]. These dielectric accelerator struc-

tures are fabricated using commercially developed litho-

graphic fabrication methods and can be mass produced

on conventional dielectric wafers. The accelerator struc-

tures are powered using commercially available laser sys-

tems, rather than specialized klystrons, and can support

peak electric fields well beyond those found in traditional

accelerator components. Therefore, DLAs have the ad-

vantage of requiring a three-order of magnitude smaller

footprint, while boasting significantly higher acceleration

gradients than those achievable in traditional accelerator

structures. With its inherent advantages, DLAs have the

potential to revolutionize the concept of particle acceler-

ators, moving the technology from expensive grand-scale

machines to low cost printed microstructures. The ap-

plications of compact particle accelerators are numerous

and extensive, spanning everything from radiation therapy

to x-ray microscopy. While the recent proof-of-principle

demonstration is a momentous occasion, the road to a

complete particle accelerator-on-a-chip is still an ardu-

ous journey. A complete particle accelerator will require

the staging of hundreds or thousands of individual dielec-

tric accelerator microstructures, as well as beam focusing

∗Work supported by DOE (SLAC and LEAP), DARPA (AXiS), the

Stanford Graduate Fellowship and the Robert Siemann Fellowship.
† kensoong@slac.stanford.edu

and beam deflecting elements – with submicron alignment

tolerances. And although nanometer-class alignment of

structures within a single wafer is inherent through well-

established lithography methods, alignment from wafer-to-

wafer does not have a corresponding process. For this rea-

son, beam monitoring elements will necessarily be a criti-

cal component for DLA devices.

We present experimental demonstration towards a novel

beam position monitor (BPM) which has the ability to

map beam position to a measurable wavelength [2]. Cou-

pled with a commercial optical spectrograph, this novel

BPM device is capable of sub-nanometer resolution. Addi-

tionally, this BPM device can be easily fabricated along-

side the DLA accelerator structures, using the same

mass-producible lithographic processes; thereby ensuring

nanometer-class alignment.
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Figure 1: A top-down view of the grating BPM geome-

try (left), and the predicted normalized radiation spectrum

from an electron bunch traversing the grating BPM at four

unique positions (right). The markers on the plot represent

simulation data, whereas the solid lines depict a Gaussian

fit. The inset highlights the distinct radiation spectrum gen-

erated by two closely separated bunches.

The geometry of the proposed beam position monitor is

shown in Fig. 1. The structure operates on the principles

of an inverse-accelerator structure. If a grating acceler-

ator structure can accelerate electrons with a laser pulse,

then by reciprocity an electron beam traversing an unpow-

ered grating structure will decelerate (slightly) and radiate.

Based on the operating principles of the grating structure

as an accelerator, we expect the generated wakefield ra-

diation to be polarized in the direction of beam propaga-

tion. Additionally, from the phase-synchronicity condition

(λlaser = λgrating), we expect a traversing electron beam

to generate wakefield radiation with a center wavelength

matching the observed structure periodicity. By varying the

periodicity of the grating structure as a function of position,

we create a structure which generates position-dependent
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radiation. We can then deduce the position of a traversing

electron beam by simply observing the color of the radia-

tion.

We have begun fabrication of a grating beam posi-

tion monitor with a periodicity varying continuously from

800 nm to 1600 nm. A lithographic mask has be produced,

and initial analysis of the exposure of resist on a fused silica

wafer look promising, as shown in Fig. 2a. In anticipation

of a complete grating BPM structure, we have begun beam-

based experiments to demonstrate the proof-of-principle of

the BPM device concept. In the following experiments,

we verify the operating principles of the grating BPM us-

ing a single period grating structure as a stand-in, shown in

Fig. 2b. Namely, we verify a polarization dependent radia-

tion, as well as a geometry dependent radiation wavelength.

a b

Figure 2: SEM images of (a) the in-progress grating BPM

structure and (b) the uniform single period grating acceler-

ator structure.

EXPERIMENT

The experiments were performed at the Next Linear Col-

lider Test Accelerator (NLCTA) at SLAC. The NLCTA

beamline is capable of generating a 60 MeV relativistic

electron beam, with a bunch length of 130 µm and 5 pC of

charge. This electron beam is then focused through a high-

field strength permanent magnet quadrupole triplet, which

produces a typical beam r.m.s. spot size of 30 x 30 µm2 at

the entrance of our test structure. The test structure itself

is mounted on a four-axis stage, allowing for micrometer-

precision control of the structure’s vertical, horizontal, tip,

and rotation with respect to the beam. The structure used

in this experiment was the uniform binary dual grating

structure optimized for the laser-driven acceleration exper-

iments [1]. In this experiment, a drive laser source was not

used to power the structure. Instead, a photomultiplier tube

(PMT) was used to monitor the coupling port, along with

either a polarizer or a spectrograph to filter the radiation. A

simplified schematic is shown in Fig. 3.

In the first experiment, we monitored the strength of the

radiation signal filtered by a polarizer. The physics of the

grating accelerator predicts a strong wakefield polarization

in the direction of the beam trajectory. In our experiment,

this will manifest as a cosine-squared pattern in the wake-

e-

Polarizer /
Spectrometer

PMT

Gra!ng

Figure 3: A simplified schematic of the primary compo-

nents in the wakefield radiation experiment.

field intensity versus polarization. We find that our ex-

perimental results are in strong agreement with theory, as

shown in Fig. 4. This agreement verifies that the nature of

the radiation is an inverse-acceleration effect, rather than

Cherenkov or optical transition radiation.
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Figure 4: Experimental data (blue markers) showing highly

polarized wakefield radiation, which is in strong agreement

with theory (black line).

In the second experiment, we monitored the strength

of the radiation signal filtered by an optical spectrograph

(10 nm slit width). From the electron-laser phase syn-

chronicity condition of the grating accelerator, we expect

to observe wakefield radiation with a periodicity match-

ing that of the grating accelerator. A wavelength versus

intensity scan of the emitted wakefield radiation reveals

a distinct peak in radiation near the design periodicity of

the grating structure. We extract the wavelength peak and

bandwidth by fitting the recorded wakefield spectrum with

an asymmetric Gaussian, as shown in Fig. 5, where we find

a center radiation wavelength at 782.5 ± 9.5 nm. This is in

close agreement with the 800 nm design period of the grat-

ing structure. The wide bandwidth of the radiation signal

is likely due to the 10 nm slit width of the spectrograph.

In the third and final experiment, we varied the rota-

tion of the grating structure relative to the electron beam,
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Figure 5: Spectrum of the wakefield radiation as measured

by a spectrograph (blue markers). An asymmetric Gaussian

fit (blue line) predicts the center wavelength at 782.5 nm

with a bandwidth of 9.5 nm.

thereby effectively modifying the grating period observed

by the electrons. For a grating structure rotated at an angle

φ relative to the electron trajectory, the effective grating pe-

riod λe is given by,

λe =
λ0

cosφ
(1)

where λ0 is the nominal grating period. At each grating

rotation position, we measured the wakefield spectrum us-

ing an optical spectrograph, in the same manner as the pre-

viously mentioned experiment. A comparison of the ex-

tracted peak wavelength for five unique rotation positions

reveals the trend described by Eq. 1. This comparison is

shown in Fig. 6.
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Figure 6: The observed center wavelength (blue markers)

at five distinct grating rotation angles. A secant fit to the

data (black line) verifies that the radiation wavelength is

dependent on the structure geometry.

From these three experiments, we demonstrate the op-

erating principles of the grating beam position monitor.

We observed a wakefield radiation signal generated by the

inverse-acceleration effect, we measured the spectrum of

the wakefield radiation, and we show that the spectrum of

the wakefield radiation signal is highly dependent on the

geometry of the radiating structure. Future work include

the complete fabrication of the continuously variable grat-

ing beam position monitor, as well as the beam testing of

this device.
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SILICA ROD ARRAY FOR LASER DRIVEN PARTICLE ACCELERATION* 

Z. Wu, J. England, R. Noble, SLAC, Menlo Park, CA 94025, USA 
E. Peralta, K. Soong, Stanford University, Stanford, CA 94305, USA 

M. Qi, Purdue University, West Lafayette, IN 47907, USA

Abstract 
Here we describe a structure of double-row silica rods 

array for laser driven acceleration. Similar to the dual-
layer rectangular grating structure, the periodic 
arrangement of the rods alongside the beam channel 
provides the necessary phase modulation of the 
electromagnetic fields, and therefore required phase 
synchronicity for laser acceleration of charged particles. 
Resonances among adjacent rods could enhance the near-
fields in the gap region to achieve high gradient 
operation. Simulation has been carried out to optimize the 
structure dimensions for high accelerating gradient or 
high acceleration factor. Results show that acceleration 
factor up to 0.45 could be achieved from this rod array 
structure. One advantage of this structure is that all the 
rods are fabricated on one single substrate, therefore 
positioned and aligned with photolithographic level 
precision. Several prototype samples have been fabricated 
for potential laser acceleration experiments. 

 

INTRODUCTION 
To utilize the extraordinary electric field available from 

the state-of-the-art laser systems for charged particle 
acceleration has long been attractive in the advanced 
accelerator research. Laser driven dielectric accelerator 
structures possess advantages over conventional metallic 
RF structures in their miniaturized dimensions, greatly 
reduced manufacturing cost, larger breakdown threshold, 
and higher accelerating gradient [1]. Several resonant or 
waveguide based structures have been proposed 
theoretically [1-3]. Recently, near-Infrared laser induced 
electron energy modulation has been demonstrated for the 
first time on a fused silica near-field grating structure [4], 
with larger than 250 MV/m gradient observed.  

The dual-layer rectangular grating structure [2] is 
advantageous for its structural simplicity and convenience 
of excitation (direct side illumination). However, on-chip 
power network of an integrated accelerator or accelerator-
based light source usually employs a high-index-material 
waveguide sitting upon a planar low-index substrate, 
where laser light travels inside the waveguide parallel to 
the substrate. Side illumination then implies that grating 
teeth needs to stand up straight with respect to the chip 
substrate. Direct lithographic fabrication of these vertical 
teeth up to tens of micron tall is challenging. To vertically 
assemble a dual-layer, pre-bonded grating accelerator to 
the chip substrate also demands much fabrication and 
alignment effort.  

Meanwhile, deep etching of silicon to form long 
cylinder array on a substrate has been demonstrated 
feasible. Oxidation process after etching is also 
demonstrated to transfer these rods to fused silica. This 
rod array may essentially serve as the phase-resetting 
dielectric mask just as well as the rectangular grating 
structure, but already integrated since it can share the 
same substrate with the on-chip waveguide network. This 
paper explores this possibility, by looking into achievable 
acceleration gradient from a silica rod array structure. 
Parametric study results of the structure dimensions will 
be shown, aiming for either optimal acceleration factor or 
large field enhancement. Following that will be an 
introduction to the manufacture of the structure.  

DESIGN AND SIMULATION 
Figure 1 below illustrates the proposed rod array 

accelerator structure. Two rows of dielectric rods with 
radius r and length l are laid on a substrate. The two lines 
are separated in the z direction by a gap width w, forming 
the electron accelerating channel. Rods across the gap 
have their centre positions aligned along the y direction. 
Within each row, the centre-to-centre periodicity between 
adjacent rods is p. Laser light is incident along the z 
direction to power this accelerator structure.  

  

 
Figure 1: Layout of the rod array accelerator structure. 

Silica Rod Array for Acceleration 
The structure is modelled in Ansoft HFSS [5] to look 

for possible phase modulation for net acceleration 
gradient. Figure 2 shows the single-period structure 
simulated, with its geometrical parameters denoted on the 
schematic. Its y-direction periodicity is reflected by 
assigning master and slave boundary conditions to its left 
and right xz plane boundaries, with zero-degree phase 
delay. A plane wave excitation propagating towards the 
positive z direction is launched, with two perfect-
matching-layer boundaries terminating the front and back 
xy planes to simulate infinite open spaces. The incident 
plane wave has its e-field polarized in the y direction, 
with magnitude of 1V/m. The top and bottom yz planes of 
the model are terminated by perfect magnetic boundary 

 ___________________________________________  

*wzr@slac.stanford.edu  Work supported by U.S. Department of 
Energy under Grants DE-AC02-76SF00515, DE-FG06-97ER41276 
and by DARPA Grant N66001-11-1-4199. 
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conditions, so that the rods (1 um long in the model) are 
effectively infinitely long in the x direction. The rods are 
made of silica with a dielectric constant of 2.40 and 
assumed no material loss. The periodicity p is set to 3 um, 
and so is the simulation wavelength. Note that the gap 
width w = p/6 is defined as the nearest rods edge distance 
along z, so that the centre-to-centre rod distance is w+2r 
as marked in the figure. The rod radius is initially set to 
0.456p in order for the plane wave to experience π extra 
phase shift per rod along its longest dielectric path in the z 
direction, so that the wave front can be recovered past the 
rods [2]. The inset in Fig. 2 plots the real part of the Ey 
component on the bottom yz surface. One can observe 
that the incident plane wave recovers its phase front well 
behind the rods. Also an enhanced field and modulated 
phase distribution occur in the gap between the rods, 
which are necessary for net acceleration after integration 
over one period. 

 
Figure 2: Simulation model of one period of the silica rod 
array accelerator structure. Inset is the colour map of its 
longitudinal y component with a plane-wave illumination.  

 

 
Figure 3: Integrated accelerating force Fy, and deflecting 
forces Fx and Fz over one rod array period, at a particle 
injection phase optimized for maximum Fy. 

 
To evaluate the accelerating and deflecting forces a 

charged particle traversing the channel experiences, the 
three components Ex, Ey, and Ez in the gap region are 
sampled and exported. Ey at the centre of the xz cross-
sectional area, offset by an extra phase Φ denoting the 
particle injection phase with respect to the optical phase, 

is then integrated over the y coordinate for one period to 
get Fy (Φ) as the integrated kick a particle of unit charge 
will encounter. Φ is then scanned over the 2π optical 
cycle to determine its optimal value to maximize the net 
acceleration Fy. Ex and Ez are then offset by this optimal 
injection phase, and integrated as the net deflecting kicks. 
Calculation results of the model in Fig. 2 are colour-
mapped over the gap transverse area in Fig. 3 below. Net 
acceleration is indeed feasible, with quite uniform Fy of 
around 0.145 V/m over the whole cross-section of the 
channel. Fx is almost three orders of magnitude smaller, 
thus negligible. However, Fz is quite large – about 2.253 
V/m over the transverse area, therefore this structure 
mainly deflects the particle in the z direction. 
 

Elliptical Rods to Optimize Acceleration 
From the inset of Fig. 2, it is clear that the dielectric 

path length along the longitudinal y direction needs to be 
further shortened to approach one half of the full 
sinusoidal cycle, so that ideal for maximum net 
acceleration [2]. With the z dimension size of the rods 
fixed still for the purpose of the wave front recovery, it 
implies that the rods need to be elliptically shaped, whose 
major axis radius Rz will be equal to r = 0.456p, and 
minor axis radius Ry being a variable. 

 
Figure 4: Maximum longitudinal gradient (red circle) and 
the corresponding acceleration factor (blue star), as the 
minor axis length of each rod in an elliptical rod array 
accelerator varies. 
 

Parametric study of Ry (with p/6 gap width) has its 
results plotted in Fig. 4. The maximum gradient value is 
still the integrated acceleration gradient Fy at optimal 
injection phase. The acceleration factor (AF), as another 
important figure of merit (FOM) for dielectric laser 
acceleration, is defined as the acceleration gradient 
divided by the maximum e-field magnitude in the 
dielectric material. It measures the practical achievable 
gradient before the material breaks down at certain 
threshold field intensity. The plot shows coincident peaks 
of both FOMs at Ry = 0.767Rz, where the maximum 
gradient Fy is greatly improved, reaching 0.945 V/m. The 
optimal acceleration factor on the right ordinate is 
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roughly 0.45. It is worth mentioning that in this case Fz is 
about 1.05 V/m and Fx remains negligible. Thus the 
longitudinal kick is of comparable magnitude with the 
deflection kick, also a great improvement over the 
circular rod array design. 
 

Resonant Structure to Enhance Gradient 
When doing the same parametric study of Ry, however 

with doubled gap width w = p/3, the elliptical rod array 
structure shows strong field resonance at Ry = 0.658Rz. In 
this case, with the same incident field magnitude of 1 
V/m, the scattered fields from one rod and its adjacent 
rods interfere constructively, enhancing the longitudinal 
field in the middle of the gap up to 42 V/m from 
simulation. Figure 5 illustrates this sharp resonance, and 
the resultant extraordinary gradient of 17.9 V/m at the 
peak of the resonance. The inset figure depicts the colour 
map of the Ey component on the bottom surface of the 
model, much stronger in magnitude than the excitation 
plane wave. However, the inset also shows enhanced 
fields at spots inside the silica rods, normalizing the large 
gradient to mediocre AF values of 0.311 maximum and 
0.267 at the resonance peak.     

 
Figure 5: Maximum gradient (red circle) and the 
corresponding AF (blue star) of a resonant elliptical rod 
array design. 

 
Despite the fact that its AF is not outstanding, with 

much smaller excitation field this resonant design could 
yield the same accelerating gradient as that of non-
resonant designs. Therefore it could be operated at low 
laser power level. Also, at resonance the other two 
components Ex and Ez remain unenhanced, and the 
integrated deflecting kick Fz is only 1.8 V/m, almost one 
order of magnitude lower than the longitudinal kick. Fx is 
three orders of magnitude lower than Fy. This resonant 
design deflects charged particles much less, and uses laser 
energy more efficiently on acceleration. 

FABRICATION 
The adopted strategy to make this silica rod array 

structure is to first fabricate the rods in silicon and then 
convert the rods into silicon dioxide. It takes advantage of 

the available deep etch chemistry for silicon while 
avoiding the difficulty in fabricating high-aspect ratio 
silicon dioxide rods. A 600 nm thick negative tone resist, 
Hydrogen SilsesQuioxane (HSQ), was spun on a silicon 
wafer and subsequently exposed by an electron-beam 
lithography tool at 100 kV acceleration voltage. After 
development the pattern was transferred to silicon in a 
high-density plasma etching tool using chlorine 
chemistry. The etched depth was about 10 micrometers. 
The conversion into silica rods was achieved through wet 
oxidation at around 900 degree C. 
 

  
Figure 6:  Side-view  and  top-view  SEM  images  of  a 
fabricated silica rod array structure. 
 

SEM images of some prototype samples of a silica rod 
array structure are shown in Fig. 6. From the top view on 
the right, the circular shapes are well defined, and the 
centre-to-centre spacing of the rods is roughly 3 um. 
From the side view on the left, the rods have consistent 
heights of around 10 um. However, instead of a uniform 
cylinder, each rod exhibits a tapered down diameter along 
its long axis. A silicon-made rod array may provide net 
acceleration just as well, whose manufacture then avoids 
the oxidation process and may lead to better control on 
the rod cross-sectional uniformity. Fabrication of elliptical 
shaped rods array is also under exploration. 

CONCLUSION 
In this work, a new accelerator structure of double-row 

silica rod array is studied. Net acceleration is found 
achievable with circular shaped rods, and elliptical shaped 
rods improve its performance in terms of optimized 
acceleration factor and reduced deflecting forces. 
Acceleration factor as high as 0.45 can be realized with an 
ellipse aspect ratio of 0.767. Of certain dimensions the 
structure also exhibits strong longitudinal e-field 
enhancement in the accelerating channel, therefore useful 
for achieving large gradient with low laser power, and for 
suppressing beam deflection. Preliminary fabrication of a 
circular shaped rod array has been done. Samples appear 
promising, and show room to improve with respect to the 
uniformity of the rod cross-section, as well as possibility 
to fabricate elliptical shaped rods.   
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SPECTRAL BROADENING OF IONS ACCELERATED BY A RADIATION
PRESSURE DRIVEN SHOCK ∗

N. Cook† , C.M. Maharjan, P. Shkolnikov, Stony Brook University, Stony Brook, NY 11790, USA
I. Pogorelsky, M.N. Polyanskiy, O. Tresca, BNL, Upton, NY 11973, USA

N.P. Dover, Z. Najmudin, Blackett Laboratory, Imperial College,
London SW7 2AZ, United Kingdom

Abstract
Laser driven ion acceleration has been the focus of con-

siderable research efforts since multi-MeV energies were
first demonstrated. Most experiments use solid state laser
pulses focused onto thin foil targets. However, recent
progress in CO2 laser technology allows for the creation
of intense pulses at lambda ∼10 µm. The longer wave-
length permits the use of low density targets. In these con-
ditions ion acceleration is primarily driven by a shock wave
due to the radiation pressure of the laser. This acceleration
mode has the advantage of producing narrow energy spec-
tra while scaling well with laser intensity. New improve-
ments to the CO2 laser at the Accelerator Test Facility al-
low for the unique production of a single picoseconds-scale
pulse with 1TW peak power. We report on the interaction
of an intense CO2 laser pulse with overdense hydrogen and
helium gas jets. Using a two pulse optical probe, we are
able to obtain real-time density profiles at different times
during the interaction, allowing for the characterization of
shock wave velocities and peak density conditions. Ion en-
ergy spectra are measured using a Thomson spectrometer
and scintillating screen.

INTRODUCTION
Acceleration of protons by intense laser pulses has be-

come an increasingly active area of study amongst nuclear,
plasma, and accelerator physicists. Considerable progress
has been made using thin foils as targets for high intensity
lasers at optical wavelengths [1] [2] . These experiments
utilize the highest intensity lasers to reach the highest pro-
ton energies, but at the expense of beam quality and energy
spread.

An alternative is to use the radiation pressure of the laser
to drive hole-boring or shock wave acceleration of ions
from a low density target. The ponderomotive force of the
laser can drive plasma electrons in an underdense plasma
further into the target, forming a critical surface. For a cold
electron population, hole-boring acceleration takes place.
The plasma critical surface recedes at the hole-boring ve-
locity, vHB , reflecting ions at a velocity of 2vHB . Recent
experiments with intense, circularly polarized, CO2 laser
pulses have demonstrated hole-boring acceleration by pro-
ducing collimated bunches of protons with energies greater
than 1 MeV and narrow energy spread [3] [4].

∗Work supported by the United States Department of Energy, Grant
DE-FG02-07ER41488.

† ncook@bnl.gov

In the case of a hot electron population, the strong charge
separation at the critical surface launches a shockwave into
the plasma, which reflects ions at nearly twice the shock-
wave velocity [5]. This mechanism requires a high electron
temperature to reach high shock velocities. Collisionless
shockwave acceleration has been shown to similarly pro-
duce quasi-monoenergetic proton beams [6].

Improvements to the CO2 laser system at Brookhaven
National Laboratory’s Accelerator Test Facility have al-
lowed for the production of ps-scale single pulses with
TW peak power [7]. We report on the acceleration of pro-
tons using intense linearly polarized CO2 pulses. With two
pulse optical probing, we measure peak densities and shock
wave velocities, while ion spectra are measured using a
scintillator and Thomson spectrometer. Observed pro-
files correlate with 1D PIC simulations predicting declin-
ing shockwave velocity immediately following the laser
plasma interaction (LPI).

EXPERIMENTAL METHOD
Utilizing a isotopic CO2 mixture in a regenerative am-

plifier, we amplify a 10.2 µm CO2 pulse centered on the R-
branch of vibrational transitions. The pulse passes through
a 10 bar amplifier resulting in a single 5 ps pulse provid-
ing a maximum of 1 TW power [7]. The pulse is then fo-
cused with an f/3 off-axis parabolic mirror to a focal spot
of w0 = 50 µm, providing a maximum on-target intensity
of I ∼ 3 × 1016Wcm−2 corresponding to a0 = 1.5. The
laser contrast is > 105 as measured by an infrared power
meter.

Figure 1: H2 neutral density from a 1 mm nozzle at 15 bar
backing pressure. Right, the density profile 800 µm above
the nozzle.

We use 1 mm and 2 mm cylindrical nozzles to produce
high density gas jets. Figure 1 shows the neutral density
for H2 gas with a backing pressure of 15 bar. A lineout is
taken at 800 µm from the nozzle, showing a peak density

MOPAC34 Proceedings of PAC2013, Pasadena, CA USA

144C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

03 Alternative Acceleration Schemes

A23 - Laser-driven Plasma Acceleration



of 1.5×1019cm−3 along the laser axis, with an underdense
absorption region upstream of the laser focus. The critical
density for a 10.2 µm laser is 1.06× 1019cm−3.

A frequency-doubled 532 nm YAG pulse is split into two
14 ps probe channels for plasma diagnostics, as shown in
Figure 2. Each pulse interacts with the plasma transverse
to the laser axis, with a variable delay of 50 ps to sev-
eral ns achievable between pulses. One beam is used for
shadowgraphy; the resulting image provides highlights ar-
eas of rapidly changing density, due to the dependence on
the 2nd-derivative of refractive index. The other is sent
through a Mach-Zehnder interferometer, providing a den-
sity dependent fringe pattern.

Figure 2: Optical probing arrangement.

The accelerated ion beam is filtered through a 600 µm
pinhole before being dispersed by a Thomson spectrome-
ter. The corresponding solid angle seen by the pinhole is
1.2×10−5 sr. The beam is dispersed according to momen-
tum by a 5 cm magnet, while a 6.4 cm long electrode pro-
vides an adjustable electric field for displacing different ion
charge states, if needed. The dispersed beam strikes a 0.5
mm thick sheet of BC-408 polyvinyl toluene (PVT) based
scintillator. Photon yield calibrations have been performed
using low energy protons at the Stony Brook Tandem Van
de Graaf [8]. Scintillation light is imaged by a Princeton
ProEM+ EMCCD camera.

PROTON ACCELERATION WITH
NARROW ENERGY SPREAD

The ion beam profile is near Gaussian in both spectral
and transverse directions, the latter of which is caused by
passage of the beam through the pinhole along the laser
axis. We can deduce the instrument function of the pin-
hole from this transverse spread, allowing us to calculate a
true spectral profile of the beam. The obtained spectrum is
shown in Figure 3. The central energy of the beam is mea-
sured at ∼ 1.6 MeV with a 12% FWHM energy spread.
Using our calibrated BC-408 yields, we observe ∼ 8× 109

protons/MeV/sr.
For this particular shot, the H2 backing pressure is 12

bar, leading to peak neutral densities of 1.5× 1019cm−3 ≃
1.4 nc. We measure a laser pulse energy of 4.34 J on target,
corresponding to a0 = 1.25. The predicted hole-boring ve-

Figure 3: Proton energy spectrum shows a well defined
peak at 1.6 MeV with a 12% FWHM energy spread.

locity at this intensity and density is vhb ≈ 8 × 106ms−1,
resulting in a kinetic energy of 1.3 MeV, less than the ob-
served proton energies. We also measure the proton density
using interferometry taken 132 ps after the beginning of the
LPI. By performing an inverse Abel transform on the tar-
get’s phase map, we obtain electron density profiles of the
plasma, as shown in Figure 4.

Figure 4: Time resolved interferometry reveals the plasma
density distribution at 132 ps after the LPI begins. The laser
travels left to right.

SHOCKWAVE VELOCITY EVOLUTION
We observed many instances of accelerated protons pos-

sessing a broad energy spectrum under the same experi-
mental conditions as described above. Figure 5 shows a
combined spectra of protons accelerated by similar laser
intensities. Single shot outcomes are strongly sensitive to
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target conditions [9]. In particular, the laser pre-pulse has a
significant effect on the ion spectrum by tailoring the den-
sity profile prior to the arrival of the main pulse. This effect
will be discussed in detail in a future publication.

Figure 5: A comparison of measured proton spectra with
listed laser intensities.

We performed 1D PIC simulations using EPOCH to in-
vestigate time dependence of shockwave velocity. Simu-
lations were performed using 1300 cells at 100 particles
per cell within a 500 µm simulation box. Figure 6 shows
the proton density evolution through an infinite slab of cold
plasma with density 2nc after irradiation by a 1 TW pulse.
Collisions are included in the simulation processes.

Figure 6: Particle density plotted from 1D PIC simulations.

These simulations show a clear decline in shockwave ve-
locity beginning within the first few ps beyond the LPI. A
significant reduction in peak ion density is also predicted
by the simulation. The decay of the shockwave velocity
modifies the accelerated proton spectra as protons are re-
flected at lower energies. The resultant spectra are highly
dependant upon the duration in which ion reflection occurs.
Energy spectra predicted by PIC simulations document the
degradation of ion spectra with time and are shown in fig-

ure 7. A lengthened ion reflection period would suggest an
increase in the total number of ions accelerated, which is
consistent with observed spectra in figure 5.

Figure 7: Simulated ion spectra extracted at different times
after the LPI.

CONCLUSION
We have reported the production of high purity proton

beams from the interaction of a single, linearly polarized
10.2 µm CO2 pulse with near critical density Hydrogen
gas. Peak proton energies correlate well with those pre-
dicted by radiation pressure models. Interferometry taken
immediately following the LPI show the creation of a high
density shock which propogates into the plasma. However,
a broad swath of proton energy spectra are measured, pro-
viding evidence of rapid decline of shockwave velocities.
These findings are corroborated by 1D PIC simulations
with comparable experimental parameters. Our results em-
phasize the importance of target profile and LPI timeframe
in accelerating ions with a narrow energy spread.
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A BETATRON-ANALYSIS TECHNIQUE FOR IDENTIFYING 
NARROWBAND TRAPPED CHARGE WITHIN A BROADBAND ENERGY 

TAIL IN PWFA EXPERIMENTS AT FACET* 

Chris Clayton#, Weiming An, Chan Joshi, Kenneth Marsh, Warren Mori, Navid Vafaei- Najafabadi 
(UCLA, Los Angeles, California), Patric Muggli (MPI, Muenchen), Erik Adli, Christine Isabel 
Clarke, Sebastien Corde, Jean-Pierre Delahaye, Robert Joel England, Alan Stephen Fisher, Joel 

Frederico, Spencer Jake Gessner, Mark Hogan, Selina Zhao Li, Michael Dennis Litos, Dieter Walz, 
Ziran Wu (SLAC, Menlo Park, California), Wei Lu (TUB, Beijing) 

Abstract 
Plasma accelerators driven by ultra-relativistic electron 

beams have demonstrated greater than 50 GeV/m 
acceleration gradients over a distance of a meter [1] 
though the accelerated particles typically have had a 
100% energy spread when a single drive bunch was used. 
However, it is known that by locally producing electrons 
via ionization within the beam-driven plasma wake, they 
can become trapped and accelerated so that high-energy, 
mono-energetic electron bunches can be produced [2]. 
Prior experiments and the associated simulations [3] 
suggested that, by augmenting the usual He buffer gas in 
the heat pipe oven plasma source [4] with a moderate 
ionization potential (IP) gas such as Ar or Ne, local 
injection can indeed occur. In a recent experiment 
associated with the E-200 plasma wakefield accelerator 
(PWFA) experiment at the Facility for Advanced 
Accelerator Experimental Tests (FACET) [5] at SLAC, 
the expected energy gain of these injected electrons 
(initially at rest) puts them within the energy range of the 
accelerated tail electrons of the FACET beam. We 
propose a technique to help identify bunchlets of electrons 
at the 10’s of pC level arising from the ionization 
injection of Ar/Ne electrons that may otherwise be lost or 
overlooked as part of the discrete betatron-focusing 
maxima or the maxima inherent the chromaticity of the 
imaging electron spectrometer.  

OBJECTIVES OF THE EXPERIMENT 
For most applications of high-energy beams, narrow 

energy spreads are desired. By employing spatially 
localized ionization to produce and inject new electrons 
within the plasma wake, a PWFA can produce high-
energy, mono-energetic electron “bunchlets”. 

When these bunchlets appear at the image plane of the 
imaging spectrometer, there are two other types of distinct 
features that may mask the bunchlets having only 10’s of 

pC of charge. First is the fact that the highly chromatically 
aberrated electron imaging spectrometer has a very 
narrow energy range for which a stigmatic focus–a focus 
that is simultaneous focusing in x and in y (or energy) at 
the same spot–is located and thus there is always a “bright 
feature” in the spectrum due to this. Secondly, even with a 
broadband spectrometer, the electrons (both the FACET 
beam electrons and any injected electrons; i.e., the 
bunchlet) exit the plasma with an energy-dependent phase 
advance of their betatron envelope oscillations [6] that

 leads to an energy-dependent divergence of the electrons 
at the plasma exit. This fact also puts structure onto the 
final spectrum, as discussed below. 

Let ζk represent the local (within the wake) longitudinal 
location of the kth slice of the accelerated electrons. 
Suppose further that this kth slice exits the plasma as a 
nearly parallel beam having undergone N = Nk betatron 
oscillations. Due to the finite angular acceptance of the 
spectrometer coupled with the strong focusing force of the 
ion column within the wake in the blowout regime, and 
the finite bit-depth of the recording CCD cameras, this 
slice will appear relatively bright on the spectrometer. 
There will be another slice, the k+1th slice at a lower 
energy that has undergone N = Nk+1 = Nk + 1 betatron 
oscillations and will likewise appear relatively bright at 
the spectrometer. In fact, for each final slice energy such 
that Nk,m = Nk ± m where m =  ±1, ±2, etc., there will be a 
corresponding bright spot on the spectrometer. We call 
this series of spots the “betatron ladder”. This ladder was 
clearly visible in the E-167 energy-doubling experiment 
of Ref. [1]. 

In the following Sections we will describe the 
experimental setup, derive the energy-locations of the 
betatron ladder, and finally suggest a strategy for 
identifying the bunchlets within the other structures 
appearing at the image plane of the spectrometer. 
Specifically, by placing the stigmatic focus on one “rung” 
of the ladder after another over a series of data aquistion 
runs, we can optimize our chances of observing 
accelerated bunchlets, especially if they lay between or 
straddle the rungs on the aforementioned betatron ladder.

  

____________________________________________  

* The work at UCLA was supported by DOE grant DE-FG02-92-
ER40727 and NSF grant PHY-0936266. Work	  at	  SLAC	  was	  supported	  
in	  part	  by	  Department	  of	  Energy	  contract DE-AC02-7600515. 
#cclayton@ucla.edu 
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Figure 1: Schematic of portions of the E-200 experimental setup. A 20.35 GeV, 3 nC, compressed (σz ~ 30 µm) 
electron beam is focused (σx = σy ~ 30 µm) near the entrance of a Li-vapor column contained in the plasma oven. 
Toroids measure the incoming and outgoing electron charge. Betatron X-rays excite a phosphor screen located behind 
1 mm of copper; the emitted light is captured by a CCD camera (not shown). The imaging spectrometer (quadrapole 
doublet Q1 and Q2 plus dipole D), discussed further in the text, sends the electrons to the beam stop prior to which is 
the Cherenkov air gap. The gap is composed of the two Si wafers (1) and (2) which are in laboratory air, thus emitting 
a Cherenkov-light cone that is subsequently reflected by wafer (2) to a pair of CCD cameras (two cameras for a wide 
vertical or energy field of view). 

EXPERIMENTAL SETUP 

 A rough schematic of the FACET setup for the E-200 
experiments is shown in Fig. 1. The fully compressed 
FACET beam (σz ~ 30 µm) is focused to a nearly round 
spot of σx = σy ~ 30 µm near the front edge of the Li 
vapor column which has a length of about 39 cm FWHM. 
The Li is contained in an oven at a temperature of nearly 
1000°C, giving a Li neutral density of 2.5 x 1017cm-3. At 
each end of the oven is the buffer gas composed of He 
alone or He with an admixture of an intermediate IP gas 
such as Ar or Ne. This closed system is in pressure 
balance. The cooler buffer gas confines the Li by 
collisionally forcing the escaping Li atoms to the walls 
where a wick returns the (now liquid) Li back towards the 
oven’s center. The length of the boundary region is about 
10 cm on each side of the ~ 29 cm-long constant-density 
portion of the vapor column. The Li is easily field-ionized 
by the radial electric field of the (vacuum-size) FACET 
beam while the He is not. To obtain a mono-energetic 
beam from the accelerated ionization-injected electrons—
the goal of this experiment—fine-tuning of the focal 
position of the FACET beam and the longitudinal 
distribution of the admixture is required. Ideally, the 
FACET beam would have a betatron pinch localized to 
where the flat-topped region of Li begins and where the 
availability of the admixture element nearly ends thus 
terminating injection.  

The imaging spectrometer consists of a quadrapole 
doublet, a dispersing dipole magnet, a pair of Si wafers 
tilted at 45° to the beam, and two CCD cameras to record 
the Cherenkov light emitted in the air gap between the 
wafers and reflected to the lenses of the cameras. As 
mentioned before, the energy-bandwidth for which a 
stigmatic focus is obtained is very small. 

Examples of the spectra recorded by the spectrometer 
cameras are shown for three different experimental 
conditions in Figs. 2(a)-(c). As can be seen especially in 
Fig. 2(b), the local brightness of the spectrum increases at 
an energy for which the spectrometer was set to produce a 

stigmatic focus. The magnification of the spatial imaging 
from the plasma exit to the Cherenkov air gap is about 
nine times larger in the x-direction than in the y- or 
energy-direction. 

 Figure 1(a) shows the aforementioned betatron ladder; 
the few bright spots beginning at ~ 24 GeV and up, as 
well as a rung near 17 GeV as evidenced by the bulge in 
this (purposely) saturated portion of the image. For this 
shot, the final focus quadrapoles were set to put the main 
interaction point waist about 20 cm upstream of the Li 
column, twice the β

∗
x (= 10cm) of the vacuum waist. 

Since β
∗

y = 100 cm, the beam had a larger x-size when it 
began to field-ionize the Li and hence the amplitude of 
the betatron oscillations was large in the x-direction. This 
allowed for a clear analysis of the betatron features that is 
discussed in the following Section. 

 BETATRON ANALYSIS 
For a given plasma density, the number Nk of betatron 

oscillations experience by the kth slice of the beam is 
related to the initial energy of the beam slice E0 (which we 
will approximate as independent of ζ), the effective length 
L of the plasma and the final energy of that slice Ek (z = 
L). 

 Number of betatron envelope oscillations 
A simple definition of Nk is the ratio of L to the betatron 

period for the kth slice. The betatron period is given by [6] 

 

π /kβ ζk,z( ) =ω p z( ) / πc( ) / 2γ ζk,z( )( )
0.5

. The general 
expression for Nk at the plasma exit is given by 

 

 

Nk ζk( )
z=L

=
kβ ζk,z( )

π
dz

0

L
∫

=
ω p

πc 2
γ ζk,z( )−

1
2 dz

0

L
∫

=
ω p

πc 2
γ 0 +

eG ζk( )z
mc 2

⎡ 

⎣ 
⎢ 
⎢ 
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⎦ 
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−
1
2

dz
0

L
∫
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where we have assumed a constant density along z and a 
non-evolving electric field of the wake G(ζ). The final 
form of Eq. (1) reduces to 

 

Nk ζk( )
z=L

≈ L
2ω p mc

2( )
1
2 πc( )−1

Ek
0.5 ζk( ) + E0

0.5  (2) 

where 

 

Ek ζk( )  is again the final energy of the kth slice. 

 Building the betatron ladder 
 As mentioned before, integer changes in N define the 

betatron ladder. Thus, taking Nk+1 – Nk = 1 and solving for 
L we have 

 

L =
πc

2ω p mc
2( )0.5

1
Ek

f ζk( )0.5 + E0
0.5
−

1
Ek+1

f ζk+1( )0.5 + E0
0.5

⎛ 

⎝ 

⎜ 
⎜ 

⎞ 

⎠ 

⎟ 
⎟ 

−1

 (3) 

where Ek+1 < Ek. After substituting L from Eq. (3) into Eq. 
(2), and replacing Nk with Nk,m = Nk ± m (m =  ±1, ±2, etc.) 
the expected energy-locations Ek,m of all the other rungs 
on the betatron ladder are obtained. The dashed lines in 
Fig. 2 show this calculated ladder lying nicely on the 
experimentally identified locations of the betatron 
features.  

The value of L is determined numerically by the 
measured energies of two of the rungs of the ladder; Ek 
and Ek+1. If there are multiple betatrons spots as in Fig. 
2(a), one can take Ek and Ek+2 while taking Nk – Nk+2 = 2. 
The same value for L should obtain. 

STRATEGY 
 To distinguish the ionization-injected and accelerated 

bunchlets from the other structures due to the betatron 
ladder as in Fig. 2(a) and the narrowband stigmatic 

focusing of the imaging spectrometer as seen in Fig. 2(b), 
it is best to place the stigmatic point on a rung of the 
ladder in order to reduce the complexity of the structred 
spectrum and thus make the identification of a bunchlet 
more obvious. Since the energy of the bunchlet is initially 
unknown, this process would be repeated over a series of 
data acquisition runs, each run with the stigmatic point 
dialed onto one of the ladder’s rungs. In this way, charge 
that appears between rungs of the ladder or widely 
stradling them may possibly be attributable to the 
bunchlets.  

It is important to note that, even if a bunchlet and 
accelerated FACET tail electrons in some longitudinal 
slice have the same energy, they will not have the same 
number of betatron oscillations since the initial energy 
E0,trapped of the trapped charge is zero. Thus, the bunchlets 
could very well be focused or badly defocused at any 
given output energy. This is why scanning the energy-
imaging point is important. 

A co-called “candidate shot” for a bunchlet is shown in 
Fig. 2(c) where there appears to be charge both away from 
the stigmatic point and straddling rungs the betatron 
ladder; i.e., it appears that this charge is a new feature not 
seen in Fig. 2(b). 

 Although a full analysis of existing data using this 
strategy has only now begun, looking forward to future 
runs at SLAC, the plasma length L at FACET is designed 
to be increased by several times over the current length. 
While this could in principle simply scale the bunchlet-
identification issue to higher energies on the one hand, on 
the other hand, it may result in a much cleaner 
measurement of these bunclets. Simulations show that the 
bunchlet is trapped in the high-field spike at the back of 
the wakefield, giving it an inherent energy-gain advantage 
over the FACET tail electrons. Thus, the density of the 
plasma can dropped to depopulate the high-gradient 
portion of the wakefield of FACET-beam tail electrons, 
potentially isolating the ionization-injected and 
accelerated charge on the spectrometer screen. 

REFERENCES 
[1] Ian Blumenfeld et al., Nature 445, 471 (2007). 
[2] E. Oz et al., Phys. Rev. Lett. 98, 084801 (2007). 
[3] Navid Vafaei-Najafabadi et al, submitted for 
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[4] P. Muggli et al., IEEE Trans. Plasma Sci. 27, 791 

(1999). 
[5] M.J. Hogan et al., New J. Phys. 12, 055030 (2010). 
[6] C.E. Clayton et al., Phys. Rev. Lett. 88, 154801 

(2002). 
 

 

 

Figure 2:   Three  electron  spectra  with  betatron  ladders 
overlaid (white dashed lines,  see text). (a)  Buffer gas: He
only, FACET waist 20 cm upstream of  Li. (b)  Buffer gas
50%  He,  50%  Ar,  FACET  waist 0 cm upstream  of  Li. 
(c)  same  as  (b) but  shot - by - shot  difference: potential
candidate  shot. 
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SELF AND IONIZATION-INJECTION IN LFWA FOR NEAR-TERM
LASERS∗

A.W. Davidson, W. Lu, M. Zheng, C. Joshi, L.O. Silva, J. Martins, R.A. Fonseca, W.B. Mori
UCLA, Los Angeles, CA 90024, USA

Abstract

In plasma based acceleration (PBA), the methods of in-
jecting high quality electron bunches into the accelerating
wakefield is of utmost importance for various applications,
including next generation light sources and high energy
colliders. Numerous simulations are being conducted in
order to study various methods of injection and to optimize
the beam parameters. Particle-In-Cell simulations using
codes such as OSIRIS are used to model PBA. 3D simu-
lations are possible in some cases but are computationally
expensive. 2D simulations are computationally less expen-
sive, but 2D simulations in cartesian coordinates only pro-
vide qualitative agreement and 2D simulations in cylindri-
cal coordinates cannot model laser wakefield acceleration
(LWFA) at all and cannot include important physics such as
hosing and low mode azimuthal mode asymmetries for par-
ticle beam drivers (PWFA). Here we discuss one method
for reducing the computational load of a 3D simulation into
those comparable to a 2D simulation that can model LWFA
and include hosing. It utilizes a truncated azimuthal mode
expansion. We describe how this expansion has been in-
cluded into the OSIRIS simulation framework and show
preliminary results.

INTRODUCTION

Simulations have played an essential role in the develop-
ment of plasma based acceleration from the seminal work
of Tajima and Dawson to the very present. Simulations are
used to model both laser wakefield acceleration (LWFA)
and plasma wakefield acceleration (PWFA). These simula-
tions have evolved from 1D simulations to demonstrate the
feasibility of new ideas to full 3D simulations that model
current experiments one to one and that model parameters
out of reach of current experiments. Although 3D simula-
tions are now possible they are still computational expen-
sive, therefore, when simulating LWFA and PWFA using
we often begin with a series of 2D simulations over a range
of parameters. The parameters are either for an ongoing
experiment, for a future experiment, or for understanding
a new theory or concept. We then have to perform a few
large-scale 3D simulations to determine in what manner
and to what degree the 2D simulations replicate a more re-
alistic result.

∗This work was supported by DOE awards DE-FC02-07ER41500,
DE-SC0008491, DE-FG02-92ER40727, and DE-SC0008316, and by
NSF grants NSF PHY-0904039 and NSF PHY- 0936266. Simulations
were carried out on the UCLA Hoffman 2 Cluster, and Dawson 2 Cluster.

DIFFERENCES IN 2D AND 3D
SIMULATIONS

One topic that is receiving much theoretical, compu-
tational, and experimental attention is how to best inject
electrons into a plasma wave wakefield. One concept is
to use field ionization to create electrons inside the wake.
An important question is how do the 2D simulation results
compare to those from otherwise identical 3D simulations.
When using a laser, it is not possible to use 2D azimuthally
symmetric simulations as such simulations only allow ra-
dially polarized modes. Therefore, 2D cartesian geome-
try are used and in such simulations both structure of the
wakefield and the evolution of the laser can be very differ-
ent. We provide examples of the differences by showing
results from a a series of 2D and 3D simulations that were
performed to model experiments conducted using the Cal-
listo laser at LLNL. These simulations highlight some of
the differences we see and the importance of the including
full 3D physics. In these simulations a linearly polarized,
60 fs laser was focused into an “Injection Section” that is
composed of 99.5% He and 0.5% N. After the laser propa-
gates 1.5 mm in the injection section, it enters an “Acceler-
ation Section” composed entirely of He. The total plasma
density is np = 1 × 1018 cm−3 aside from the 0.5 mm up
ramp at the beginning. Simulations were conducted with
a 100 TW and a 500 TW laser beam. The spot size was
20.0 μm for the 100 TW case, and 26.2μm for the 500 TW
simulation.

As can be seen from Table 1, the peak energy of the
trapped electrons can be significantly different between the
2D and 3D simulations. Another notable difference is that
in the two 2D simulations, a comparable number of parti-
cles are trapped whereas in the 3D simulations 3.9 times
more particles are trapped for the 500TW laser than for the
100TW laser. And in the 2D cartesian simulations only
the charge per unit length that is trapped can be obtained.
These differences illustrate that if one uses 2D simulations
to optimize the process one can be led very far astray.

There is another notable qualitative difference in the 2D
and 3D 500 TW simulation. If you look at the particle en-
ergy spectrums about 3 mm into the plasma (Figures 1 and
2), you see that there is a large, lower-energy peak exclu-
sively in the 3D simulation. Although this peak eventually
falls out, it dynamically affects the shape and the evolution
of the wake. The 2D simulation fails to capture this pro-
cess. Although not shown the evolution of the laser is also
very different.
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Table 1: The Peak Energy, Charge, and Normalized
Emittance of the Trapped Particles After the Laser Tra-
verses 1.4 cm into the Plasma in the Two-Stage Injection-
Acceleration Scheme

Simulation En q ε
[GeV] [π mm-mrad]

100TW (2D) 1.49 1.37 a.u. 13
100TW (3D) 1.14 19 pC 34
500TW (2D) 3.37 1.29 a.u. 107
500TW (3D) 3.07 72 pC 86

Figure 1: The spectrum of the trapped particle energies in
the 2D, 500 TW simulation 3 mm into the plasma.

AZIMUTHAL MODE EXPANSION
There are various possible ways to reduce the compu-

tational requirements for capturing the 3D physics includ-
ing using boosted frames, the ponderomotive guiding cen-
ter approximation, and the use of the quasi-static approx-
imation. Another recent idea proposed by Lifshitz et al.
[1] is to expand the electromagnetic fields into a truncated
Fourier expansion along the poloidal direction in cylindri-
cal coordinates. The idea is to provide key 3D physics for
situations where only low mode azimuthal asymmetry ex-
ists (a linearly polarized laser can be described by the m=1
mode). Such simulations will have a similar computational
load to 2D r-z simulations. Here we describe how this algo-
rithm has been implemented into OSIRIS and present some
preliminary results. We can keep an arbitrary number of m
modes. As noted in [1] a linearly polarized laser propagat-
ing along x, as described in Figure 3, can be expressed in
cylindrical coordinates as

E(r,x, θ, t) = Ey(r, x, t)(cos(θ)r̂ − sin(θ)θ̂) (1)

B(r,x, θ, t) = Bz(r, x, t)(sin(θ)r̂ − cos(θ)θ̂), (2)

which are first order terms in the expansion

F(r, x, θ) = �
(∑

m=0

F̂m(r, x)e−imθ

)
,

where F is any vector field and the index m is the mode
number. The zeroth order mode contains the cylindri-
cally symmetric fields that are already incorporated in the
2D cylindrical coordinate simulation in the OSIRIS frame-
work. Therefore, a linearly polarized laser can be modeled

Figure 2: The spectrum of the trapped particle energies in
the 3D, 500 TW simulation 3 mm into the plasma.

Figure 3: Coordinates of the cylindrical mode simulation.

by only keeping the m = 1 mode. PWFA can be modeled
in an r-z code, however, while very useful it is limited as it
cannot include hosing or spot size asymmetries.

Algorithm
Therefore, as suggested above, the vector fields (E, B,

and J) are calculated as a series of modes truncated at a
number specified at the input. Each mode is stored on a
different 2D grid. Due to the linearity of the Maxwells
equations they each evolve independently[1], according to
Equations 3-8.

∂Bm
r

∂t
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im

r
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x +
∂Em
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=
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∂
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θ )− im

r
Bm

r − Jm
x (8)

The mode mixing occurs when there is a presence of
macro-particles, which are followed in cartesian space (x,
y, z, px, py, pz) and pushed according to the Lorentz Force
Law (Equation 9). This requires transforming the fields
in cylindrical coordinates to cartesian coordinates before
pushing the particles.
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Ṗ = q(E+ 1/cv ×B) ẋ = 1/(mγ)P (9)

The current density (or charge density) for each cylindri-
cal modes at each r-z grid point i and j is obtained accord-
ing to the equation

ρmij =
1

π
eimθSijq/ΔV,

where Sij is the area-weighing coefficient (subject to the
interpolation scheme), and ΔV = 2πrΔrΔx. The cylin-
drical angle θ is calculated from the particle’s x and y val-
ues. Looping over field evolution, particle advance, and
charge deposition, we have a complete PIC algorithm.

Laser-Driven Field

Figure 4: A full 3D PIC simulation of a laser propagating
through a pre-ionized plasma. E1 in units of [mecωo/e].

Figure 5: The 0th mode of the cylindrical mode simulation.

The above algorithm was implemented into the develop-
ment version of OSIRIS, and tested using the parameters
modeled after the LWFA simulation described by Lu et al
[2]. Here a linearly polarized 200 TW,30 fs laser pulse is
shot into a fully ionized n = 1.5×1018 cm−3 plasma, with
a spot size of 19.5 μm. The computational window is of di-
mension 76.4 × 127μm3, with the number of grid points
3000×256. Figures 5 and 6 show the E1 field formed after
the laser propagates 0.1 mm. A clear bubble is formed. In
this simulation only the zeroth and first modes of the fields
have been included.

Figure 6: �[E1] of mode 1 of the cylindrical modes.

The full 3D PIC simulation is shown in Figure 4 for com-
parison (the plot is sliced in the middle for better compar-
ison with the cylindrical simulations). Since in this simu-
lation the wake is nearly perfectly cylindrical, it appears in
the plot of the zeroth order mode of E1 as shown in Fig-
ure 5. The oscillations in the real part of the first mode,
however, are directly produced by the laser. You can see in
the full 3D simulation that ordinarily these two modes of
electric fields are solved together.

Since in this case the full 3D simulation requires another
256 grids along the third dimension, it is necessarily at least
256 times slower then the equivalent 2D simulation. With
the cylindrical modes truncated at m = 1, we only need to
solve three 2D grids (two for the real and imaginary parts
of the 1st nonzero mode). By design this algorithm is mag-
nitudes faster then the 3D simulation while capturing much
of the 3-dimensionality of the laser-plasma interaction. It
is the ideal tool for wakefield accelerators.

CONCLUSION
We have illustrated though simulations of a two stage

ionization injection LWFA concept that there are both qual-
itative and quantitative differences between 2D and 3D
simulations on injection and acceleration of electrons in
LWFA stages. Because 3D simulations are often compu-
tationally intensive, it is important to be able to conduct
simulations whose computational requirements is compa-
rable to a 2D simulation, and yet includes the physics that
makes the 2D simulations unreliable for accurate predic-
tions. We describe how a new algorithm proposed by [1]
has been successfully implemented into OSIRIS. This al-
gorithm expands the EM fields into a truncated number of
azimuthal mode numbers (often just 2). Preliminary results
were also presented that show that using only 2 modes pro-
vides good agreement with full 3D simulations.
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LASER-PLASMA INTERACTION STUDIES USING ABOVE CRITICAL 
DENSITY GAS JET PLASMAS AND A MULTI-TW CO2 LASER* 

C. Gong, S. Tochitsky, J. Pigeon, C. Joshi, Neptune Laboratory, Department of Electrical 
Engineering, University of California Los Angeles, CA, 90095, USA 

 
Abstract 

CO2 laser-plasma interaction provides a unique 
parameter space for particle acceleration in a gas jet 
plasma taking place at a critical plasma density ncr ~ 1019 
cm-3 and even at higher densities (3~10 ncr) of 10μm 
radiation. Here we report the latest results of our study of 
electron acceleration in a wide range of plasma densities 
1~10 ncr using a multi-TW CO2 laser system at the UCLA 
Neptune Laboratory. To gain insight into plasma density 
profile evolution during ~120 ps long CO2 laser-plasma 
interaction, we used laser interferometry with two 1 ps, 
532 nm probe pulses with variable delay of 5~120 ps. The 
knowledge of spatial distribution of accelerated electron 
beam transported through the overdense gas plasma is 
critically important for minimizing laser beam 
filamentation and for understanding influence of other 
laser-plasma instabilities. This should allow for 
optimization of CO2 laser driven shock wave acceleration 
of low-divergence monoenergetic ion beams [1].  

 

INTRODUCTION 
The interaction of short high-intensity laser pulses with 

an overdense plasma can produce forward directed multi-
MeV ions and electrons. Electrons heated/accelerated by 
the laser pulse can drag ions with them due to the space 
charge separation. Studying the spatial distribution of 
accelerated electrons can help to optimize the quality and 
yield of ion beams and is also important for understanding 
laser-plasma instabilities. 

At the UCLA Neptune laboratory, a ~120 ps CO2 laser 
train of 3ps pulses separated by 18ps with a peak intensity 
up to ~4×1016 W/cm2 is used to study overdense laser 
plasma interaction in a helium gas jet. One of our goals is 
to optimize the ion acceleration by collisionless shock 
waves [1]. In order to gain an insight into the plasma 
density profile evolution during the CO2 laser pulse train, 
a two-frame interferometry using 1ps, 532nm light has 
been developed. An adjustable temporal delay 5~120ps 
between pulses allows for optical probing of the 
laser/plasma interaction region. Through a careful 
analysis and comparison of the two-frame interferogram, 
the hole boring speed of the above critical density layer 
pushed by the radiation pressure along the laser 
propagation axis can be measured. Also, forward directed 
electron and ion beam is recorded on the LANEX 
phosphor screen to analyse its spatial distribution and 

divergence. A permanent magnetic dipole with ~600 
Gauss magnetic field is placed before the LANEX 
phosphor screen to estimate the energy of particle beams. 

 

EXPERIMENTAL SETUP 
Target Chamber 
   The CO2 Master Oscillator Power Amplifier system 
having a multi-terawatt peak power is used in the 
experiment. Due to a modulated gain spectrum of the CO2 
molecule, a ~3ps CO2 laser seed pulse evolves into a 
~120ps long pulse train after amplification. Each 
individual pulse within the pulse train preserves the 
original pulse width and is separated from the adjacent 
pulse by ~18ps.  

The experimental arrangement in a target chamber is 
shown in Fig. 1. 

 
Figure 1: Experimental setup in the target chamber. 

 
A 5” diameter CO2 laser beam with an energy of ~60J 

is coupled into the target chamber through an 8” NaCl 
window mounted on a 4o wedged flange. The back 
reflection of the beam from the salt window is combined 
with a red diode laser beam in a CS2 Kerr modulator. The 
red pulse modulated by the high intensity 10μm CO2 laser 
is analysed by a Hamamatsu streak camera (Model: 
C5680-21) for the temporal structure measurement of the 
CO2 pulse. The beam inside the chamber is focused in a 
2mm diameter gas jet by an 8.5” F/3 off-axis parabolic 
mirror. Using an IR camera, we have characterized the 
spatial profile of the unamplified CO2 laser beam by 
scanning along the laser axis (Z-scan) which is shown in 
Fig. 2. The measured spot size is wo = 48μm. Using this 
spot size and an estimate of the energy contained in the 
most intense of the 3ps pulses (~20%) in the train of 
pulses, we estimate that a peak ao of >1 can be achieved in 
these experiment. Here ao is the normalized vector 

 ___________________________________________  

*Work supported by DOE grant DE-FG02-92-ER40727, NSF grant 
PHY-0936266 at UCLA 
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potential with ao~1 corresponding to 1016 W/cm2 for a 
CO2 laser. 

 
Figure 2: Spot size measurement of 10  CO2 laser 
beam. 
   
  The laser beam interacts with a pulsed supersonic gas jet 
which allows for the peak plasma density around 0.1 to 10 
times of the critical density for the 10  light (1019 cm-3). 
  As shown in Fig. 1, a detector consisting of a 260  
LANEX phosphor screen (Left), 12.5  Al foil (Middle) 
and 220  Teflon (Right) layer is put 150mm away from 
the gas jet. The LANEX phosphor screen imaged by a 
COHU analog camera outside the target chamber is used 
to detect the forward directed electron beams with energy 
above 220keV. A permanent magnetic dipole (600 Gauss) 
capable of resolving energy in the range of 0.3-4 MeV is 
placed between the gas jet and the LANEX phosphor 
screen. A top COHU analog camera is installed to 
determine the focal position of the high power CO2 beam 
relative to the center of the gas jet. A 1ps, 532nm, green 
probe with energy of ~20μJ is delivered to the interaction 
point (IP) for the two-frame interferometry and schlieren 
diagnostics. 
 
Two-Frame Interferometry and Schlieren 
Diagnostics 
  The two-frame polarization based interferometry and 
schlieren optical scheme is depicted in Fig. 3. 
 

 
Figure 3: Schematic of the 1ps, 532nm two-frame 
interferometry and Schlieren diagnostics setup. Beam 
Splitter (BS), Delay Stage (DS), Beam Combiner (BC).  

The 1ps, 532nm elliptically polarized probe beam 
enters the narrowband polarization cube and is separated 
into P (60%) and S (40%) components. This is a classical 
Michelson scheme in which an arbitrary delay can be 
introduced for the S polarized component.  Then, each of 
them goes through a quarter wave plate twice and changes 
their polarization. A translational delay stage of the S 
probing arm is used to control the temporal delay relative 
to the P arm. The adjustable temporal range is 5~120ps 
with the P probe arriving at the IP earlier. After switching 
the polarization, P and S probes follow the same beam 
path and enter into the Mach-Zehnder interferometry 
system. Another narrow band polarization cube is placed 
behind BC to separate the polarized beams into two 
orthogonal directions. The imaging lens transfers the 
image plane of the plasma to the two CCD cameras. The 
measured spatial resolution of interferograms is ~20um. 
In addition to the interferometry, part of the beam probing 
the plasma is reflected off BC for a Schlieren diagnostic. 
The reflected beam contains P and S components and we 
use another polarization cube to select P component for 
the Schlieren image. A dark field schlieren technique [2] 
is used to analyse the plasma density gradient. A ~250um 
diameter ink dot deposited on a 2” transparent plastic disc 
is used as a beam stopper. The green probe passing 
through the plasma without refraction is attenuated by the 
dot by a factor of 105. The measured resolution of the 
schlieren images is ~40um.   

EXPERIMENTAL RESULTS 
At the Neptune laboratory, the 10um short pulse and 

the 532nm probe pulse are both produced using the same 
1µm pulse [3], so inherently they are deterministically 
synchronized with each other. However, due to the 
different transport length, they arrive at the IP at different 
times and need to be temporally re-synchronized with a 
picosecond accuracy. Also as mentioned earlier, our 
structured CO2 pulse train contains multiple ~3p 
micropulses separated by ~20ps. We are interested in 
observing the interaction between the overdense plasma 
and different micropulses in the pulse train and to learn 
how the plasma density profile will evolve temporally. To 
synchronize CO2 laser pulse envelope and green probe 
with better than 20ps accuracy, a cross-correlation 
measurement in Si was used [4]. The probe timing of P 
arm is adjusted such that the probe pulse arrives 
approximately at the peak of the CO2 pulse train. And the 
relative delay of the S arm can be changed using a delay 
stage in order to cover a chosen micro-pulse that arrives 
at a later time. 

One of the most important mechanisms in laser 
overdense plasma interaction is hole boring or pushing of 
the density steepened plasma layer by radiation pressure 
of the laser field. Two frame interferometry allows for 
accurate measurement of the hole boring speed. For 
example, for interferogram shown in Fig. 4, we can 
extract this information by comparing how the overdense 
plasma layer is pushed by the radiation pressure at two 
different times. 
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Figure 4: Two-frame interferogram at different times. a) 
shows P probe. b) shows S probe with 46ps delay. White 
dashed line shows the instantaneous position of the 
overdense plasma layer pushed by the radiation pressure.   

     
For this shot our CO2 laser beam is focused into a 

helium gas jet target and the laser intensity is above the 
ionization threshold of He2+ (~8.5×1015 W/cm2). 
According to our neutral density calibration data of the 
gas jet, a backpressure of 1000psi corresponds to ~6ncr for 
a fully ionized He gas. Analysis of two interferograms of 
P and S arms (S is 46ps later) reveals that the pushed 
layer is moving forward with a hole boring velocity of 
0.0037c (c is the speed of light).  

Using the formula  [5], where 

 is the hole boring velocity,  the critical density for 
10µm light,  the plasma density and  is the charge 
state of the ionized atoms, one can extract the laser 
intensity in the hole boring process which is 1.5 1016 

W/cm2. However, this formula assumes a constant 
radiation pressure and not directly applicable for the case 
of CO2 laser 3ps pulses separated by 18ps. Thus, the 
intensity 1.5 1016 W/cm2 corresponding to the measured 
vh is a lower estimate of the laser intensity in the 
experiment.  

Another shot, shown in Fig. 5, corresponds to the case 
when neutral density of the gas jet was reduced. We 
observed a nicely formed plasma channel. Analysis of the 
fringe shift in the interferogram gives us the plasma 
density in the channel of P probe time equal to 1×1018  
cm-3 and S probe equal to 5×1017 cm-3, which indicates a 
drop in plasma density over 46ps delay. Schlieren image 
in Fig. 5(c) shows a piled up plasma upstream of the 
plasma channel. 

 For this shot, a well-confined, beam-typed signal was 
detected on the LANEX screen with a divergence angle of 
2o.  Currently, we are studying the nature and energy of 
this forward directed beam.  

 
Figure 5: Two-frame interferogram and dark field 
schlieren images. a) Shows the channel formation as seen 
by P probing arm. b) Shows the channel expansion 
probed by S arm (46ps later). c) Shows the schlieren 
image for P polarized probe with a larger field of view.  

CONCLUSION 
In this paper, we describe the current status of the 

experiment being carried out in the Neptune laboratory at 
UCLA. Two-frame interferometry and dark field 
schlieren technique have been demonstrated to be very 
critical plasma interaction diagnostics.  Hole boring 
velocity has been measured by comparing two 
interferogram images taken at different time. A channel 
guided propagation of laser light is observed at the 
underdense plasma condition and the corresponding 
signal on the LANEX phosphor screen requires further 
investigation. 
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RESULTS OF THE SHORT PULSE DRIVEN
LLNL/UCLA IFEL EXPERIMENT∗

J.T. Moody, P. Musumeci
Department of Physics and Astronomy, UCLA, Los Angeles California, USA

G.G. Anderson, S.G. Anderson, S. Betts, S. Fisher, D. Gibson, A. Tremaine, and S. Wu
Lawrence Livermore National Laboratory, Livermore, California, USA

Abstract
The results of the LLNL/UCLA inverse free electron

laser (IFEL) experiment are presented. A 500 mJ 120 fs
Ti:Saph laser pulse interacts with a short electron beam in
a planar undulator tapered both in magnetic field strength
and period to accelerate the electron beam. The tapering of
the undulator maintains resonant energy exchange between
the laser and electron beam while the electron beam’s en-
ergy increases. We observe an energy modulation from 77
MeV to 120 MeV. Through use of simulations that are con-
sistent with the observed data, we report a peak accelera-
tion gradient of at least 180 MeV/m.

INTRODUCTION
The growing expense of high energy electron accelera-

tors has produced a demand for increasingly compact, high
gradient accelerators than traditional rf accelerators. Be-
cause of breakdown which occurs at around 100 MeV/m
for traditional rf structures, shorter wavelengths must be
used to drive the acceleration. The inverse free elec-
tron laser (IFEL) [1] is a laser driven electron accelerating
scheme that has the advantage of taking place in vacuum.

In this acceleration scheme, a high intensity laser co-
propagates with a relativistic electron beam through an un-
dulator. As the electron beam oscillates in the periodic
magnetic field, it’s transverse velocity allows for coupling
to the laser’s transverse electric field. If the laser’s fre-
quency, electron beams energy, and the magnetic field’s
strength and period are set such that the electron beam slips
one laser wavelength per undulator period, energy is maxi-
mally transferred between the laser and the electron beam.
As the electron beam becomes accelerated by this period
averaged effect, the undulator must be tapered in order to
maintain the resonance condition and facilitate efficient en-
ergy exchange.

This concept was demonstrated at Neptune at UCLA [2],
as well as STELLA at Brookhaven National Lab
(BNL) [3]. Renewed interest in IFEL has allowed exper-
iments to be performed at Lawrence Livermore National
Lab and BNL. While BNL’s Rubicon [4] focused on use
of a helical undulator to give stronger coupling to a circu-
larly polarized CO2 laser at low rep rate (.05Hz), the LLNL
IFEL Project focuses on exploiting the high repetition rate
of TW class Titanium Sapphire laser systems (10 Hz) and

∗ This work supported by US DOE Grant DE-FG02-92ER40693,Defense
of Threat Reduction Agency award HDTRA1-10-1-0073 and University
of California Office of the President award 09-LR-04-117055-MUSP.

achieving high gradient acceleration with a sub picosecond
driving laser. This paper covers the preliminary results of
the LLNL IFEL experiment.

THEORETICAL BACKGROUND
If we define a pondermotive phase as Ψ = (k + kw)z −

ωt − ΦG, we can use this phase as the coordinate of an
electron in the period averaged pondermotive field. Here k
and kw are the radiation wave number and undulator wave
number, respectively, and ω is the radiation frequency, and
ΦG is the Guoy phase shift.The electron’s conjugate mo-
mentum then can be described by γ, the electron’s energy
normalized by it’s rest energy. The longitudinal equations
of motion then can be described by:

dγ

dz
=

1

2γ
kKLKJJsinΨ (1)

dΨ

dz
= kw − k

1 + K2

2

2γ2
− 1

zr(1 + z
zr

2)
(2)

Where KL is the radiation parameter equal to
eE0/kmc

2 and E0 is the peak radiation electric field, m
is the electron mass, and c is the speed of light. K is the un-
dulator strength parameter and is equal to eBw/kwmc

2 and
Bw is the peak undulator magnetic field. JJ is the coupling
factor, which is a result of using a planar undulator. zr is
the Rayleigh range, and the final term in the pondermotive
phase evolution is due to the Guoy phase shift.

If we allow the left hand side of Eq. 2 to go to zero, this
gives the condition for which the pondermotive phase does
not evolve. γr is then resonant electron’s normalized en-
ergy. Plugging into Eq. 1 we have a description of evolution
of a resonant particle as it is accelerated with a stationary
phase. Expanding about the resonant phase,Ψr, we have a
pondermotive potential that goes like cosΨ + Ψsin(Ψr).
This potential creates a stable accelerating bucket whose
width in phase is dependent on the resonant phase. If the
resonant phase is near zero, the bucket is wide and traps
many particles at the cost of reduced accelerating gradient
whereas if the resonant phase is near π/2 then the gradi-
ent is maximum but only a single point in phase space can
be accelerated. If the laser intensity is not matched to the
design, the injected electrons can fall out of the pondermo-
tive bucket and resonant acceleration ceases. Non trapped
particles interaction increases the energy spread of the non-
captured distribution. Beyond the 1-D equations of motion,
the particle tracking code cbeam [5] was used together with
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Parmela [6]and Elegant[7] to model the evolution of the
electron beam in a start-to-end simulation. The results of
the integration of the equations of motion in the pondermo-
tive phase description matched the start-to-end simulation
well.

EXPERIMENTAL DESCRIPTION
A layout of the interaction area can be seen in Fig 1.

The electron beam approaches from the left of the diagram
after being accelerated to injection energy and acquiring
longitudinal chirp appropriate for compression. The elec-
tron beam is then compressed by the chicane and put on
axis for the final focus quadrupole magnets that focus that
electron beam at the center of the undulator to a spot size of
100 µm. The laser approaches from the right of the diagram
and Spatial overlap between the electron beam and laser is
achieved using DRZ fluorescent screens before and after
the undulator, as well as a finger at the center of the undu-
lator. Synchronicity to 2 ps between the electron beam and
laser pulse is achieved by observing the optical transition
radiation and laser in a streak camera. A micrometer on the
delay arm on the interaction laser is then slowly scanned
until electron beam modulation is observed. Experimental
parameters can be seen in Table 1.

Figure 1: CAD Model of IFEL Interaction Region.

The LLNL BLDG 194 beamline consists of a
SLAC/UCLA/BNL 1.6 Cell S-Band photogun, accelera-
tion by three 3 m SLAC style accelerating sections, chirped
for compression by a final accelerating section compressed
through a chicane, and focused into the undulator. With the
radius of 1 mm a 120 fs laser pulse applied to the cathode,
the electron beam is produced in the photoinjector blowout
regime, in which the electron beam expands nonlinearly
into a near uniformly filled ellipsoid, helping to preserve
transverse and longitudinal emittance during initial accel-
eration.

The KIAE-2p hybrid planar undulator was used in this
experiment. Built by the Kurchatov Institute and origi-
nally designed for the UCLA Neptune IFEL experiment[2],
the aggressively tapered undulator was designed for a 3.5
cm Rayleigh Range. It is nonlinearly tapered in both field
strength and undulator period.

The Ti:Saph laser was purchased from Amplitude Tech-
nologies [8]. The laser consists of an SHG fiber oscillator,
a regenerative amplifier 4 pass amplifier, and compressor.
The spot size which is larger than the diffraction limited
case, is a result of higher order modes acquired in the main
amplifier, resulting in an M2 value of approximately 1.3.

The laser waist parameters shown in Table 1 were mea-
sured by attenuating it at low power and putting it directly
into a CCD camera. The camera was moved along a linear
stage and the Rayleigh range, minimum spot and a degree
of astigmatism were measured.

Determination of energy modulation for the high gradi-
ent IFEL requires a broadband spectrometer. The spec-
trometer was made by placing a DRZ fluorescent pop-in
within the tank of the dipole magnet. Such a broadband
spectrometer has a nonlinear calibration, which was deter-
mined by sweeping the magnetic field for a fixed momen-
tum electron beam and determining the various bend radii.
A simple geometrical model was developed to ensure ac-
curacy of the spectrometer. The method of calibration data
was well matched with the model.

Table 1: IFEL Experimental Parameters

Beam Parameters

Average Injection Energy 55-77 MeV
Charge 50 pC

Undulator Parameters

K0 0.2
Kf 2.8
λw0 1.5 cm
λwf 5.0 cm
Lw 50 cm

Laser Parameters

λ 785 nm
τ 150 fs
Pulse Energy 500 mJ
zr 12 cm
w0 200 µm

EXPERIMENTAL RESULTS

Figure 2: 57 MeV IFEL Interaction Results. a. Electron
beam without laser. b. Electron beam with laser applied,
IFEL interaction. c. 2D histogram binning of compara-
ble simulation results. Horizontal Scale is Energy in MeV,
measured data has nonlinear scaling.

We placed the waist of the laser approximately 2 cm up-
stream of the center of the undulator and used 57 MeV in-
jection energy into the IFEL. Placing the waist further up-
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stream allows for capture earlier in the undulator at the cost
of dropping off of the resonant energy curve faster. The en-
ergy modulation can be seen in Fig. 2. For both sets the
images data has a nonlinear scale by nature of the spec-
trometer while the simulation data has a linear scale.

We then placed the waist at the center of the undula-
tor and injected at 77 MeV, the highest energy our chicane
compressor will allow, injecting into the undulator at above
initial resonant energy. The results from this interaction can
be seen on Fig. 3. In both cases simulations were run with
the measured laser waist parameters. The simulation spec-
tra matched the observed spectra fairly well, justifying the
examination of the simulation data as acceleration occurs
in the undulator.

Figure 4 shows the average energy evolution for the par-
ticles gaining the most energy in three simulations: the de-
sign case with a 3.5 cm Rayleigh range 100 µm laser waist
is used, and the two cases for our measured waist param-
eters at the two observed energies. The lower bound en-
ergy cuts were 180, 110 and 70 MeV for the design, 77 and
57 MeV cases, respectively. The peak gradient of the 77
MeV injected energy curve shows a maximum gradient of
180 MeV/m. While the design curve shows resonant gain
throughout the undulator, the 77 and 57 MeV cases show
the electron beam accelerated up to a point where there is
a sharp change in slope as the electrons fall out of the pon-
dermotive bucket in the first half of the undulator. After
the electrons fall out of the pondermotive bucket nonreso-
nant energy modulation occurs to further increase the en-
ergy spread, showing mild gain based upon the selection of
the highest energy particles.

Figure 3: 77 MeV IFEL Interaction Results.a. Electron
beam without laser. b. Electron beam with laser applied,
IFEL interaction. c. 2D histogram binning of compara-
ble simulation results. Horizontal Scale is Energy in MeV,
measured data has nonlinear scaling.

CONCLUSION AND FURTHER STUDY
The IFEL interaction has been demonstrated and has

produced high peak gradient acceleration (180 MeV/m)
and a record maximum energy produced by the IFEL ac-
celeration mechanism of 120 MeV. Further improvement of
the laser waist should yield a higher gradient over the en-
tire undulator with acceleration to the design energy. The
short pulse nature of the Ti:Sapphire IFEL is planned to be
investigated over the next few months with an electrooptic

Figure 4: Acceleration curves for the design laser and in-
jection at 50 MeV, The 57 MeV case, and the 77 MeV case.

sampling based time of arrival diagnostic discussed in pre-
vious work.[9]. The electrooptic sampling diagnostic will
allow for relative time of arrival measurements to be corre-
lated with the observed energy modulation so that the time
of arrival jitter can be unfolded from the temporal overlap
tolerance.
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DEVELOPMENT OF A HIGH-REPETITION RATE TW CO2 LASER 
DRIVER FOR A COMPACT, VARIABLE SPECIES ION SOURCE 

 
J. Pigeon, S. Tochitsky, C. Joshi, UCLA, Los Angeles, CA 90095, USA 

 
Abstract 

CO2 laser-driven ion acceleration has been used to 
generate monoenergetic, MeV proton beams from a gas 
jet plasma. Use of a gas jet is advantageous because it 
offers interactions at a density around the critical plasma 
density for 10 µm pulses (1019 cm-3) and can be run at a 
repetition rate of 1-100 Hz. This opens the possibility to 
create a variable species ion source easily switchable 
from protons to light ions (e.g. He, N and Ne). A TW 
class high repetition rate CO2 laser driver is required for 
implementing such a source. At the UCLA Neptune 
Laboratory we have built a 1 Hz CO2 laser system and 
demonstrated the amplification of 20 GW, 3 ps laser 
pulses. However, peak powers on the order of 0.2-1 TW 
are required for producing ~ MeV proton beams. Here we 
report progress on an ongoing project in which the peak 
power of our laser system will be increased by nonlinear 
chirping and broadening followed by pulse compression.  
We also discuss a possible strategy for generating 300 mJ, 
300 fs CO2 laser pulses for driving a 1 – 10 Hz laboratory 
ion source. 

INTRODUCTION 
There are applications in material science, radiation 

biology and medical physics [1] that would benefit from a 
MeV class, multiple species ion accelerator. The cost of 
such a machine, if built using conventional accelerator 
technology, is prohibitively expensive for most 
universities and hospitals. Laser driven ion acceleration 
(LDIA) may be one avenue for reducing this cost, either 
as a stand-alone accelerator or as an injector for a 
conventional accelerator.  

Recent experiments have demonstrated monoenergetic, 
MeV ion acceleration from over-dense ( ≥

) laser plasma interactions (LPI) [2]. High power 
CO2 lasers are an attractive candidate for LDIA because, 
at a wavelength of 10 µm, the critical plasma density can 
be achieved using a gas jet or cell.  In contrast, the 
majority of high power lasers operate at wavelengths 
from 0.8 – 1 µm and must use solid targets to study over-
dense LPI.   Due to the potential ease in targetry, 10 µm 
drivers are the most technological option for a multi-
species, laser driven ion accelerator.  

CO2 LDIA studies have been limited to single shot 
experiments even though optimization of the laser-plasma 
interaction may only be possible at a high repetition rate.  
Although gas jet technology can be scaled up to 100 Hz, 
experiments have suffered due to limitations in the 
repetition rate of the driver. At the UCLA Neptune 
Laboratory we have recently developed a 20 GW, 3 ps 
CO2 laser system which operates at 1 Hz [3].  Peak power 
on the order of 0.2 TW is required for acceleration of ~ 3 

MeV protons from a H2 plasma.  In this paper we 
investigate a method to increase the peak power of our 
system by using nonlinear chirping and broadening 
followed by compression.  Further we propose a path to a 
300 mJ, 300 fs CO2 laser to be used as a 1 – 10 Hz driver 
for a compact, multi-species ion source.  

STATUS OF THE 1 HZ, PICOSECOND CO2 
LASER SYSTEM 

CO2 lasers have some technological advantages that 
cannot be matched by solid state laser systems. The gas 
medium can withstand intensities up to the ionization 

threshold, ≥ 10 , which allows for direct 

amplification of short pulses.  Further, gas discharge 
technology can be scaled in repetition rate and provides 
high wall plug efficiency. Despite these advantages, high 
peak power amplification in CO2 is difficult due to the 
relatively narrow bandwidth present in gaseous media.  
Gas lasers typically provide a bandwidth of 3.5 GHz/atm 
such that, at 1 atm of pressure, a CO2 laser can only 
produce pulse lengths greater than 1 ns.  Unfortunately, 
pulse lengths on the order of picoseconds or less are 
necessary to reach the relativistic intensities required for 
LDIA.  

At the UCLA Neptune Laboratory we achieve broad 
band CO2 laser amplification by relying on two 
broadening mechanisms: pressure and field broadening. 
Figure (1) shows simulated gain spectrums of the CO2 
medium at 1, 10 and 25 atm of pressure. At 1 atm of 
pressure the gain spectrum consists of a family of 3.5 
GHz, rovibrational lines.  

 
Figure 1: Simulations of the CO2 gain medium at 1, 10 
and 25 atm of pressure for the 10P branch. 

At high pressures the collisional time becomes 
comparable to the radiative transition time which results 
in line broadening.  At 25 atm of pressure the gain 
spectrum is a continuum across the entire 1.2 THz branch.   
In practice modules with 10 atm of pressure are used as it 
is difficult to obtain stable discharge at pressures greater 
than this.  The presence of residual modulation in the gain 
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spectrum at 10 atm results in the amplification of a pulse 
train as depicted in figure 2.  The resulting pulse train 
consists of 5 – 7, 3 ps pulses separated by 18 ps. 

After the pulse reaches intensities on the order of 
GW/cm2 the lasing transition can be broadened by the 
field of the pulse itself.  This broadening manifests in a 
way similar to the ac Stark effect and can be estimated by Δ ≈ √  where  is the dipole moment in Debye 
and  is the peak intensity of the pulse.  For CO2 =0.0275 such that, at intensities of 10 , a 1 atm 

amplifier has the bandwidth of a 10 atm machine [3].  The 
total broadening is the sum of the pressure and field 
dependent terms, Δ = Δ + Δ . 

 
Figure 2: Simulations showing the production of a ps 
pulse train after amplification of a single ps pulse in a 10 
atm CO2 laser. 

Figure 3 is a block diagram of the Neptune 
Laboratory’s CO2 master-oscillator power-amplifier chain 
where amplification is realized in two stages. In the first 
stage the pulse is amplified from nJ to mJ in two 8 atm 
CO2 lasers where the pressure sustains the bandwidth for 
ps pulse amplification. The first module is used as a 
regenerative amplifier while the second module is used as 
double pass booster.  In the second stage the seed is sent 
for final amplification in a 1 meter, 1 atm CO2 laser 
where the field from the pulse sustains the bandwidth for 
final amplification.  
 

 
Figure 3: Block diagram of the Neptune Laboratory’s 
high repetition rate system.  The orange and blue blocks 
refer to amplifiers which use pressure and field 
broadening to sustain ps bandwidth, respectively. 

 

Figure 4 is a plot of the temporal structure of our output 
pulse train as measured by a streak camera.  As 
simulations predict, the pulse train consists of 3 ps pulses 
separated by 18 ps, a time scale related to the 55 GHz 
modulation in the gain spectrum.  
 

 
Figure 4: Temporal profile of the ps pulse train 

As reported in [3] we extract 200 mJ out of our final 
amplifier which results in a peak power of 20 GW for the 
most intense pulse in the train.  The amount of extracted 
energy is limited by saturation and could be increased if 
the 1 atm final amplifier was replaced by a larger 
aperture, 2 – 3 atm TE CO2 module.  

NONLINEAR SPECTRAL BROADENING 
IN A NOBLE GAS FILLED HOLLOW 

GLASS WAVEGUIDE 
A peak power beyond one defined by the CO2 

bandwidth can be obtained via self-phase modulation in a 
nonlinear optical medium.  Nonlinear spectral broadening 
and subsequent compression of guided waves is a 
technique which has been successful in the near-IR but 
has not been explored at 10 µm. Hollow glass waveguides 
(HGW) which are coated with Ag/AgI are commercially 
available and have been used in our laboratory to guide 
GW, 10 µm pulses with a throughput of 95% in the air 
[4].  

Figure 5 illustrates our scheme to use a Xe filled HGW 
to broaden and chirp our pulses through self-phase 
modulation. After the HGW the pulses will be 
compressed via propagation through NaCl, a material 
with negative group velocity dispersion at 10 µm.  The 
plots of figure 5 depict simulated time and frequency 
domain representations of our pulse train before and after 
the pulse compressor.   

We have modelled this process by numerically solving 
the nonlinear Schrödinger equation [5] for our pulse 
parameters.  We have assumed a waveguide radius of 500 
µm which corresponds to a peak intensity of 6 TW/cm2 

when the beam is coupled into the EH11 mode of the 
waveguide.  The pulse is broadened by a factor of 5 in 
200 cm of Xe gas.  The length of NaCl to compress the 
output pulse train was approximately 35 cm which results 
in 100 GW, 650 fs pulses on the output of the Brewster 
angled salt plate.  Currently the set-up for pulse 
compression is being built.  
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Figure 5: Top: Proposed set-up to use self-phase modulation followed by compression in NaCl to produce 100 GW CO2 
laser pulses. Bottom: Simulated frequency and time domain representations of our pulse train before and after the pulse 
compressor. 

Based on this technique we envision the development 
of a 1 TW, 1-10 Hz CO2 laser system by using the 
strategy described here.  In order to extract the energy 
required to produce a TW class driver we must first 
replace the 1 atm final amplifier with a 100 cm length, 3 
atm CO2 laser.  With this final amplifier we can extract 3 
J of energy which can be sent through the same nonlinear 
pulse compressor of figure (5) to produce 300 fs, 300 mJ 
pulses.   

CONCLUSION 
We have presented the status of an on-going project to 

develop a 100 GW CO2 laser driver for a variable species 
ion source at the UCLA Neptune Laboratory. If nonlinear 
broadening in 200 cm of a noble gas filled HGW 
followed by pulse compression is successful then we will 
scale the interaction to generate >0.1 TW CO2 laser 
pulses.  This power will be sufficient to study CO2 LDIA 
with a gas jet target.  The capability to study LDIA at a 
high repetition rate is critical for understanding and 
optimizing the laser plasma interactions responsible for 
ion acceleration.  Such a system would be an ideal driver 
for a multi-species, MeV class ion accelerator. 
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TECHNIQUE FOR DETERMINING THE MAXIMUM ENERGY OF A 

DISPERSED ELECTRON BEAM FROM LASER WAKEFIELD 

ACCELERATORS* 

J. Shaw#, N. Vafaei-Najafabadi, K.A. Marsh, C. Joshi, UCLA, Los Angeles CA 90024, USA

Abstract 
We present a new curve-fitting method based on 

asymptotically fitting transverse size contributions to the 
measured electron spectrum that is capable of determining 
the maximum energy of a dispersed electron beam from a 
laser wakefield accelerator regardless of its transverse 
size. This method is applied to experimental spectra 
obtained in the characterization of a new injector stage to 
show that Direct Laser Acceleration may be an additional 
acceleration mechanism in laser wakefield accelerators 
where the laser pulse is long enough to overlap the 
trapped electrons. 

INTRODUCTION 

The energy of electron beams from an accelerator is 
typically measured by magnetically dispersing the 
electron beam onto a detector. Because the magnetic 
dispersion is highly nonlinear, the lower-energy charge 
generally experiences higher deflection and is well 
dispersed on the detector, whereas the higher-energy 
charge is deflected less and therefore is less dispersed. 
This small spatial separation leads to reduced resolution 
at higher energies and makes it challenging to accurately 
determine the maximum energy of an electron beam in 
the 10s to 100s of MeV energy range using a non-imaging 
but dispersive magnet. The issue of determining the 
maximum energy of an electron beam is further 
complicated when that beam has a large transverse size at 
the detection plane. In such a case, it is difficult to 
determine whether the signal at high energies on the 
detector is actually high-energy electrons or if it is an 
artifact of the transverse size of the beam. This 
proceedings describes a curve-fitting method to determine 
the maximum energy of an electron beam regardless of its 
transverse size. 

EXPERIMENT 

   This curve-fitting method was developed to accurately 
characterize a newly-designed laser wakefield 
acceleration (LWFA) injector, which could produce ~100 
MeV electron bunches in gas cells with lengths of 400 μm 
to 1100 μm [1, 2].  The Ti:Sapphire laser used to do this 
characterization had a pulse width of 45 fs FWHM and an 
a0 of ~2.  During the characterization, the injector was 
tested over a range of plasma densities from 8.1 x 1018 
cm-3 to 2.5 x 1019 cm-3.  For these laser and plasma 
parameters, the LWFA is not operating in the ideal  

 

 
Figure 1: (a) Linearized electron spectrum showing the 
location of the transverse lineout taken at 130 MeV. (b) 
Typical raw transverse lineout of the electron spectrum 
taken at 130 MeV before being rotated and linearized. 
 

blowout regime [3]. Therefore, self-trapping of electrons 
in the wake will not occur without significant laser pulse 
evolution.  To eliminate the need for laser pulse evolution 
and thus devote the length of the injector to acceleration, 
the ionization injection technique [4] was employed. As a 
result, the spectrum of the accelerated electrons was 
typically continuous with an exponentially decreasing tail 
as shown in Figure 1(a).  To demonstrate that the injection 
stage was capable of producing ~100 MeV electrons as 
designed, it was critical to accurately measure the 
maximum energies of these electron beams even though 
they have exponentially decreasing tails.  The method 
described here was found to converge on many real data 
sets and enabled us to determine the maximum energy of 
an electron beam regardless of its transverse size, its 
energy spread, or its exponentially decreasing tail. 

DETAILS OF THE METHOD  
     The method separates out the transverse size 

contribution by comparing the signal in the dispersed 

plane to the signal in the transverse (undispersed) plane. 

In the dispersion plane, the lineout of the electron 

spectrum has the combined effects of energy dispersion 

and transverse size. The transverse lineout, however, only  

 ____________________________________________ 
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DE-FG02-92ER40727, NSF Grants No. PHY-0936266, DGE-0707424, 
PHY-0936266; DoD, Air Force Office of Scientific Research NDSEG 
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Figure 2: Process of comparing the rotated and linearized 
transverse lineouts (dashed lines) against the central 
lineout of the electron spectrum (solid black line). The 
converted transverse lineout at 146 MeV (red dashed 
curve) is asymptotic with the central lineout; therefore the 
maximum electron energy is 146 MeV. 
 

shows the effects of the transverse size. Therefore, by 

comparing the transverse and longitudinal lineouts of the 

electron spectrum at a particular energy, it is possible to 

determine if the signal at that point is due to electrons of 

that energy or if the signal is from the transverse size 

contribution of lower-energy electrons. 

     To compare the transverse lineout of the signal at a 

particular energy to the actual spectrum, the transverse 

size contribution of the transverse lineout must first be 

converted into a dispersed signal. This process is best 

illustrated on an actual electron spectrum. The raw 

electron spectrum is first linearized as shown in Figure 

1(a) to correct for the energy dispersion of the 

spectrometer. Based on the energy scale of this linearized 

spectrum (Figure 1(a)), the maximum electron energy 

appears to be between 110 MeV and 160 MeV.  

Therefore, transverse lineouts of the raw spectrum are 

taken for a series of energies between 110 MeV and 160 

MeV. A typical transverse lineout is shown in Figure 

1(b).  

   Each transverse lineout contains the transverse size 

contribution from the electrons at the energy where it was 

taken. Assuming that the transverse size effects are 

radially symmetric, this transverse lineout also includes 

the contributions of any lower-energy electrons whose 

transverse sizes are large enough to overlap the chosen 

energy. The selected transverse lineouts are rotated 900 to 

orient them in the dispersion plane. They are then 

linearized using the same process used to linearize the 

dispersed spectrum. Again, because the transverse lineout 

has no dispersion effects and therefore only accounts for 

the transverse size contribution, by rotating it into the 

dispersion plane and linearizing it, the transverse size 

contribution is converted into a linearized signal in the 

dispersion plane. This converted transverse lineout thus 

only shows the portion of the total signal at a given 

energy that is due to the transverse size. Each converted 

transverse lineout can then be compared to the central 

lineout of the actual dispersed signal as shown in Figure 

2. In this figure, the solid black curve is the central lineout 

of the dispersed electron spectrum, and the blue, green, 

and red dashed curves are the converted transverse 

lineouts from 120 MeV, 130 MeV, and 146 MeV, 

respectively. If the tail of the longitudinal lineout has a 

greater magnitude than the tail of the converted transverse 

lineout, then the longitudinal signal cannot be caused by 

the transverse size of the energy of interest alone. There 

must be a contribution from higher-energy electrons. 

However, if the tail of the converted transverse lineout at 

a given energy has a higher signal, then the longitudinal 

signal at that energy can be attributed to the transverse 

size contributions of electrons at energies less than the 

energy being compared.  Therefore, the comparison must 

be repeated with the transverse lineout at the next lowest 

energy.  

   To illustrate this comparison, in Figure 2, the tail of the 

blue curve (the transverse lineout at 120 MeV) is below 

the dispersed signal. Therefore, 120 MeV is not the 

maximum measured electron energy; there must be a 

contribution to the measured electron spectrum from 

higher-energy electrons. The tail of the red curve falls on 

the dispersed lineout. Therefore, the tail of the actual 

dispersed signal can be attributed to the transverse size 

contribution of the 146 MeV electrons. Therefore, 146 

MeV is the maximum energy of this electron spectrum.  

Note that this method does not account for errors in the 

measurement of the maximum electron energy due to the 

electron bunch leaving the plasma at an angle relative to 

the laser axis. However, if this method is used with a two-

screen spectrometer [5, 6], both the transverse size and 

the exit angle of the electron bunch can be taken into 

account when calculating the maximum electron energy. 

EXPERIMENTAL FINDINGS  
Using the curve-fitting method just described, the 

maximum energy of the electron beams produced in the 
characterization of the injector cell [1, 2] were 
determined. Figure 3 shows typical electron spectra 
obtained at low (<1x1019 cm-3) and high (>2x1019 cm-3) 
plasma densities. 

 The performance of LWFAs operating in the blowout 
regime (a0>2) is commonly benchmarked against the 
scaling equation for the dephasing-length-limited energy 
gain [3]:  

 

02

p

2

02 a
ω
ω

mc
3

2ΔE     (1) 

 

where ω0 is the frequency of the drive laser and ωp is the 
plasma frequency. Equation 1 predicts a maximum energy 
gain of 126 MeV for the typical low-density shot (Figure 
3(a)) and of 48 MeV for the typical high-density shot 
(Figure 3(b)). Though the parameters of the UCLA 
injector characterization are not rigorously in the blowout

Proceedings of PAC2013, Pasadena, CA USA MOPAC45

03 Alternative Acceleration Schemes

A23 - Laser-driven Plasma Acceleration 163 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

 
 

Figure 3: (a) Typical low-density electron spectrum. The cell length lcell was 1100 μm, the plasma density n was 9.1 x 
1018 cm-3, and a0 was 2.00. (b) Typical high-density spectrum. lcell was 430 μm, n was 2.2 x 1019 cm-3, and a0 was 1.86.  
 

regime, the measured energy for the low-density spectra 
agree relatively well with the energies predicted by 
Equation 1. However, for the typical high-density 
spectrum shown in Figure 3(b), there is a 175% difference 
between the maximum measured energy (132 MeV) and 
the energy predicted by Equation 1 (48 MeV).  

DIRECT LASER ACCELERATION 

   Through a detailed study and a series of OSIRIS [7] 
particle-in-cell simulations (future publication), it was 
determined that the source of the additional energy gain 
produced in high plasma densities is Direct Laser 
Acceleration (DLA). In LWFAs, the electrons that are 
trapped in the wake therefore undergo betatron 
oscillations in response to the field of the ion column 
formed behind the drive laser. In the UCLA work, the 
laser had a fixed pulse length of 45 fs and an 
approximately constant a0 of 2. Because the length of the 
bubble formed in LWFAs decreases for increasing plasma 
densities [3], when the injector was operating at low 
densities, only the tail of the 45-fs pulse overlapped the 
electrons trapped in the back of the first bubble, but when 
the injector ran at high densities, the bubble length was 
short enough that the higher-intensity portions of the 45-

fs pulse overlapped the electrons trapped at the back of 
the bubble. When the pulse overlaps the trapped electrons 
that are oscillating in the ion column, the transverse field 
of the laser will increase the transverse momentum of the 
electrons that are at the correct phase. This increased 
transverse momentum can then be transformed into 
longitudinal momentum through the v x B force due to 
the magnetic field of the laser. This process of enhancing 
the transverse momentum of an electron and then 
converting that increase to longitudinal momentum is 
known as DLA [8]. DLA can lead to increased energy 
gain in LWFAs operating in a regime where the pulse 
overlaps the electrons trapped in the first bucket and is the 

source of the additional energy gain seen at UCLA when 
the injector was operating at high densities. 

CONCLUSION 

This proceedings details a newly-developed curve-

fitting method for determining the maximum energy gain 
of a dispersed electron beam regardless of its transverse 
size.  This method was applied to experimental work at 
UCLA to find that DLA is an additional acceleration 
mechanism at work in LWFAs where the laser pulse 
overlaps the trapped electrons. 
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SUPPRESSION OF THE TRANSFORMER RATIO DUE TO DISTRIBUTED
INJECTION OF ELECTRONS IN A PLASMA WAKEFIELD

ACCELERATOR∗

N. Vafaei-Najafabadi† , W. An, C.E. Clayton, C. Joshi, W. Lu‡ , K.A. Marsh,
W.B. Mori, UCLA, Los Angeles, CA 90095, USA

E. Adli§ , C.I. Clarke, S. Corde, J.-P. Delahaye, R.J. England, A.S. Fisher, J. Frederico, S.J. Gessner,
M.J. Hogan, S.Z. Li, M.D. Litos, D. Walz, Z. Wu, SLAC, Menlo Park, CA 94025, USA

P. Muggli, Max Planck Institute for Physics, Munich, Germany

Abstract
Evidence of beam loading due to distributed injection in

Plasma Wakefield Accelerator experiments carried out at
the FACET facility at SLAC during the year 2012 is pre-
sented. The source of the injected charge is tunnel ioniza-
tion of Rb+ inside the wake, which occurs along the length
of the interaction at each minima of envelope betatron os-
cillation. Rb was used specifically to mitigate the problem
of head erosion, which limited the energy gain in earlier ex-
periments using Li that were carried out at FFTB in SLAC.
In the present experiment however, electrons produced via
secondary ionization of Rb were injected in the wake and
led to a severe depletion of the accelerating wake, i.e. beam
loading, which is observed as a reduction of mean, i.e.
measured, transformer ratio. This “dark current” limitation
on the maximum achievable accelerating gradient is also
pertinent to other heavier ions that are potential candidates
for high-gradient PWFA.

INTRODUCTION
A Plasma Wakefield Accelerator (PWFA) uses a short,

dense, high current electron beam to drive a high amplitude
wake [1], which can accelerate electrons with gradients that
are orders of magnitude larger than the conventional ac-
celerators [2]. When the beam density (nb) is higher than
the plasma density (np), the electron beam expels all of
the plasma electrons locally and creates a blowout region,
a structure of uniform ion density that accelerates and fo-
cuses electrons [3]. The FACET Facility at SLAC [4] is
currently used for further research on PWFA.

Two particular physics problems that have to be ad-
dressed are the problems of head erosion [5] and ion motion
[6]. Head erosion is a physical effect limiting the length
of the acceleration. Briefly, if the plasma is generated by
the beam via field ionization, as was the case in [2], the
part of the beam that ionizes the medium into plasma is not

∗The work at UCLA was supported by DOE grant DE-FG02-92-
ER40727 and NSF grant PHY-0936266. The simulations were carried
out on the Hoffman cluster at UCLA. Work at SLAC was supported by
Department of Energy contract DE-AC02-7600515.
† navidvafa@ucla.edu
‡Also at Tsinghua University, Beijing 100084, China
§Also at Department of Physics, University of Oslo, 0316 Oslo, Nor-

way

in the blowout region and therefore continues to expand
at a rate that is dependent on its emittance. The expan-
sion then causes the ionization front to recede back in the
frame of the beam. The rate of this “head erosion” effect
is dependent on 1/γ , εn, and IP1.73 [7], where εn is the
normalized emittance and IP is the ionization potential of
the element that is being ionized. Ion motion is a problem
because it leads to distortion of the linear focusing force in
the blowout regime, and it occurs for nb/np > mi/me.

Both of these problems can be addressed by switching
Li (used previously [2]) to a higher Z element, such as
Rb. With an ionization potential that is 23% smaller than
Li, the application of the scaling equations for head ero-
sion implies that the interaction length in Rb would be
40% longer, leading to a proportional increase in maxi-
mum achievable energy. Additionally, with an atomic mass
of over 12 times larger than Li, Rb ions are an order of
magnitude less mobile. On the other hand, the ioniza-
tion potential of the second Li electron is so high (75.6
eV) that it is not exceeded during the experiment. This
is not the case with Rb. The second ionization potential
of Rb is 27.3 eV, which could be reached during the ex-
periment. Here, we show that this secondary ionization
of Rb is responsible for significantly reducing the energy
gradient. The suppression of the accelerating gradient is
diagnosed in this experiment by monitoring average trans-
former ratio 〈T 〉, which can be measured in experiments as
∆W+/∆W− =

∫
E+dz/

∫
E−dz.

EXPERIMENTAL SETUP
The 3 nC, 20.35 GeV electron beam from the FACET fa-

cility at SLAC was focused on the rising edge of a column
of Rb vapor at the neutral density of 2.7 × 1017 cm−3 in
a heat pipe oven [8] (Fig. 1). Rb gas was contained in the
oven using Ar as buffer. Therefore, the density of Ar rose
as the density of Rb fell in such a way that the total pressure
stayed the same. The bunch length of the beam was moni-
tored for every shot using the integrated transition radiation
signal, which was generated as the beam traversed a 1 µm
thick Ti foil and was measured by a pyroelectric detector
(pyro). This signal correlated with a THz Michelson inter-
ferometer (Fig. 1) and was the main diagnostic of the bunch
length. Two absolutely calibrated toroids before and after
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Figure 1: Experimental setup. The electron beam enters
from the left. Transition radiation generated as the beam
traverses the 1 µm Ti foil is observed simultaneously by
a pyroelectric detector (Pyro) and a THz Michelson inter-
ferometer (M). Correlation of the two signals is shown be-
neath the setup. Foils can be inserted in the path of the
beam before it enters the plasma oven to change its emit-
tance from εn0 = 250 × 50µm (see Table 1 for details).
Underneath the schematic of the oven, the density profiles
of neutral Rb and Ar are shown in blue circles and red
diamonds, respectively. The quadrupole magnets Q1 and
Q2 along with the dipole magnet D form the spectrometer.
The Cherenkov radiation emitted between silicon wafers
(1) and (2) is detected by camera C. An example of the en-
ergy spectrum with the white curve showing the integrated
charge is shown below the camera C. The charge near 20.4
GeV observed not to lose any energy has been attenuated
by a factor of 10. The Lanex screen, shielded by a 1mm
copper foil, detects the betatron x-rays.

the plasma oven were used to monitor the incoming and
outgoing charge. Excess charge generated during the in-
teraction was calculated by subtracting the upstream toroid
from the downstream one. To vary the beam emittance, a
set of foils of various thicknesses and compositions (F1-F3,
see Fig. 1 and Table 1) were placed in to path of the beam.
An imaging spectrometer containing two quadrupole mag-
nets and one dipole magnet are used to measure the energy
spectrum of the beam after the plasma. After being dis-
persed by the dipole, the electrons traveled in air and gen-
erated Cherenkov radiation, which was imaged onto a 12
bit CCD. An example of such image is shown in Fig. 1.
X-ray photons of 50-200 keV are observed using a Lanex
film, which is shielded from low energy x-rays using a 1
mm copper mask [9].

Table 1: Composition, Thickness, and Emittance Contribu-
tion [10] of the Foils F1-F3 in Fig. 1

Foil Thickness Metal Composition εn/εn0

F1 25.4µm 71.15 Ag/28.1 Cu/0.75 Ni 1.2
F2 50.8µm 25.57 Au/74.43 Cu 1.3
F3 38.1µm 81.1 Au/16 Cu/2 Ni 1.4

METHODS AND ANALYSIS

The energy gain and energy loss are needed to calcu-
late the average transformer ratio. To calculate these val-
ues, a plot of the integrated charge (white curve shown in
spectrometer image in Fig. 1) is first produced by integrat-
ing the counts on the spectrometer image first in the non-
dispersive dimension and then in the dispersive dimension.
Energy gain and loss in this experiment are defined as the
energies where this curve exceeds 2% and 98%, respec-
tively. For example, in the spectrometer image shown in
Fig. 1, the maximum energy is 24.4 GeV and minimum
energy is 15.1 GeV, leading to values of 4 GeV and 5.3
GeV for energy gain (∆W+) and energy loss (∆W−), re-
spectively.

From the same spectrometer image, it is clear that a
significant portion of the charge has not moved from the
initial energy. This portion of the beam is the unaffected
charge and is dependent on where the ionization occurs in
the frame of the beam. Modeling the ionization with the
ADK model [11, 12], we can plot an ionization contour
for the beam and calculate the amount of unaffected charge
at a certain ionization contour based on the element and
beam characteristics. This measurement can also be ap-
plied in reverse, inferring the initial size of the beam as it
enters the plasma. The insertion of foils F1-F3 causes an
increase in the beam size [13], reducing the beam density
and field, leading to an increase in the unaffected charge
for increasing foil number. Typical value of the unaffected
charge as a function of total charge were 38% for the case
of no foil, 43% for F1, 43% for F2 and 51% for F3. These
values are for a pyro reading between 3000 and 6000 or
σz ∼ 40µm. Subtracting the unaffected charge from the
total charge yields the amount of charge that participated
in driving the wake and forming the accelerating structure.

Once the Rb vapor was ionized, the experiment quickly
evolved into the blowout regime, where the electron beam
traveled in a uniform ion column. The evolution of the
electron beam in this ion cavity can be illustrated by the
envelope evolution model [14]. If the initial beam ra-
dius is larger than the matched radius, given by σ2

r =
εn(c/ωp)

√
2/γ [15], the envelope radius of the beam de-

creases in the up-ramp of the plasma and then oscillates
along the entire length of the interaction. As the envelope
of the beam oscillates, the electrons generate x-rays that
will be observed by the x-ray diagnostic. To calculate the
x-ray yield resulting only from the beam-plasma interac-
tion, background data is obtained by sending the electron
beam through neutral Ar. This yields a background emis-
sion region, which is independent of the plasma interaction,
and is then selected and blocked in the experimental results.
Furthermore, since the number of electrons participating in
the oscillations varies from one experiment to another, the
x-rays yield is normalized to the participating charge. In
this manner, the x-ray yield per electron can be compared
in different experiments.

The envelope oscillation of the beam has another signif-
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Figure 2: (a) Energy loss as a function of inverse
bunch length (∝ pyro). Data with 5000<pyro<5300 is
marked. (b) Projection of phase space for data with
5000<pyro<5300. Current profiles are nearly identical.

icant consequence. As the envelope radius decreases, the
radial electric field of the beam increases. For a participat-
ing charge of N = 1.3 × 1010 electrons, σz = 40µm and
σ∗
r = 3µm, where σ∗

r represents the minimum value of the
envelope radius, the electric field can be calculated from
Emax

r = 17.3 GV/m(N/1010)(10µm/σ∗
r )(30µm/σz),

which yields an Emax
r of 56 GV/m. The peak electric field

strength required to ionize Rb+ by 10% for the same σz
is 53 GV/m. Therefore, Rb+ electrons are ionized at the
lowest point of the radius oscillation, released inside the
wake, accelerated by the wake structure [14], and observed
as excess charge on the toroids.

To minimize the effect that different current density pro-
files can have on the results, ∆W−, ∆W+, and excess
charge data were filtered to a narrow range of pyro read-
ing with nearly identical current densities (Fig. 2). This
specific range of pyro (5000 <pyro< 5300) was selected
because the data contained in this region spanned a large
range of values. For instance, ∆W− shown in Fig. 2(a)
varied by more than a factor of 2. This variation allowed
for meaningful study of the correlation between different
parameters. The current density profiles were inferred from
the projection of the electron beam’s phase space, which is
recorded on every shot. This projection is obtained using
a vertical half period wiggler magnet, which reroutes elec-
trons through two small bends [16]. The resulting radia-
tion illuminates a scintillating crystal of YAG:Ce, which is
imaged onto a CCD camera. These profiles confirm that
experimental data points in the narrow range of pyro se-
lected indeed have a beam current profile that is nearly
identical to one another (Fig. 2(b)). Using this dataset
selected for their similar current density profile, it is ob-
served that excess charge is almost linearly correlated with
both the x-ray yield and energy loss [17]. In other words,
for every betatron oscillation contributing to x-ray yield,
the excess charge increases as well. Furthermore, the cor-
relation between excess charge and the energy loss strongly
implies that this distributed trapping occurs over the length

Figure 3: Electron energy spectra. Top: Excess charge was
770 pC and 〈T 〉 = 0.6. Bottom: Excess charge was 510
pC and 〈T 〉 = 1.1; Foil F3 was also inserted in the beam
path. 〈T 〉 decreases as the excess charge increases.

of the interaction. This distributed injection of charge in
turn beam loads the wake, reducing the accelerating gradi-
ent and the transformer ratio. As stated earlier, this effect is
observed in the experiment by measuring the average trans-
former ratio 〈T 〉. The spectrum corresponding to the two
data points with the highest and the lowest excess charge
from the narrow range of pyro selected in Fig. 2 is shown
in Fig. 3. It is evident that while the energy loss increases
significantly, the energy gain is nearly the same between
the two as the result of the heavy beam loading.

In summary, secondary ionization of heavy ion species
in the blowout region is a significant limiting factor for the
accelerating gradient in PWFA. In our experiment, Rb+

ionization led to beam loading and a reduction in 〈T 〉 by
a factor of two. Other heavy elements considered as can-
didates to mitigate head erosion and ion motion in PWFA
experiments may be limited in their accelerating gradient
by the same effect.

REFERENCES
[1] P. Chen et al., Phys. Rev. Lett. 56 (1985) 693.

[2] I. Blumenfeld, et al., Nature 445 (2007) 741.

[3] W. Lu et al., Phys. Rev. Lett. 96 (2006) 165002.

[4] M. J. Hogan, et al., New J. Phys. 12 (2010) 055030.

[5] I. Blumenfeld, Ph.D. Thesis, Stanford University (2009)

[6] J. Rosenzweig et al., Phys Rev. Lett. 95 (2005) 195002

[7] M. Zhao, Ph.D. Thesis, UCLA (2008)

[8] P. Muggli, et al., IEEE T. Plasma. Sci. 27 (1999) 791.

[9] M. Litos and S. Corde, AAC’12, Austin, June 2012, p. 705.

[10] S. Li et al., AAC’12, Austin, June 2012, p. 1507.

[11] D. L. Bruhwiler et al., Phys. Plasmas 10 (2003) 2022.

[12] C. L. O’Connell et al., Phys. Rev. ST Accel. Beams 9 (2006)
101301.

[13] K. A. Marsh et al. NA-PAC’13, Pasadena, September 2013,
TH0CA1

[14] E. Oz et al., Phys. Rev. Lett. 98 (2007) 084801.

[15] P. Muggli et al., Phys. Rev. Lett. 93 (2004) 014802.

[16] S. J. Gessner et al., IPAC’13, Shanghai, May 2013,
TUPWA069, pp. 1865-1867

[17] Vafaei-Najafabadi, et al., submitted.

Proceedings of PAC2013, Pasadena, CA USA MOPAC46

03 Alternative Acceleration Schemes

A22 - Beam-driven Plasma Acceleration 167 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



SIMULATION OF LASER WAKEFIELD ACCELERATION IN THE
LORENTZ BOOSTED FRAME WITH UPIC-EMMA
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Xinlu Xu, Wei Lu, Tsinghua University, Beijing 100084, China
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Abstract
Simulating Laser wakefield acceleration (LWFA) in a

Lorentz boosted frame in which the plasma drifts towards
the laser with vb can speedup the simulation by factors of
γ2b , where γb is the Lorentz factor of the boosted frame.
To eliminate the high frequency numerical instability in-
duced by relativistic plasma drift in these simulations, we
develop a fully parallelized, multi-dimensional, particle-
in-cell code that uses a spectral solver to advance the
Maxwell’s equations. This new EM-PIC code is called
UPIC-EMMA and it is based on the components of the
UCLA PIC framework (UPIC). It is shown that using
UPIC-EMMA, LWFA simulations in the boosted frames
with large γb can be conducted without any notable numer-
ical instability. We also benchmark the UPIC-EMMA re-
sults with OSIRIS in the lab frame, an EM-PIC code with a
finite difference time domain (FDTD) Maxwell solver, and
good agreements are found.

INTRODUCTION
Laser wakefield acceleration [1] offers the potential to

construct compact accelerators that has a numerous poten-
tial applications, and the last ten years has seen an explo-
sion of theoretical and experimental results. Due to the
strong nonlinear effects in the laser plasma interaction in-
volved, numerical simulations, in particular particle-in-cell
(PIC) simulation, are critical in exploring the physics of
LWFA. Recently, it was shown that by performing the sim-
ulation in an optimal Lorentz boosted frame with veloc-
ity vb, the time and space scales to be resolved in a nu-
merical simulation may be minimized [2, 3, 4]. The ba-
sic idea is that in the boosted frame the plasma length
(the laser propagation distance) is Lorentz contracted while
the plasma wake wavelength and laser pulse length are
Lorentz expanded, which lead to savings of factors of
γ2b = (1−v2b/c2)−1 as compared to a lab frame simulation
using the so-called moving window [5].

However, in the boosted frame simulations noise from
a numerical instability can be an issue. As discussed in
[6, 7, 8, 9, 10], the noise results from a numerical Cerenkov
instability induced by the plasma drifting with relativistic
speeds on the grid. According to the dispersion relation this
numerical instability is attributed to the coupling between
the wave-particle resonances with EM modes (including
aliased modes) in the numerical system. The pattern of
the instability in Fourier space can be found at the inter-

∗ tpc02@ucla.edu

sections of the EM dispersion relation of the solver used in
the simulation algorithm, and the wave-particle resonances
[8, 9, 10].

In order to mitigate this instability, it is preferable to use
an EM solver that eliminates the numerical instability at the
main beam resonance [10]. When using a spectral solver
that spatially advances the EM fields in Fourier space, its
EM dispersion curve assures no instability pattern at the
main beam resonance. In addition, the pattern at the first
space aliasing beam mode is found to be located at high |~k|
values that are far away from the interested physics. For
the spectral solver the numerical Cerenkov instability of
the first aliased beam mode is located at a predicted pattern
in ~k space so it can be conveniently eliminated by applying
simple filters directly in ~k space.

We developed a fully parallelized three-dimensional
electromagnetic spectral PIC code called UPIC-EMMA
that was built using components of the UCLA PIC Frame-
work called UPIC [11]. A spectral EM-PIC code has the
same basic flow chart as a finite-difference-time-domain
(FDTD) PIC code. In a spectral EM-PIC code both the
charge and current are deposited on the mesh from the par-
ticles; the forces exerted on the particles are interpolated
from the mesh points, and particles are advanced using the
Lorentz forces. The main difference between the spectral
PIC code and FDTD PIC code is the solver used to ad-
vance the electromagnetic field and that all field quantities,
including the charge and current densities, are defined at
the same locations on a cell (no Yee mesh [12] is needed).
In a spectral PIC code the charge and current are directly
deposited, and a strict charge conserving current deposit is
not needed because Gauss’s law is solved at each time step
using the charge density.

There are no dispersion errors for light waves due to
the grid (however there are errors from the finite time
step). This is a significant advantage of the spectral
solver, whereas a FDTD code describes the [k]i operator
to O(ki∆xi)

3, the spectral code has no errors in the finite
[~k] operator. In addition, when including time step errors,
the numerical dispersion of a spectral PIC code is super-
luminal, while that of the FDTD code is sub-luminal. The
more accurate and superluminal aspect of the EM disper-
sion relation provided by the spectral solver (together with
the simple filters) is crucial for eliminating the numerical
Cerenkov instability. This ensures no non-physical interac-
tion between waves and particles in the first Brillouin zone
for the spectral PIC code.
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LAUNCHING LASER AND ELECTRON
BEAM

To model LWFA stages including beam loading it is nec-
essary to have an antenna and a cathode in the boosted
frame. Next, we discuss how these are implemented in
UPIC-EMMA.

Moving Antenna
As discussed in [3] and [13], the effective spot size of

the laser increases by a factor of γ2b (1 + βb) because the
Rayleigh length of the laser contracts by γb and the pulse
length expands by γb(1+βb). To prevent the need for using
a simulation box with transverse size ∼ γ2b times that is
needed in the lab frame, we utilize a thin slice of grids at the
plasma boundary as an antenna to drive the laser pulse into
the plasma. The antenna moves backward together with the
plasma boundary in the boosted frame.

In the spectral code, the transverse and longitudinal com-
ponents of the fields are solved for separately. Therefore,
on the antenna we set ρ equal to zero so there are no lon-
gitudinal fields on it. When launching a laser from the an-
tenna, we assign current (in the direction of the laser polar-
ization direction) at every point inside the antenna such that
~E has the desired form and polarization. The other compo-
nents and the magnetic field follow naturally from Maxwell
equations. The antenna has a finite width of around λ/2
where λ is the wavelength of the laser in vacuum to elimi-
nate any backward propagating signal. The current for gen-
erating the laser is added after the current is deposited for
all the particles in the system is finished.

Beam Cathode
Similarly to the initialization of laser, when initializing a

particle beam in the Lorentz boosted frame the effective β∗

contracts, which greatly enhances the effective spot sizes of
the beam. We implement a beam cathode in UPIC-EMMA
which, similarly to the moving antenna for laser, launches
beam particles from a thin slice moving together with the
plasma boundary. The corresponding EM fields produced
by the beam are likewise initialized within the slice. The
beam cathode also enables UPIC-EMMA to be used to sim-
ulate loading a particle beam into a wake driven by a laser
and simulate plasma wakefield acceleration (PWFA).

BENCHMARK WITH OSIRIS
To benchmark the boosted frame simulation results from

UPIC-EMMA, we performed extensive simulations. Here
we present simulations of a 1 GeV LWFA stage with both
UPIC-EMMA in a boosted frame and OSIRIS [14] in the
lab frame. OSIRIS uses a FDTD solver, e.g. Yee solver, to
push the EM field. The parameters for the OSIRIS simula-
tions are listed in table 1, and the results for the a0 = 8.0
cases are shown in figure 1. From the plasma density plot
and wakefield plot in the Lorentz boosted frame, we can
see clean physical results with no evidence of the numer-
ical Cerenkov instability. Good agreement for the on-axis

Table 1: Simulation Parameters for the Simulations Shown
in Figure 1 and 2 – ω0 is the Laser Frequency and k0 is the
Laser Wave Number in the Lab Frame

2D LWFA boosted frame simulation
Plasma

plasma column length L 0.9 cm
density n0 2× 1018 cm−3

Laser
pulse length τ 30 fs
norm. vector potential a0 = 8.0
pulse waist W 15 µm

Simulation
grid size (k0∆x1, k0∆x2) (0.0982, 0.0982)
time step ω0∆t 0.0225
number of grid in box 16384×512
boosted frame γb 14
particle shape quadratic

3D PWFA lab frame simulation
Plasma density n0 5× 1016 cm−3

Beam
pulse length τ 113.7 fs
spot size W 10 µm
beam energy 22.5 GeV

wakefield is found between OSIRIS lab frame and UPIC-
EMMA boosted frame simulation. More comparisons can
be found in Ref. [15].

Figure 1: Highly nonlinear case at a0 = 8.0. Left col-
umn shows the 2D plots of plasma electron density, and
the correspondingE1 at t = 221 [norm unit] in the boosted
frame (γb = 14). The second column shows the on-axisE1

comparison between OSIRIS lab frame, and UPIC-EMMA
boosted frame simulation (γb = 14).
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BOUNDARY CONDITIONS

Currently, in UPIC-EMMA there are 3 types of EM
boundary conditions (b.c.) available: (i) 3D periodic
boundary; (ii) 3D conducting boundary; and (iii) mixing
boundaries with conducting boundary in x1 and x2, and
periodic boundary in x3. The particles are specularly re-
flected from the conducting boundary. The conducting
b.c. is particularly useful when modeling beam loading or
PWFA. This is due to the fact that when all the three direc-
tions are periodic, the charge neutrality in the simulation
box is enforced, while in the PWFA simulation the system
is non-neutral because of the electron beam. To illustrate
this issue we show UPIC-EMMA results from a lab frame
simulation where only one driving particle beam is mod-
eled (no trailing beam). In figure 2 we present the results
of a 3D PWFA simulation in the lab frame, using 3D peri-
odic b.c. (first row), and mixing b.c. (second row), and the
comparison in the on-axis wakefields are shown in figure 2
(c) and (d). The QUICKPIC results are also shown in fig-
ure 2 (c). In figure 2 (d) we plot the transverse lineout of
the wakefield in the bubble, to illustrate the differences in
the wakefield due to the different b.c.

Figure 2: (a) and (b) show the 2D plasma density plot
of a 3D PWFA lab frame simulation using the parameters
shown in table 1. (a) uses the conducting b.c. in the trans-
verse directions of the propagating driving beam, while (b)
uses 3D periodic b.c. In (c) the on-axis wakefields are com-
pared between the mixing b.c. and 3D periodic b.c., and
also compared with the QUICKPIC results. In (d) we plot
the transverse lineout of the wakefield in the bubble for the
two types of b.c; the position of this cross section is shown
in (a) and (b).

CONCLUSIONS
In this paper we briefly described a new simulation code

called UPIC-EMMA that can model LWFA stages, includ-
ing beam loading from an injected particle beam, at very
high gammas γb. UPIC-EMMA uses a spectral solver to
mitigate the numerical instability induced by the relativistic
plasma drift. The spectral solver together with a band-pass
filter conveniently mitigates the numerical instability.

We have also implemented a moving antenna to launch
a laser and a moving cathode to launch a particle beam.
The moving cathode allows beam loading as well as PWFA
studies. The implementation of a mixing boundary condi-
tion is shown to give correct results for the wakes from the
driving particle beams.

We presented details of LWFA parameters for simulating
LFWA stages using UPIC-EMMA in the Lorentz boosted
frame. The γb of the boosted frame is chosen such that
the laser frequency is in the same order as the plasma
frequency so neither of these two characteristic lengths
are over-resolved. We compared the transformed boosted
frame data in UPIC-EMMA with the lab frame data from
OSIRIS, and good agreements are found.

This work is supported by DOE awards DE-FC02-
07ER41500, DE-SC0008491, DE-FG02-92ER40727, and
DE-SC0008316, and by NSF grants NSF PHY-0904039
and NSF PHY- 0936266, and by NSFC Grant 11175102,
thousand young talents program. Simulations were carried
out on the UCLA Hoffman 2 Cluster, and Dawson 2 Clus-
ter.
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Abstract
In this paper, we demonstrate numerically the possibil-

ity of measuring the energy gain/loss experimentally to
confirm the self-modulation instability (SMI) development
with electron bunch parameter available at Accelerator Test
Facility (ATF) of Brookhaven National Laboratory (BNL).
The results also show that due to plasma wakefield de-
phasing during the SMI development, the actual energy
gain/loss by drive bunch particles is lower than deduced
from maximum accelerating fields. All the simulations are
performed with the 2D-cylindrically symmetric partilcle-
in-cell code OSIRIS [1].

INTRODUCTION
We have successfully demonstrated the excitation of

multiple-periods plasma wakefields by a 50 pC bunch with
square current profile available at the Accelerator Test Fa-
cility of Brookhaven National Laboratory (BNL-ATF) [2].
These wakefields act as the seed for self-modulation insta-
bility (SMI). The experimental data is in excellent agree-
ment with the linear theory and OSIRIS-2D [1] simulation
results. With this low 50 pC charge, the SMI does not grow
within the 2 cm propagation distance in the plasma density
range available in the experiment (1015-1017 cm−3), and
therefore periodic energy modulation measurements were
possible. However, simulations have shown that the SMI of
the 1 nC bunch grows significantly and reaches saturation
over the 2 cm propagation distance (see Fig. 1 b)). Note
that for 1 nC bunch, the beam-plasma interaction is still in
the linear regime of the PWFA for the plasma density range
as indicated above, i.e., nb/np <0.06. According to linear
theory, the initial wakefield amplitude is 20 times higher
for 1 nC bunch than that of 50 pC bunch, and this has been
confirmed by previous simulations [3]. We here further an-
alyze the simulation results of 1 nC bunch to examine the
possibility of measuring the energy spectrum experimen-
tally to confirm the development of SMI. As an example,
we take the plasma density of ne = 4.85 × 1015 cm−3

such that Lbeam/λpe = 2. It has been demonstrated that
during the development of SMI, the plasma wave phase ve-
locity becomes smaller than the beam velocity, resulting in
dephasing between the bunch particles and the wakefields
[4, 5]. The following results show that due to such dephas-
ing, the actual energy gain/loss by drive bunch particles is
≈ 25% lower than deduced from maximum accelerating

∗yunf@usc.edu

field plots, i.e. assuming the wakefield on the particles do
not dephase. However, the resulting energy gain is approx-
imately 2.4 times larger than the case without SMI devel-
opment. It is therefore still possible to confirm the SMI
development through the measurement of resulting energy
spectrum in the experiment.

ENERGY GAIN/LOSS
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Figure 1: a) The longitudinal wakefieldEz on the axis (r =
0) at plasma entrance (z = 0) within the bunch. The red
rectangle indicates position of the electron bunch. b) The
evolution of maximum Ez on the axis (r = 0) along the
propagation distance. The green line indicates the plasma
length in the experiment. c) Electron bunch density in the
r, E space, showing the energy spectrum of the beam at
plasma exit (z = 2 cm). Results are obtained from OSIRIS
2D.

We first assume that there is no SMI growth during the
2 cm propagation for the 1 nC bunch, and therefore the en-
ergy gain/loss at the plasma exit can be estimated by multi-
plying the initialEz amplitude (at z = 0) with 2 cm. Figure
1 a) shows the initial longitudinal wakefield Ez on the axis
(r = 0) at the plasma entrance (z = 0) obtained from sim-
ulation, with an acceleration amplitude Ez0 ≈ 67 MV/m,
which is within %5 difference with the estimation of lin-
ear theory (≈ 64 MV/m). Therefore, assuming no SMI
growth and hence no Ez amplitude evolution, the energy
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gain/loss at the plasma entrance would be ∆Eno−growth =
Ez0 × 2 cm≈ 1.33 MeV. Figure 1 b) shows the evolution
of maximum longitudinal field on the axis Ezmax along
the propagation distance. The exponential growth and sat-
uration of Ezmax indicate the development of SMI with
the 1 n bunch. Since the SMI is a convective instabil-
ity, the maximum Ez is expected to be at the back of the
bunch, e.g. at the acceleration peak of the second wakefield
bucket in this case. Assuming no dephasing of the plasma
wave with respect to the square bunch during the propa-
gation, the maximum energy gain can be estimated as the
integral of Ezmax over the propagation distance, resulting
in ∆Egrowth−integration ≈ 3.52 MeV. Figure 1 c) shows
the energy spectrum of the electron bunch particles at the
plasma exit, obtained from the OSIRIS-2D simulation.
With the mean incoming energy of 58.35 MeV, the max-
imum energy gain is estimated as ∆Egrowth−spectrum ≈
60.98 − 58.35 = 2.63 MeV, more than 2 times larger
than the value obtained assuming no SMI growth. We
hence conclude that it is experimentally possible to con-
firm the development of SMI through the measuring of
the energy gain/loss at the plasma exit. It is also worth
noting that the particles’ actual maximum energy gain/loss
∆Egrowth−spectrum is 25% smaller than the integration of
the maximum Ez result ∆Egrowth−integration. This clearly
indicates the occurrence of dephasing during the develop-
ment of SMI, which will be further examined in the follow-
ing section. Note that the conclusion also applies to energy
loss, although the figures are not shown here.

DEPHASING OF THE WAKEFIELD

�����	�����
���� �����
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� 	
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��
���

��
���

Figure 2: Evolution of the accelerating wakefield structure
Ez within the bunch(es) along the propagation distance z.
The red rectangle shows the longitudinal position of the
bunch and the white dotted lines show the ”trajectory” of
the peak accelerating and decelerating field in the z − ξ
plane, respectively.

To confirm the dephasing of the plasma wave with re-
spect to the electron bunch during the propagation, Fig. 2
shows the evolution of accelerating wakefield structure Ez .

The phase velocity of the longitudinal plasma wave vφ can
be deduced from the slope of maximum Ez in the z and
ξ(= ct − z) plane (as shown schematically by the dotted
line in Fig. 2), yielding vφ = c × (1 + 1

δz/δξ ) [6]. Conse-
quently, a smaller negative slope (δz/δξ) means a smaller
phase velocity. Figure 3 d) shows the fitting to obtain the
phase velocity. During the first 0.5 cm propagation, there
is no significant growth of SMI (as can be observed in Fig.
1 b)) , and therefore the wakefield phase velocity is close to
the beam velocity vb(≈ c). Between z = 0.5 − 1.5 cm, the
beam density becomes modulated due to the periodic fo-
cusing/defocusing field and hence SMI develops, resulting
in a lower wakfield phase velocity vφ. Its value is estimated
as 0.986 c according to Fig. 3 d). For z = 1.5−2.0 cm, the
SMI saturates and the wake phase velocity almost reaches
c again.
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Figure 3: a) Energy gain/loss by particles along the bunch
(ξ) after 2 cm plasma, obtained by integrating the accel-
eration field (as shown in Fig. 2 c)) over the propagation
distance z. ξ0 indicates the position in the bunch where par-
ticles gain the most energy; b) the accelerating field on the
axis at position ξ0 of the bunch (Ez(ξ0, r = 0)) along the
propagation distance z (red line) and the maximumEz field
on the axis along z (blue line); c) Longitudinal wakfieldEz
on axis (r = 0) at plasma entrance z = 0 (blue line) and
plasma exit z = 2 cm (red line). Note that Ez at z = 0
(blue line) is multiplied by 50 in order to make it visible
on the same scale. The dotted lines show the accelerating
peaks of the respective fields, and the distance between the
two dotted lines directly shows the wakefield dephasing;
d) the shifting of the position ξ of the peak accelerating
field along the propagation distance z, and the fitted line is
given as: z(cm) = 5.5467 − 0.0072932 × ξ(cm), yielding
vφ = c× (1 + 1

δz/δξ ) ≈ 0.986c.

Figure 3 a) shows the energy gain of the beam parti-
cles along ξ, obtained by integrating the acceleration field
in Fig. 2 over the propagation distance z, yielding the ap-
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proximate energy gain/loss of the bunch particles during
the 2 cm propagation (

∫
Ezdz ≈

∑
Ez∆z). We can there-

fore identify the ξ0 position where the bunch particles gain
the most energy. This is indicated by the dotted line in
the Fig. 3 a). Figure 3 b) shows the evolution of the ac-
celerating wakefield experienced by the the particles at ξ0
(red curve), compared to the maximum accelerating wake-
field (blue curve) along the bunch. The fact that the former
amplitude is smaller than the later one explains the energy
difference between the integration from maximum Ez and
the actual energy spectrum of the particles at the plasma
exit, as mentioned above. Fig. 3 c) shows the longitudinal
field Ez on the axis along ξ at the plasma entrance z = 0
(blue line, ×50) and at the plasma exit z = 2 cm (red line).
The shift of the peak accelerating field between z = 0 and
z = 2 cm clearly confirms the dephasing. It is worth not-
ing that the dephasing occurs mostly over the first plasma
period.

CONCLUSION
In conclusion, simulation results presented here demon-

strated that the SMI grows significantly over the 2 cm prop-
agation distance for 1 nC bunch at ATF with a plasma den-
sity such that Lbeam = 2λpe. Due to dephasing between
the bunch particles and the plasma wakefield, the actual
energy gain is ≈ 25% smaller than the integration of the
maximum Ez over the propagation distance. However, the
resulting energy gain is still approximately 2 times larger
than the case without SMI development. It is therefore pos-
sible to confirm the SMI development through the measure-
ment of resulting energy spectrum in the experiment.
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CURRENT INDUCED IN VACUUM CHAMBER  
DURING NSLS-II BOOSTER RAMP* 

S. Gurov , V. Kiselev, S. Sinyatkin, BINP SB RAS, Novosibirsk, Russia #

Abstract 
Fields that arise in the booster magnets during a ramp 

induce currents in the vacuum chamber, including 
currents through ���� ���	
��. These induced currents 
produce magnetic fields, which influence the beam. 
Calculations and simulations for the NSLS-II booster are 
discussed. 

INTRODUCTION 
Budker Institute of Nuclear Physics has built the booster 
for NSLS-II. The booster has been designed [1, 2], 
produced [2], delivered, assembled and tested [3]. The 
booster is intended for continuous and reliable 
acceleration of electron beam from a minimum 170-MeV 
injection energy to a maximum energy of 3.15 GeV at an 
average beam current of 20 mA and a 2 Hz repetition rate.  

The combined-function dipole magnets have magnetic 
fields with quadrupole and sextupole components. The 
basic parameters of the dipoles are given in Table 1. 

 
Table 1: Specification of the Dipoles  

Dipole parameters BF BD 

Number 28 32 

Effective magnetic length 1.24 m 1.30 m 

Angle 3.2673� 8.3911� 

Vertical gap �14 mm �13 mm 

Field injection 0.03068 T 0.07516 T 

Field extraction 0.46021 T 1.12734 T 

Quadrupole K1, extraction 0.82 m-2 -0.55509 m-2 

Sextupole K2, extraction 3.6 m-3 -4.3 m-3 

Good field region �12 x �20 mm 

Field quality in the good field 
region,  �B/B0 

� 1�10-3 

 
During a ramp, the fields arising in the booster magnets 
induce currents in the vacuum chamber, including 
currents through �������	
��. 

 

CURRENT THROUGH �������	
�� 
 
The c
���������	
����������	
�����������	�����
������

Itotal through the vacuum chamber:  

dStrEI ztota l ),,( �����   (1) 

The integrating is done over the entire vacuum chamber 
cross-section with the conductivity� . 

The induced electric field can be found from the 
Maxwell-Faraday equation, 

t
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We have the following equations: 
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A magnet with symmetry in its median plane has the 

following magnetic field in the aperture:  
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Here we get a component )(0 tE z , which is 

independent from the coordinates r  and � . This 

component depends on some external conditions. 
If the vacuum chamber is isolated, Itotal=0 and we get 

)(0 tE z from Eq. (1) and Eq. (5). 

If the vacuum chamber is grounded on the both sides of 
magnet, we can find )(0 tE z in the following way. There 

is a field line that divides the magnetic field flow into two 
parts (see Fig. 1). This line crosses the magnet median 
plane at the point xo. Let the circuit consist of the ground 
circuit and a line which is parallel to the beam axis and 
cross xo. Then, the magnetic field flow through this circuit 
does not change during a ramp. Therefore, 

0),0,( ��� txrE oz � , and from equation (4) 
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If we neglect the effects related to the steel properties 

of the magnetic yoke,  

)()( tfBmtB nn � .  (6) 

Here nBm is the field harmonics at the maximum magnet 

current and )(tf is a function that describes the ramp of 

the magnets, such that  1)( �tf  at the maximum magnet 

current. 
 
Consequently  
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MAGNETIC FIELD  
Since the current induced in the vacuum chamber has 

symmetry in the median plane, the induced magnetic field 
)(tBc in the vacuum chamber looks similar to that Eq. 

(4) with the field harmonics )(tBcn . This harmonics can 

be found in the following way. On the one hand, the 
magnetic field in the median plane is 

�
�
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1)(),(
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n
ny xtBctxBc . (8) 

 
On the other hand, 
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The integrating is done over the entire vacuum chamber 
cross-section; r is a function of � ; R is the distance from 

the current dI to x : 

��� 2222 sin)cos(),( rxrxR �
� .   (10) 

 

Since 1�
r

x
 in the vacuum chamber, we can use the 

following expression: 
 

�
�

�

��
�
�

�
�
��

�





0
22

)1cos(
)(sin)(cos

cos

m

m

m
r

x

r
x

r
x

�
��

�
 (11) 

 
Therefore, 

drd
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ntrE

c
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In case of round vacuum chamber, there is no induced 

magnetic field. In case of elliptical vacuum chamber, the 
main component of the induced field is a quadrupole 
harmonics.  

 

SIMULATION  
Dynamical effects arising during an energy ramp were 
simulated with the help of the computer code ANSYS for 
a stainless steel dipole vacuum chamber 1 mm thick with 
a 41×24 mm cross-section.  

Simulated were t��� �through-���	
��� 	���
��� ��� the 
BD (see Fig. 3) and BF dipoles (see Fig. 4) during a ramp 
(see Fig. 2). 

 

 

Figure 2: Dipole field ramp for 1 Hz and 2 Hz. 
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Figure 3: ����	
��-��	
����
������	�������������	����
(red);  the  same  normalized   to  the  dipole  current in 
Ampere-turns (blue). 

 

 

Figure 1: Magnetic field distribution in a BF dipole. The 
�����������	�����������

�������������������	�����������o 

= 30.7 mm for the BF dipole and �o = 4.4 mm for the BD 
dipole. 
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Figure 4: ����	
��-��	
����
������	��������	���� ���!"�
the same  normalized to  the dipole  current  in Ampere-
turns (blue). 

 
Figures 5 and 6, respectively, show the deviation of 

magnet parameters for the BD and BF magnets. The eddy 
current effect results in an equal relative deviation of the 
magnetic field and gradient magnitudes (Fig. 5 and Fig. 6, 
����������� ������������ ���� ����� 	���
�� �
� the 
vacuum chamber induces a strong sextupole component 
of the ���
������������ � �������������through-���	
���
currents through the vacuum chamber induce an 
additional large gradient of the field 
����������!���	
����
��give a small contribution to the 
field and sextupole strength ��������������	
���
�������������	
��� 
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Figure 5: Deviation of the magnet parameters of the BD 
dipoles due to the eddy current effect. 
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Figure 6: Deviation of the magnet parameters of the BF 
dipoles due to the eddy current effect. 

MEASUREMENTS  
The dipoles were measured with Hall probes at DC 

currents [4]. In addition, one BF dipole and one BD 
dipole were measured during a ramp with an assembly of   
long coils [5]. This coil assembly allows measuring 
integrated fields with and without the vacuum chamber.  
   When the vacuum chamber was grounded on both sides, 
the through-ground current (see Fig. 7) was measured 
with a current probe. This current produces the measured 
quadrupole and sextupole components (see Fig. 8). 

 

Figure 7: Through-ground current for the BF dipole. 
Calculated current (red); measured current (blue); dipole 
current in Ampere-turns (black). 

 

Figure 8:  Influence of the vacuum chamber grounding on 
the quadrupole (top) and sextupole (bottom) field 
components of the BF dipole.  
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SELF-CONSISTENT SIMULATIONS OF PASSIVE LANDAU CAVITY
EFFECTS∗

G. Bassi† , A. Blednykh, S. Krinsky, J. Rose, BNL, Upton, NY 11973-5000, USA.

Abstract
We discuss passive Landau cavity effects for arbitrary fill

patterns. We present a new algorithm for the self-consistent
calculation of the long-range multibunch interaction and
implement it in the parallel OASIS code. As an applica-
tion, we show numerical simulations with parameters of
the passive Landau cavity system of the MAX-IV storage
ring, which consists of normal conducting cavities. To-
gether with with the uniform filling case, which is planned
for nominal operations of the MAX-IV storage ring, we
discuss the case with a gap in the fillings.

EQUATIONS OF MOTION

We assume M bunches, each with N electrons, circulat-
ing in a ring with circumference C and revolution period
T0. According to the steady state beam loading compensa-
tion scheme shown in Fig.1, for self-consistent simulations
of passive Landau cavity effects, the dynamics of the parti-
cles in bunch m (m = 0, ..,M−1), under the one-turn map
approximation, is governed by (without radiation damping
and quantum fluctuations)

δn+1 = δn

+
e

E0

[
Vgr cosΨ sin(φs + θL +Ψ− ωrfτn)

− Vm(τn)− Vrf sinφs0

]
,

τn+1 = τn − ηT0δn+1, (1)

where n is turn number, e the electron charge, δ is the
relative energy deviation with respect to the nominal en-
ergy E0, τ is arrival time and η the momentum com-
paction. Here Vgr (generator voltage) Vrf (rf voltage), φs

(synchrotron phase), Ψ (detuning angle) and θL (load an-
gle) are the parameters of the main cavity and sinφs0 =
Us/(eVrf), where Us is the energy loss per turn. Vm(τn)
is the collective voltage induced by the passages of the M
bunches through the main and Landau cavities.

The self-consistent calculation of Vm(τn) for a narrow-
band resonator wake can be done efficiently by computing
averages, via a MonteCarlo integration, of trigonometric
functions with respect to the “history” of the bunch densi-
ties [3]. For the case of an arbitrary long-range wakefield
interaction, see [2], where the collective voltage is calcu-
lated via a Taylor series expansion. The algorithm is im-
plemented in OASIS, a self-consistent parallel code for ef-
ficient simulations of instabilities driven by short and long-

∗Work supported by DOE contract DE-AC02-98CH10886
† gbassi@bnl.gov

range wakefields [3], and allows the study of passive Lan-
dau cavity effects for normal conducting cavities. The case
with superconducting cavities is at the moment computa-
tionally too expensive. However, we are planning to extend
the capability of the algorithm to cover the superconduct-
ing case, since our ultimate goal is the study of the passive
Landau cavity system of the NSLS-II storage ring, which
is planned to operate with superconducting cavities. Notice
that Eq.(1) provides Robinson damping of the 0 mode by
properly detuning the main cavity. This is crucial vhenever
the longitudinal radiation damping is not strong enough to
suppress the Robinson instability induced by detuning the
Landau cavity for bunch lengthening.

UNIFORM FILLINGS

As an application of our current algorithm, we study pas-
sive Landau cavity effects with parameters of the MAX-IV
storage ring [1] (see Table 1), which will be operated with
normal conducting cavities (see Table 2). In our simula-
tions we include only the fundamental mode of the main
and Landau cavity. The optimal bunch lengthening can be
estimated by calculating the collective voltage induced by
equally spaced stationary bunches [4]. According to the
parameters of MAX-IV the optimal bunch lenghtening for
uniform fillings is ≈ 200ps.

In Fig.2 we show self-consistent simulations of Eq.(1)
with the OASIS code. OASIS is based on a Vlasov ap-
proach and implements a particle tracking method to solve
the Vlasov equation, therefore uses N simulation or repre-
sentive particles to sample the underlying phase space den-
sity, and its number is not necessarily related to the actual
number of particles in the bunch N . The simulations of
M bunches, each with N simulation particles, are done
in parallel using M processors, by assigning N of each
bunch to a single processor. Eq.(1) is integrated up to 300K
turns. The parameters (per cavity) used to solve Eq.(1) are
Vgr = 0.495MV, φs = 2.728rad, Ψ = −1.137rad and
θL = 0. The detuning frequency of the Landau cavity is
47.53kHz and the number of simulation particles used is
N = 100K. In Fig.2 (left) we plot the bunch length of the
bunch train after 300K turns. The red curve represents the
numerical result with Landau cavities. The bunch length is
roughly constant across the bunch train and approximately
equal to 210ps. The curve in blue shows the nominal bunch
length of 40ps without Landau cavities. In Fig.3 (top left)
we plot the longitudinal density of the bunch train. We
clearly see that for uniform fillings the Landau cavities in-
duce roughly the same bunch lenghtening across the train
without displacing the bunch centroid.
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Figure 2: Numerical simulations with OASIS. The number of simulation particles used is N = 100K. Bunch length vs
bunch number after 300K turns for uniform fillings and maximum bunch length equal to 210ps (left) and for a gap of
44 bunches in the fillings and several values of the radiation damping time (center). Right: same as center for the bunch
centroid.
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Figure 1: Phasor plot for steady state beam loading com-
pensation according to Eq.(1). Per cavity (main) parame-
ters: Vgr is the generator voltage, Vrf the rf voltage, φs the
synchrotron phase, Ψ the detuning angle and θL the load
angle.

Table 1: MAX-IV Storage Ring Parameters (Bare Lattice)

Parameter Symbol Value Unit
Beam energy E0 3 GeV
Average current I 500 mA
Number of bunches M 176
Harmonic number h 176
Circumference C 528 m
Bunch length w/o HC στ 40 ps
Energy spread σp 7.7×10−4

Energy loss per turn Us 364 keV
Momentum compaction η 3.07×10−4

Long. radiation damping τr 25 ms

NON-UNIFORM FILLINGS

We now discuss the case of a gap in the fillings. We
assume 44 empty buckets and 132 filled buckets, with
the same average current I = 500mA. The per cavity
parameters used are Vgr = 0.491MV, φs = 2.729rad,
Ψ = −1.139rad and θL = 0. The detuning frequency

Table 2: Main (4 Cavities) and Landau (m = 3) Cavity

Per cavity parameter Symbol Value Unit
RF frequence (main) ωrf 2π×99.93 MHz
RF frequency (Landau) mωrf 2π×299.793 MHz
RF voltage (main) Vrf 0.255 MV
Shunt impedance (main) RL 2.6 MΩ
Shunt impedance (Landau) RH 2.3644 MΩ
Quality factor (main) QL 21000
Quality factor (Landau) QH 21000

of the Landau cavity is 47.53kHz. The bunch centroid and
bunch length vary accross the bunch train as shown in Fig.2
and Fig.3. For the nominal radiation damping τr = 25ms
we observe a dipole instability (as shown in Fig.4, center)
as well as an increase of the bunch length vs bunch number,
as shown also in Fig.2 (center) by the red curve. This in-
stability is not present for smaller values of the radiation
damping. We observe also that the bunch length shows
two spikes around bunch number 40 and 85. These spikes
weaken when reducing τr, disappearing at τr = 1.57ms,
as shown by the cyan curve in Fig.2 (center) and by the
longitudinal density across the bunch train shown in Fig.3
(bottom right). We are investigating the nature of this ef-
fect. Notice that the bunch centroids for τr < 25ms are
roughly the same, as shown in Fig.2 (right). The numerical
results discussed in this paper are preliminary and will be
subject to further analysis.
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POLARIZATION PROFILE AND SPIN DYNAMICS SIMULATIONS IN

THE AGS USING THE ZGOUBI CODE
∗

Y. Dutheil, L. Ahrens, H. Huang, F. Méot, V. Schoefer

BNL, Upton, Long Island, New York, USA

Abstract

Polarization transmission during the AGS accelera-

tion cycle is critical for the RHIC polarized proton pro-

gram.Thus drives a strong interest on the exploration of the

polarization losses in the AGS. Intrinsic spin resonances

are the main source of depolarization in the AGS. This re-

sults in the formation of a polarization profile since the

strength of such depolarizing resonance depends on the

Courant-Snyder invariant of each particle. The Zgoubi

code and the AGS Zgoubi on-line model now allow explo-

ration of the formation of the polarization profile during the

acceleration cycle using multi-particle trackings with real-

istic beam and machine conditions. This paper introduces

the specifics of these simulations and compares some of the

latest simulated and experimental results.

INTRODUCTION

Acceleration of polarized protons in a synchrotron re-

quires particular schemes to conserve the polarization. Two

main types of depolarization resonances can reduce the

overall polarization of the beam. The imperfection reso-

nances are driven by vertical closed orbit distortions and

occur when Qs = I with Qs the spin tune and I an integer

[1]. The intrinsic resonances are driven by the vertical be-

tatron motion and occur when Qs = I ±Qy with Qy the

vertical tune.

The AGS uses two partial Siberian snakes to overcome

the spin resonances [2], usually called warm and cold

snakes. While in a regular synchrotron Qs = Gγ (G is

the anomalous gyromagnetic g-factor of the proton), the

complex helical dipole fields of the Siberian snakes open

forbidden bands in the spin tune around the integer values

of Gγ, the spin tune gap. The imperfection resonances are

avoided since the integer values of Qs are now forbidden.

The vertical intrinsic resonances are overcome by keep-

ing the vertical tune in the spin tune gap, typically around

Qy = 8.98.

Despite the use of Siberian snakes polarization losses are

observed in the AGS and while the polarization profile at

injection is negligible, measurements show significant pro-

files of polarization in both vertical and horizontal planes

after the acceleration. We will present the main candidates

that can explain the observed profiles then some simulation

methods and results will be compared to measured polar-

ization profiles.

∗Work supported by Brookhaven Science Associates, LLC under Con-

tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.

Sources of Polarization Profile

The strength of an intrinsic spin resonance depends on

the Courant-Snyder invariant, hence the depolarization ex-

perienced by a particle across such a spin resonance also

depends on the single particle emittance. The crossing of

such resonance can result in the particles at larger ampli-

tude being depolarized while the center of the beam re-

mains polarized.

The injection in the AGS occurs at Gγ = 4.5 and the

vertical tune needs to be placed in the spin gap before the

first vertical intrinsic resonance, around Gγ = 5. Figure

1 shows the vertical tune crossing the spin tune around

Gγ = 5. Due to the strong optical distortions caused by

the Siberian snakes it is not possible to push vertical tune

high enough at low energy. We expect that the crossing of

vertical intrinsic resonances in this region depolarizes part

of the beam and induces a polarization profile in the verti-

cal plane.
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Figure 1: Fractional part of the vertical tune and spin tune

at low energy.

While the partial Siberian snakes configuration avoid

depolarizations caused by the imperfection and verti-

cal intrinsic resonances, it can also induce depolar-

ization through horizontal intrinsic resonances when

Qs = I ±Qx with Qx the horizontal tune. The stable spin

direction is never perfectly vertical with partial snakes and

therefore the non-zero horizontal component of the spin

can resonate with the horizontal betatron tune. The strength

of these resonances depends on the horizontal emittance

and horizontal component of polarization. The crossing of

these resonances builds up an horizontal polarization pro-

file.

Other sources of depolarization can contribute to the po-

larization profile. For instance linear betatron coupling or

high order partial snake resonances [3] can increase the po-

larization profile but will not be discussed here.

SIMULATIONS

Extensive development of the AGS Zgoubi on-line

model provides a realistic model of the polarized proton
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machine [4][5][6]. Measured currents of the power sup-

plies along the acceleration cycle are used by the Zgoubi

on-line model to generate corresponding optics of the AGS.

The Siberian snakes were represented by 3-D OPERA field

maps to exploit the precision of the stepwise ray-tracing

code Zgoubi and achieve the high accuracy required for

long term spin tracking.

Simulations Conditions

Due to the lack of a reliable field map to simulate the

warm snake, a cold snake map has been scaled down to

achieve the same snake angle as the warm snake and is used

as the warm snake in this model. This provides a realistic

spin dynamics and a better behavior of the beam dynamics

at low energy. This is the solution adopted while a new

field map of the warm snake is being developed.

Measurements are used to constrain the model and

achieve realistic machine parameters. Modeled tunes have

been modified around Gγ = 10 and Gγ = 35 to avoid res-

onant lines during the tracking but the modeled and mea-

sured tunes are very close elsewhere (Fig. 2). The mea-

sured chromaticity has been smoothed before being used

to tweak the model in order to avoid fast variations of the

chromaticity during the tracking.
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Figure 2: Comparison of tune and chromaticity used in the

model and measured in the machine.

The simulations also include the tune jumps, used in the

AGS to reduce the polarization losses across the horizontal

intrinsic resonances [7].

No dipole error is added to the lattice, hence the modeled

orbit coincides with the design orbit of the AGS. Longitudi-

nal dynamics is naturally handled by the Zgoubi code. The

model uses a single RF cavity and the synchrotron motion

is determined by the characteristics of the lattice and the

RF parameters. A harmonic number of h = 8 and a real-

istic RF voltage are used, synchronous phase is computed

from measured acceleration rate. This results in a tracking

of 150 000 turns to go from the injection energy Gγ = 4.5
to the AGS flat-top at Gγ = 45.5.

The beam is formed by 5000 particles picked in a

6D Gaussian distribution, cut at 3σ. The transverse

emittances were chosen at ǫN,95%
x = 10 π·mm·mrad and

ǫN,95%
y = 10 π·mm·mrad, values slightly lower than the

measured values at extraction but still realistic. A longi-

tudinal emittance of ǫ95%l = 0.8 eV·s is used, leading to a

realistic bunch length of l95% = 28 ns at extraction. The

spin of the particles is randomly chosen with the condition
~S · ~n0 = 0.82 with ~S the spin vector of the particle and ~n0

the stable spin direction, such that the initial polarization is

realistic with 82% without profile. These simulations re-

quire huge amount of computation power and are carried

on the supercomputer of the NERSC but the tracking of

a single particle on a single CPU for the full acceleration

cycle takes one to two hours.

Beam Dynamics

In order to simulate the full AGS cycle the main chal-

lenge was to introduce the gamma transition optics and RF

gymnastics. The gamma transition quadrupoles were natu-

rally handled by the Zgoubi On-line model, the same way

as the other magnets [4][5][6]. Figure 3 shows the behav-

ior of the momentum spread across the transition region

during a tracking of 1000 particles, with realistic momen-

tum spread. Despite the perfectly timed jump of the syn-

chronous phase, the transition induces a quadrupole oscil-

lation of the beam but likely due to the non-linear momen-

tum compaction factor of the lattice it is unavoidable.
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Figure 3: Momentum distribution of the particles and

gamma transition of the lattice as a function of the energy

around the gamma transition region.

The transverse emittance is estimated by using the vari-

ance of the particles coordinates after removing the effect

of the chromatic orbit. Figure 4 shows important variations

of the estimated emittance when particles are lost during

the tracking. Some particles are lost during the transition

around Gγ = 15 but also at lower energy (Gγ = 6) when

the vertical tune is brought very close to the integer. Beam

dynamics behavior is clearly smoother than using the warm

snake map but losses during the tracking remains, likely

due to the crossing of resonant lines.
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Figure 4: Evolution of the estimated emittances with or

without tune jumps.
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POLARIZATION PROFILE

The polarization measurement in the AGS uses a thin

carbon foil target plunged into the circulating beam. One

of the operation modes moves the target across the beam

during the measurement and determine the polarization of

the beam as a function of the target position. Measured in-

tensity and polarization as a function of the target position

are fitted to a Gaussian function to extract σP and σI respec-

tively the standard deviations of the polarization and beam

intensity. Then the polarization profile is defined by Pmax

the maximum polarization at the center of the profile and

R = σ2
I /σ

2
P to characterize the steepness of the profile.

Simulations and Measurements

The particles coordinates at the end of the tracking are

transported to the location of the polarimeter and binned,

along with the polarization. The top plot on figure 5 shows

the binned beam profile in grey and the average polariza-

tion in each beam in blue. The polarization is fitted to a

Gaussian and the number of particles in each beam is used

as weight for the fit. The process is very similar to the mea-

surements analysis and lead to a similar figures.
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Figure 5: Polarization profile in the horizontal plane with-

out tune jumps along with the beam profile for the simula-

tion (top plot) and for a measurement (bottom plot).

Table 1 summarizes the simulation results and compares

them to measured data. The simulated profiles are not

as big as the measured ones but it is expected since the

emittance used in the simulations is smaller than the usual

emittance in the AGS. The simulated horizontal profile is

greatly reduced when the tune jumps are used, which is ex-

pected and consistent with the measured data.

CONCLUSION

The Zgoubi on-line model provides variable and real-

istic optics of the polarized proton AGS for tracking. In

Table 1: Polarization Profiles Simulated (Sim.) and Mea-

sured (Meas.), With or Without Tune Jumps (TJ)

Horizontal Vertical

No TJ Pmax = 68.2± 0.7% Pmax = 66.5± 0.9%
Meas. R = 0.196± 0.018 R = 0.190± 0.022

No TJ Pmax = 73.8± 0.3% Pmax = 72.2± 0.2%
Sim. R = 0.051± 0.011 R = 0.015± 0.006

TJ Pmax = 73.8± 0.6% Pmax = 71.6± 0.7%
Meas. R = 0.109± 0.012 R = 0.080± 0.014

TJ Pmax = 76.3± 0.1% Pmax = 77.3± 0.2%
Sim. R = 0.012± 0.004 R = 0.035± 0.006

addition, recent developments allow tracking with realistic

longitudinal dynamics around the injection and transition

regions.

The model of the AGS currently uses a replacement for

the warm snake field map while a new warm snake map is

being developed. While this model does not allow us to

draw definite answers for now, it still provides good indi-

cations about depolarization sources. Polarization profiles

and maximum polarization are not comparable to the mea-

sured values but the evolution of the profiles when the tune

jumps are used is consistent with the measurements. More

work is needed to refine the model in view of improved

comparison with measured beam and polarization data.

The Zgoubi model of the AGS is a unique and extremely

accurate tool to simulate the polarized proton acceleration

in the AGS. Ongoing work based on the Zgoubi code aims

to develop new and original schemes to reduce polarization

losses at low energy using, for instance, the tune jumps.
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[6] F. Méot et al., “AGS Model in Zgoubi. RHIC Run 13 Polar-

ization Modeling. Status,” Conf. Proc. IPAC13.

[7] V. Schoefer et al., “Increasing the AGS Beam Polarization

with 80 Tune Jumps,” Conf. Proc. C 1205201, 1015 (2012).

MOPBA04 Proceedings of PAC2013, Pasadena, CA USA

182C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 Beam Dynamics and Electromagnetic Fields

D06 - Code Development and Simulation Techniques



DESIGN OF THE INJECTION INTO THE 800 MeV/amu HIGH POWER
CYCLOTRON∗

M. Haj Tahar, Y. Dutheil, A. Morgan, F. Méot, N. Tsoupas
BNL, Upton, Long Island, New York, USA

L. Calabretta† , INFN/LNS, Catania, Italy; A. Calanna, MIT, Cambridge MA, USA

Abstract
We present the design of the injection into a separated

sector cyclotron (SSC) aimed at the production of a high
power beam of 800MeV/amu molecular H+

2 for ADS-
Reactor applications. To work out the beam line param-
eters and beam dynamics simulations, including the first
accelerated turns, we used the ray-tracing code Zgoubi and
the OPERA magnetic field map of the cyclotron sector. We
simulated the injection path of theH+

2 and evaluated radial
injection scheme in order to evaluate the parameters so de-
rived. The paper details and discusses various aspects of
that design study and its outcomes.

INTRODUCTION
The present paper addresses an attempt to find an ap-

propriate injection design for our SSC: the cyclotron com-
plex consists of an injector cyclotron accelerating H+

2

molecules from 50 KeV/amu up to 60 MeV/amu. The
beam is then injected to our 6-sector cyclotron by means
of electrostatic and magnetic elements, and accelerated up
to 800 MeV/amu. In order to do so, 6 RF cavities, 4 single-
gap and 2 double-gap are used, which are PSI-like. A plot
of the OPERA magnetic field map in the median plane, for
one sector is shown in Fig. 1. There are many considera-
tions that explain the magnetic field shape [1]:

• The azimuthal variations show that the field is de-
creasing in the central region which ensures more fo-
cusing of the beam.

• The superconducting coils of each sector, which are
wound around the hills, and the iron of the sector, pro-
duce the magnetic field that has to follow the γ(r) law
in order to keep the isochronicity, where γ stands for
the Lorentz factor.

• The isofield lines show that one edge of the sector
has spiral shape while the other is quite straight: even
though it is better to have spiral edges to increase the
vertical focusing, the design of the magnet becomes
problematic when it comes to using superconducting
coils, because of the expansion radial force exerted
from the inner region of the coil towards the outer
radii. A superconducting magnet with a convex shape
of the coil would be very difficult to build.

∗Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.
† calabretta@lns.infn.it

Figure 1: Plot of the z-component of the magnetic field in
the median plane for one sector, with the isofield lines.

BEAM DYNAMICS AT INJECTION
Orbits at various energies from injection to nearby ex-

traction are shown in Fig. 2. These orbits were obtained by
Zgoubi [2] . It can be easily seen that the distance between
consecutive turns (that have the same step size in energy)
decreases quickly. In fact, the transverse separation of the
turns is very important to consider in our design because it
has to be maximized in order to allow clean injection. The
step width per turn can be described by the formula [3]:

dR

dnt
=

Ut

m0c2
R

(γ2 − 1)γ
(1)

where Ut denotes the energy gain per turn. However,
this assumes that the condition of isochronicity is perfectly
satisified. It can be deduced from Eq. 1 that both the en-
ergy gain per turn and the injection radius should be made
as big as possible in order to increase the step width per
turn at injection as well. The transverse separation of the
turns as a function of the kinetic energy is shown in Fig. 3.

The first orbit suitable for acceleration is the first closed
orbit shown in Fig. 2. This orbit is very important to study
in order to match the injected beam properly. Paraxial rays
were generated around this orbit in order to compute the
transfer matrix of the sector. From that, the betatron func-
tions of the sector ensuring the 6-fold symmetry were com-
puted. The beam envelope of the entire cyclotron was then
obtained by multi-turn tracking of a set of particles gener-
ated around the eigen ellipse. Both axial and radial beam
envelopes are shown in Fig. 4 and 5 respectively. All
the results obtained here assume a H+

2 beam energy of 60
MeV/amu and a normalized emittance of 13.5 π mm.mrad.

INJECTION LINE
The injection system needs to transport the beam from a

point outside the cyclotron ring to the first orbit suitable for
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Figure 2: Plot of the closed orbits: the first closed orbit at
injection which corresponds to an energy of 60 MeV/amu is
shown in black, the next ones, still in black, correspond to
a constant step size of energy of 80MeV/amu with respect
to each other. The blue one however shows the closed orbit
near the extraction, at 700 MeV/amu. The point marked
with a pink color is the matching point inside the first
closed orbit that will be used to match the beam properly.

Figure 3: Plot of the transverse separation of the turns as
a function of the kinetic energy: this result was obtained
from tracking by searching for the closed orbits assuming
a constant energy gain per turn of 4 MeV/amu.

acceleration. The main constraints of the design are:

• The beam has to match the equilibrium orbit at a refer-
ence azimuth that in our simulations is θ = 150◦. This
position is referred to as the matching point (see Fig.
2): the beam machine functions (betatron functions)
as well as the beam coordinates have to be matched at
this point.

• The beam envelope has to be kept small along the in-
jection trajectory: in our case, the maximum beam

Figure 4: Axial beam envelope vs θ along the 1st closed
orbit.

Figure 5: Radial beam envelope vs θ along the 1st closed
orbit.

size allowed in both the vertical and horizontal plane
is 4 cm in the region where 150 cm <R< 500 cm.

An easy and straightforward solution to the injection prob-
lem is to track backwards (≡ clockwise) starting from the
matching point. So the field map had to be flipped. Then,
to insert the injection elements, the magnetic field was re-
calculated by adding the equivalent magnetic field to, either
electrostatic or magnetic devices. The solution obtained is
shown in Fig. 6.

Figure 6: Layout of the injection system for the Supercon-
ducting Ring Cyclotron.

NB: The effect of the two RF cavities along the injection
trajectory was neglected in the current study.

Electrostatic Deflectors (ED): Design Consider-
ations

According to a design study of the RF cavities [4], it
was shown that the voltage at injection should not exceed
500 kV for each single gap cavity instead of 1 MV. This
implies that the step width was even smaller at injection.
Taking this into account, as well as the radial dispersion
of the beam, it was found that we have ≈ 1 cm available
space (in the radial direction) at the location of the match-
ing point. The choice then was to place an electrostatic
deflection channel at this location. In fact, there are many
reasons that explain this choice:

1. The small step size which is of about 1 cm here;
2. The neighbouring turns would not be affected by such

a thin electrode while a magnetic element would need much
more material to be placed between the turns;
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3. Avoid arcing problems by placing the septum in the
free space between two magnets: for each material, there
is a critical magnetic field beyond which the spark damage
is severe [5]. The upper limit here is 60 kV/cm inside the
drift.

4. The ED was divided into two pieces as shown in Fig.
7 in order for the electrodes to be tailored to the trajectory
of the beam.

Figure 7: Plot of the beam trajectory inside the eletrostatic
deflectors (red curve): the blue curve shows the first closed
orbit (that has to be matched) while the green one repre-
sents the first accelerated orbit at the location of the sep-
tum.

Magnetic Channels (MC)
The choice then was to use two magnetic channels B1

and B2: B1 was placed inside the gap of the main magnet
for two reasons:

1. It was preferred to avoid the RF cavity which will
occupy most of the space inside the drift.

2. While tracking backwards, it was noticed that we gain
at least 1 cm more at this location.

The next step was to focus the beam properly. For that,
a gradient was applied to magnet B2. Figure 8 and Fig.
9 show the axial and radial beam envelope respectively. A
conservative value of 0.68 kG/cm was found which ensures
that the beam size does not exceed 4cm inside the pole gap.

Figure 8: Axial beam envelope vs the longitudinal abscissa
along the injection trajectory: the green and red curves
show the result when a 0.68 kG/cm or 0 kG/cm gradient
is applied to the magnet B2, respectively. The difference
between the two envelopes is observed after dipole magnet
B2.

Figure 9: Radial beam envelope vs the longitudinal ab-
scissa along the injection trajectory: there is almost no
change in the beam envelope before and after applying the
gradient to the dipole B2. However, the beam size exceeds
4 cm outside the pole gap which is fine especially that the
radial inter-turn separation at the location of B2 is not lim-
iting any more.

The specifications for the magnetic and electrostatic ele-
ments required are summarized in Table 1. It is important

Table 1: Magnetic and Electrostatic Elements Required for
the Proposed SRC Injection System

Element Type Strength Effective
Label Length

ED1 Electrostatic septum 50 kV/cm 0.55 m
ED2 Electrostatic septum 50 kV/cm 0.39 m
B1 Magnetic septum 9 kG 1.13 m
B2 Magnetic channel 18 kG 0.42 m

to point out that the solution proposed has the merit to avoid
us using quadrupoles inside the cyclotron ring to focus the
beam.
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ALGORITHMS FOR SELF-CONSISTENT SIMULATIONS OF
BEAM-INDUCED PLASMA IN MUON COOLING DEVICES

R. Samulyak∗, Stony Brook University, Stony Brook, NY and BNL, Upton, NY, USA
K. Yu, Stony Brook University, Stony Brook, NY, M. Chung, A. Tollestrup,
K. Yonehara, FNAL, Batavia, IL, R. D. Ryne, LBNL, Berkeley, CA, USA

Abstract
A code called SPACE for the simulation of beam-

induced plasma in gas-filled RF cavities has been devel-
oped. The core code uses the particle-in-cell (PIC) method
for the Maxwell equations coupled to the dynamics of
particles. In the SPACE code, the electromagnetic PIC
methods are coupled with probabilistic treatment of atomic
physics processes. The aim of the project is to demonstrate
the feasibility of the RF cavity with muon collider beams.
The most critical part is investigating how intense muon
beams influence the plasma dynamics. Initial phase of sim-
ulations demonstrating the plasma generation and its short
time dynamics in the high pressure hydrogen filled RF test
cell has been performed.

INTRODUCTION
A dense hydrogen gas filled RF cavity has been proposed

for muon beam phase space cooling and acceleration. The
aim of the simulation program is the development of math-
ematical and numerical models and parallel software for
the simulation of processes occurring in gas-filled RF cav-
ities. An important issue in high-pressure gas filled cavity
is a RF power loading due to beam-induced plasma [1].
Incident particle beam interacts with dense hydrogen gas
and causes significant ionization level. Due to high fre-
quency of collisions with neutrals, electrons reach equilib-
rium within picosecond time scale and move with a slow
drift velocity. The recombination processes occur on the
millisecond time scale. In order to induce the three-body
electron capture, electronegtive gas has been tested in the
test cell. This is the most critical process in the final cool-
ing stage and should be modeled accurately in simulations.
Other important processes include the interaction between
positive and negative ions and the interaction of the beam
with wakefields. A parallel electromagnetic PIC code with
atomic physics, called SPACE, has been developed at Stony
Brook University / BNL. It implements new mathemati-
cal models and numerical algorithms for the interaction of
high-energy proton and muon beams with neutral gas and
plasmas.

NUMERICAL METHODS
PIC method for Maxwell’s equations

The system of Maxwells equations is discretized using
the finite difference time domain (FDTD) method on a
staggered mesh [2] that achieves second order accuracy in

∗ roman.samulyak@stonybrook.edu

space and time. Electric charges are represented by dis-
crete macroparticles coupled with electromagnetic fields by
the action of Lorentz forces and electric currents. When
one solves Maxwells equations analytically, solving two
equations describing the Faraday and Ampere laws is suf-
ficient as the equations expressing the Gauss law and the
divergence-free constraint for the magnetic field are invari-
ants of motion. The numerical method of Yee [2] for elec-
tromagnetic fields in vacuum also preserves the divergence-
free properties of the electric and magnetic fields. To deal
with the last two equations in the presence of charges and
currents, the rigorous charge conservation method was de-
veloped within the PIC framework in [3]. The method
calculates electric currents along computational grid edges
by solving a geometrical problem of sweeping the com-
putational mesh by finite volumes associated with each
macroparticle. By using this method, we find first a set of
initial conditions consistent with the Maxwell equations by
either solving the Poisson problem for the electric potential
or by a superposition of electric fields and changes created
by each particle. Then only the first two Maxwell equa-
tions and the Newton-Lorentz equation are solved numer-
ically thus avoiding solving the Poisson problem at each
time step.

A schematic of processes computed at each time step is
depicted in Figure 1. We would like to note that the conser-
vative Leapfrog time discretization scheme for the Newton-
Lorentz equations of particle motion becomes implicit. We
use the Boris scheme for the time update [4], which is a
modification of the Leapfrog scheme resulting in an ex-
plicit and conservative scheme. We also implement mod-
ifications of the Boris scheme proposed in [5] for dealing
with rapidly accelerating particles for which the relativistic
factor is not constant.

For accurate simulations of electromagnetic fields in ge-
ometrically complex structures, we have implemented the
embedded boundary method [6] in a stand-alone Maxwell
equation solver. The coupling of algorithms for complex
boundaries with the main electromagnetic PIC code will
be performed in the next phase.

Code Structure and Properties
The code is developed in C++ utilizing the advantages of

Objected-Oriented Programming. The code is composed
of three major parts. The first part, the FieldSolver class,
contains FDTD solvers of the Maxwell equations. The sec-
ond part, the ParticleMover class, contains solvers for the
Newton-Lorentz equation. This class also includes various
physics models describing particle interactions and trans-
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Figure 1: Interaction of muons with plasma in cooling ab-
sorbers. Negative (top) and positive (bottom) muons (red
dots) interacting with ions (green) and electron (blue dots).
Semi-transparent iso-surfaces represent electric field inten-
sity.

formations by atomic physics processes. The code is ca-
pable of tracking numerous particle species. Finally, the
third, TimeController class, controls the above classes and
any miscellaneous classes such as classes performing the
visualization of electromagnetic fields and particle data.
The visualization is done using the visualization software
called VisIt developed at LLNL for the remote parallel vi-
sualization on distributed memory supercomputers. Since
the main classes of the code are connected via the interface
classes, the code can easily be extended by implementing
additional functions and physics models. For convenience
of a new problem setup, the initialization routines use XML
(eXtensible Markup Language).

Parallelization Methods
The electromagnetic PIC code is parallelized using a

hybrid MPI / tread programming for distributed memory
multicore supercomputers. The FieldSolver uses a three-
dimensional domain decomposition for solving Maxwell’s
equations. The ParticleMover uses a decomposition of par-
ticles that is independent of the FieldSolver domain de-
composition. Namely, particles in a parallel computing
node can be distributed in the whole computational domain
whereas Maxwell’s equations are solved in a local domain
of a parallel computing node. As the distribution of par-
ticles is usually very non-uniform in the space, such a de-
composition maximizes the load balance.

In the electromagnetic-PIC code, computations per-
formed by the ParticleMover are more time consuming
compared to computations by the FieldSolver. The de-
scribed parallel decompositions minimizes the CPU com-
puting time but requires a large amount of communica-
tions between the FieldSolver and ParticleMover. We have
adopted ideas from the sparse matrix storage to minimize
the amount of communications and send field data to Parti-
cleMover from only those computational cells that contain
macroparticles.

Verification and Validation
The electromagnetic PIC code has undergone a V&V

program and its accuracy and parallel scalability has been

Figure 2: Example of simulation using SPACE code. Inter-
action of muons with preset plasma in cooling absorbers.
Negative (top) and positive (bottom) muons (red dots) in-
teracting with ions (green) and electron (blue dots). Semi-
transparent iso-surfaces represent electric field intensity.

estimated. The FieldSolver has been verified using ana-
lytical solution for electromagnetic fields in a rectangular
cavity. The FieldSolver achieves the second order accu-
racy and achieves close to linear weak scalability on thou-
sands of processors. The embedded boundary solver has
also been verified using analytical solutions for rectangu-
lar cavities initialized under some angle to the computa-
tional mesh. While the stair-case approximation of bound-
aries results in a zero-order accuracy, the use of the embed-
ded boundary method restores the accuracy to the order of
1.4 1.5. The ParticleMover has been verified using space
charge problems and problems with special distributions of
particles.

ATOMIC PHYSICS EFFECTS
In this section, we describe the implementation of prob-

abilistic models for atomic physics processes in gases un-
der the influence of high energy particles and high gradi-
ent electromagnetic fields. As each macroparticle passes
through the absorber, it ionizes the medium in real time
by creating electron - ion pairs. The motion of ions and
electrons is explicitly tracked, and their recombination and
other atomic physics transformation are resolved as de-
scribed below. The code supports the dynamics of multiple
particle species.

Consider a high-energy particle entering an absorber
medium. The energy loss of this particle by ionization can
be described by the Bethe-Bloch formula [7]

dE

ds
= 4πNAr

2
emec

2ρ
Z

A

(
1

β2
ln

2mec
2γ2β2

I
− 1− δ(β)

2β2

)
,

(1)
where NA is the Avogadro number, ρ, A, and Z are the
density, atomic weight and number of the absorbing mate-
rial, and me and re are the mass and the classical radius of
the electron. Numerically,

4πNAr
2
emec

2 = 0.3071MeV cm2/g.

The ionization constant I is approximately 16Z0.9eV, and
δ is the density effect factor that arises from the screening
of remote electrons by close electrons and results in a re-
duction of energy loss for higher energies.
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Implementation of Atomic Physics Processes
While various atomic physics transformations are sup-

ported in the code, we currently resolve the following pro-
cesses that are most essential for the problem of interest:

p+H2 → p+H+
2 + e−, (2)

H+
2 + 2H2 → H+

3 +H2 +H, (3)

H+
3 + e− → 3H. (4)

The implementation using macroparticles is as follows.
The energy loss of each proton macroparticle is calculated
by integration the Bethe-Bloch formula along the particle
trajectory

∆E = Np

∫
f(v)ds,

where f(v) denotes the right hand side of the Bethe-Bloch
formula and Np is the number of real protons represented
by one macroparticle. At each time step,

(int)
∆E

INH

of ion – electron pairs are created along the proton
macroparticle path by assigning them random direction ve-
locities corresponding to their initial energy. Here NH

is the number of real H2 molecules represented by one
macroparticle. The initial time is recorded for each new
ion and electron macroparticles and they are then tracked
in the code. (int) stands for the rounding-off to integer as
only integer number of ion-electron pairs can be created.
The rounding-off error is saved and used in the next time
step to satisfy the energy balance.

When the macroparticle of H+
2 propagates the distance

equal to the mean free path of the second atomic transfor-
mation (2.3), it is transformed into theH+

3 ion. This simply
requires changing the mass of the ion macroparticle and re-
setting its internal time in the data structure. As there is no
need to track neutral particles, the molecule H2 and atom
H in (2.3) are ignored. The error due to the fact that the
atomic weight of neutrals in the left and right sides of (2.3)
differ by one atomic mass is negligible in terms of changing
properties (density and pressure) inside of the RF cavity.

Finally, when the ion H+
3 macroparticle propagates the

distance equal to the mean free path of the transformation
(2.4), it captures the closest electron and neutralizes into
3H . In the code, the corresponding H+

3 and e− macropar-
ticles are simply eliminated from data structures.

The interaction of electrons and ions with neutrals is
modeled in the code using theory and available experimen-
tal data. For instance, electrons equilibrate on the picosec-
ond time scale due to high frequency collisions with neu-
tral molecules. The experimental measurements [8] sug-
gest that the electron drift velocity in the conditions of the
HPRF experiment is very low, 2.9× 104 m/s.

Figure 3: Logarithm of the electric field magnitude [log
V/m] in the longitudinal slice of HPRF test cell during the
propagation of the proton beam.

RESULTS AND DISCUSSION
We have performed simulations of the entrance of 200

MeV proton beam into the HPRF test cell filled with the
hydrogen gas with the density of 1021 1/cm3 at the pres-
sure of 200 bar and the generation and short time scale dy-
namics of plasma. Each proton generates on the order of
1000 electron-ion pairs per 1 cm travel distance. Accel-
erated by the external field, electrons and ions practically
instantaneously reach the equilibrium drift velocity defined
by their collisions with neutral molecules. Unlike in simu-
lations with preset initial distributions of positive and neg-
ative charges in vacuum shown in Figure 2, the self con-
sistent simulation of the plasma formation and evolution in
high density gas demonstrates very weak wake fields in-
duced by the proton pulse. The 2D distribution of the mag-
nitude of the electric field is shown in Figure 3.

CONCLUSIONS AND FUTURE WORK
We have developed a parallel electromagnetic code

SPACE that combines the PIC method for particles with
atomic physics. Simulations of the generation of plasma
by the 200 MeV proton beam in the hydrogen filled RF
test cell and the short time scale dynamics of plasma and
induced wake fields have been performed. Simulations
demonstrated insignificant strength of wake fields. In the
future, we will perform simulations involving electroneg-
ative ions using the SPACE code. We will complete im-
plementation of a multiscale approach in SPACE that al-
lows simulations of both short (picosecond) and long (mi-
crosecond) time scale processes in plasma, and conclude
on plasma effects in a practical RF cavity.
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MULTIPLE SCATTERING EFFECTS IN A STRONG MAGNETIC FIELD∗

P. Snopok, J. Ellison, Illinois Institute of Technology, Chicago, IL 60616, USA
T. Roberts, Fermilab, Batavia, IL 6051, USA

Abstract
New computational tools are essential for accurate mod-

eling and simulation of the next generation of muon-based
accelerator experiments at the energy and intensity fron-
tiers. There is a long list of crucial physics processes spe-
cific to muon accelerators that have not yet been imple-
mented adequately. One of the long-standing entries on
that list is multiple scattering in the presence of strong mag-
netic field. Earlier studies showed significant discrepancies
depending on the models used and step sizes when step-
ping through the field. A liquid Hydrogen (LH2) absorber
in a strong longitudinal magnetic field is analyzed using
G4beamline to study and mitigate the effects of step size,
and compared to a past study. The updated results and an
algorithm to limit step size depending on the field strength
are presented.

INTRODUCTION
Though accelerator simulation codes have been steadily

improving over the years, there is still much room for
improvement. Many single-particle processes and collec-
tive effects in vacuum and matter, such as space charge,
beam-beam effects, plasma effects from ionized electrons
and ions, etc. have not been studied thoroughly or imple-
mented. In order to ensure proper accuracy of simulations,
these effects have to be either deemed negligible or taken
into account.

One of the processes that is a source of concern is mul-
tiple scattering in a strong magnetic field. In a paper by
P. Lebrun [1] scattering of muons through a 32 cm length
of LH2 is compared between a Moliere (GEANT3) model
and a Discrete Scattering model for both a zero field and
a several Tesla magnetic field arrangement, showing sig-
nificant discrepancies, especially in the tails of the distri-
butions. This paper attempts to recreate the simulations
of Lebrun as best as possible in G4beamline [2] based off
the GEANT4 package. Several problems presented them-
selves during the recreation, and a complete recreation was
not possible, however we believe it to be accurate enough
for our purposes. Since [1], the PDG value for the radiation
length of LH2 has been updated. Attaining a perfect match
to the magnetic field profile in [1] was also not possible.
Overall, GEANT4 shows a much better agreement with a
Discrete Scattering model studied by Lebrun.

Another issue is that scattering in a strong magnetic field
as simulated in G4beamline will yield different results for
different step sizes as shown in the first plot in Fig. 4. Con-
sistent results are achieved at very small step sizes, so an

∗Work supported by DOE.

algorithm is required that will reduce step size in matter
according to the field strength, so that the performance of
tracking of particles in vacuum or in a relatively weak mag-
netic field is not affected.

OVERVIEW OF ALGORITHMS
The main difference in multiple scattering algo-

rithms between GEANT3 and GEANT4 (and as a result
G4beamline) was the change from the Moliere formalism
to Lewis theory. In GEANT3, Moliere theory was used.
This has a few limitations [1, 3]:

• the angular deflection is small;

• the theory applies only in semi-infinite homogeneous
media;

• the absorber is not a very low Z material, as the
Thomas-Fermi model could be inaccurate here;

• there is no energy loss built into the theory.

GEANT4 is based on the more complete Lewis theory.
Like Moliere theory, this simulates the scattering of a par-
ticle after a step, but Lewis Theory also computes the path
length correction and the lateral displacement, along with
the moments of spatial distribution as well [4].

WITHOUT MAGNETIC FIELD
The simulation presented in Lebrun’s paper was recre-

ated as close as possible using G4beamline 2.14. A pen-
cil beam of 180 MeV/c muons are scattered through a 32
cm length of LH2 in and out of an intense magnetic field.
The magnetic field comes from the 2 m long Alternate
Solenoid cooling channel [5] which reaches a peak field
of 15 T. The 32 cm length of LH2 begins where the field is
at peak. Ref. [1] makes a comparison between a Discrete
Scattering model for LH2 and the Moliere model used in
GEANT3 at the time, while we compare these to the cur-
rent G4beamline 2.14 based on the GEANT4 package. The
step sizes of the simulations were discussed in [1] and are
set to 4 mm in the Moliere results and G4beamline results,
and to a micron in the Discrete Scattering results.

Table 1 shows the compared results for the case with no
magnetic field. Extensive track cuts were made by insisting
on an aperture cut of 2.5 cm and angle cut of 250 mrad and
maximum r · θ of 500 mm·mrad.

WITH MAGNETIC FIELD
In recreating the coils, the data from [5] was used and

is summarized in Table 2. The Z offsets were adjusted to
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Table 1: The Average and σ Values of the Distributions
without Magnetic Field

Moments Moliere Discrete G4beamline 2.14
(GEANT3) Scatt. (GEANT4)

〈r〉 (mm) 3.43 2.87 3.02
σr (mm) 2.18 1.75 1.85
〈r′〉 (mrad) 19.0 16.1 16.86
σr′ (mrad) 13.4 9.4 10.55
〈r · r′〉 (mm·mrad) 72.8 55.2 59.40
σr·r′ (mm·mrad) 76.5 58.9 63.23

reflect the positions of the centers of the coils rather than
their front faces. Actual current densities were calculated
from the relative densities, scaled down by a constant fac-
tor. The constant factor was determined by trial and error,
such that the maximum field in the configuration was 15 T,
and found to be 1/1015.6. For symmetry and to alleviate
fringe effects, five identical cells of coils were used. In Le-
brun’s work, the field decreases from its 15 T maximum to
10.9 T after 32 cm of LH2. It was found in our simulation
that the field dropped to 11.2 T instead. That is consistent
with a difference in radiation length of LH2 between the
previous and current simulations. Figure 1 shows the ar-
rangement of the simulation. Table 3 shows the comparison
of the first and second moments in the case with magnetic
field.

Figure 1: Arrangements of solenoids. The muon beam en-
ters from the left. The 32 cm length of LH2 ends where the
detector (green) is.

Figures 2 and 3 show the r and r′ distributions, respec-
tively, for the different models used. The data points were
obtained using a digital graph analyzer for the points in [1].
It is argued in [1] that although the overall shape of the dis-
tributions is similar, the Moliere model did not simulate
properly the tail end of the spectrum, while the Discrete
Scattering model did. It is seen here that the current scat-
tering model implemented in G4beamline 2.14 (based on
GEANT4) follows the tail of the Discrete Scattering distri-
butions much more closely than GEANT3.

EFFECTS OF STEP SIZE
As mentioned in the introduction, scattering in a

strong magnetic field as simulated in G4beamline depends
strongly on the tracking step size as per Fig. 4. Consistent

Table 2: List of Current Sheets for the 15 T Solenoid, as
adjusted by R. Palmer. (Actual Current Density adjusted
by a Factor of 1015.6.)

Z offset Length Radius Curr. dens. Curr. dens.
(m) (m) (m) (unnormalized) (A/mm2)

.075 .15 .1133333 -3639588 -3583.68

.075 .15 .14 -3639588 -3583.68

.075 .15 .1666667 -3639588 -3583.68
.2 .1 .12 -6629837 -6528.00
.2 .1 .16 -6629837 -6528.00
.2 .1 .2 -6629837 -6528.00
.6 .16 .25 -7587805 -7471.25
.6 .16 .29 -7587805 -7471.25
.6 .16 .33 -7587805 -7471.25
.9 .16 .25 7747188 7628.19
.9 .16 .29 7747188 7628.19
.9 .16 .33 7747188 7628.19

1.3 .1 .12 6292018 6195.37
1.3 .1 .16 6292018 6195.37
1.3 .1 .2 6292018 6195.37

1.425 .15 .1133333 3990090 3928.80
1.425 .15 .14 3990090 3928.80
1.425 .15 .1666667 3990090 3928.80

Figure 2: Comparison of the r distribution through differ-
ent models. Data for the Moliere and Discrete Scattering
models were taken from [1]. Our simulation matches the
tail of the Discrete Scattering distribution much better than
the older Moliere model, as suggested in [1] it should.

results are achieved at very small step sizes, so an algo-
rithm is required that will automatically control step size in
matter according to the field strength.

In a G4beamline simulation, a pencil muon beam with a
momentum of 200 MeV was passed through 30 cm of LH2
in various uniform magnetic fields, and the beam widths
were recorded. Ideally, there should be no variation in re-
sults from altering the step length used, but as the mag-
netic field was increased, it was found that a smaller step
size was needed to maintain accuracy. The number of steps
taken have a great impact on computing time, therefore it
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Figure 3: Comparison of the r′ = θ distrubition through
different models. Data for the Moliere and Discrete Scat-
tering models were taken from [1]. Our simulation
matches the tail of the Discrete Scattering distribution
much better than the older Moliere model, as suggested in
[1] it should.

Table 3: The Average and σ Values of the Distributions
with Magnetic Field

Moments Moliere Discrete G4beamline 2.14
(GEANT3) Scatt. (GEANT4)

〈r〉 (mm) 1.18 0.99 0.927
σr (mm) 0.87 0.77 0.669
〈r′〉 (mrad) 16.9 14.3 15.349
σr′ (mrad) 12.0 8.4 10.043
〈r · r′〉 (mm·mrad) 23.0 16.1 16.247
σr·r′ (mm·mrad) 32.6 19.6 22.747

would be good to find an optimal way to balance accuracy
and load.

To less than one percent difference of the value at a step
size of one millimeter, it was found empirically that the step
size should be scaled with magnetic field as Step(mm) ≤
1/(0.004 ∗ Field(T) + 0.01). The results before and after
automatic step limiter is implemented are shown in Fig. 4.
Similar simulations for Al, Be, LHe, Li and LiH show the
same scaling. It was found that in addition, the step length
should be shorter than one third the length of the material,
to allow for at least 4 steps to take place. This allows for
good accuracy with as little CPU time lost as possible.

Note that the step sizes obtained by using the limiting
algorithm are consistent with those used for the purposes
of comparison with Lebrun’s work.

ACKNOWLEDGMENT
Authors would like to thank Paul Lebrun for fruitful dis-

cussions and for providing the relevant code decks of the
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Figure 4: G4beamline results measuring the width of a 200
MeV muon pencil beam after passing through 30 cm of
LH2 with 150k events before (top) and after (bottom) im-
plementing a step limiter.
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PROGRESS OF THE MATTER-DOMINATED MUON ACCELERATOR
LATTICE SIMULATION TOOLS DEVELOPMENT FOR COSY INFINITY∗

P. Snopok† , J. Kunz, Illinois Institute of Technology, Chicago, IL 60616, USA

Abstract
COSY Infinity is an arbitrary-order beam dynamics sim-

ulation and analysis code. It can determine high-order
transfer maps of combinations of particle optical elements
of arbitrary field configurations. For precision modeling,
design, and optimization of next-generation muon beam fa-
cilities, its features make it the ideal code. The one compo-
nent that needs to be included in COSY is the algorithm
necessary to follow the distribution of charged particles
through matter. Muon beams are tertiary production parti-
cles and high-intensity collection necessitates a large initial
phase space volume. Therefore, accurate modeling of the
dynamics and correction of aberrations is imperative. To
study in detail some of the properties of particles passing
through material, the transfer map approach alone is not
sufficient. The interplay of beam optics and atomic pro-
cesses must be studied by a hybrid transfer map–Monte-
Carlo approach in which transfer map methods are used
when there is no material in the accelerator channel, and
Monte-Carlo methods when particles pass through mate-
rial. Progress on the development of the hybrid algorithm
is reported.

INTRODUCTION
Muon beams are tertiary production particles and high-

intensity collection necessitates a large initial phase space
volume. The resultant spray of muons must be collected,
focused, and accelerated well within the muon lifetime
(2.2 µs in the rest frame). The only technique fast enough
to reduce the beam size within the muon lifetime is ioniza-
tion cooling. Muons traverse a certain amount of material
in order to lose energy in both longitudinal and transverse
direction due to ionization. The energy is then restored in
the longitudinal direction only, leading to an overall re-
duction in the transverse direction (cooling). In order to
achieve cooling in the longitudinal direction, emittance ex-
change is used, usually involving wedge-shaped absorbers.

In order to carefully simulate the effect of the absorbers
on the beam, one needs to take into account both de-
terministic and stochastic effects in the ionization energy
loss. The deterministic effects in the form of the Bethe-
Bloch formula with various theoretical and experimental
corrections fit well into the transfer map methods approach,
where the effect of the lattice on the particles is evalu-
ated first by producing the so-called transfer map, and then
applied to a given initial distribution of particles. The
arbitrary-order simulation code COSY Infinity [1] is a key

∗Work supported by the Department of Energy.
† psnopok@iit.edu

representative of the transfer map codes. COSY was cho-
sen because of its built-in optomization tools, speed, its
ability to produce high-order transfer maps, and its ability
to control individual aberrations.

However, the stochastic effects are not easy to take into
account in the framework of the transfer map paradigm. To
compensate, we are interfacing COSY with select parts of
another code, ICOOL [2], which was written specifically
to study the ionization cooling of muon beams. The imple-
mentation of the stochastic effects due to various geome-
tries and materials into COSY is reported with the most
recent results.

CODE SELECTION PROCESS FOR
STOCHASTIC PROCESSES

A variety of codes exists which would complement
COSY. Initially, it was hoped that the implementation of a
fragment separator into COSY that used a Monte-Carlo ap-
proach [3] could be repurposed; however, the libraries were
heavily oriented towards electrons, protons, and heavy
ions, with no muon data. Other codes that were consid-
ered included MUSIC [4], MARS [5], and GEANT4 [6],
but were discarded either due to the code focusing on cos-
mic ray muons, difficulty in interfacing, or sheer bulk.

ICOOL was eventually chosen due to its modularity,
compactness, and the fact that, like COSY, is written in
FORTRAN. ICOOL’s main purpose is to simulate particle-
by-particle propogation through electromagnetic fields and
matter, with roughly twenty built-in materials to call. The
processes included are decays, delta rays, multiple scat-
tering, energy loss, and straggling. Although built for
muons, ICOOL can also keep track of other relevant par-
ticles such as electrons, pions, kaons, and protons. Addi-
tionally, ICOOL can either generate a beam with uniform
or Gaussian distribution, or it can read particle information
from an input file. This is advantageous since COSY also
has a similar input/output file method, which makes direct
comparison between the two codes simple.

INTERFACING DETAILS
While ICOOL has routines to calculate particles through,

for example, an RF cavity, those were not used since there
are corresponding routines in COSY that work faster since
the transfer map is only calculated once and then applied to
simultaneously to all particles. Therefore, only the rou-
tines that directly dealt with absorbers were interfaced.
Currently, the following routines have been implemented
into COSY: flat absorber (a cylindrical block of arbitrary
thickness and radius), radially-symmetric wedge (where
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the thickness of the wedge dz is given by the third or-
der polynomial dz = a0 + a1r + a2r

2 + a3r
3), and an

arbitrary-order polynomial absorber (a symmetric or asym-
metric absorber of order n such that thickness dz is given
by dz = a10x+a01y+a11xy+ . . .+annx

nyn). The poly-
nomial absorber is of the most significance, as there exists a
routine in COSY (WA) with similar functionality and could
be used to account for the deterministic effects. This will
further limit the use of the slow particle-by-particle track-
ing using ICOOL routines to only account for stochastic
effects. The ultimate goal is to have COSY do the deter-
ministic part, propagate the beam through a negative drift
back to the beginning of the absorber again, and then call
the stochastic ICOOL routines that would do multiple scat-
tering and energy straggling for the particles without the
loss of energy due to ionization.

As previously mentioned, both ICOOL and COSY are
written in FORTRAN. Therefore, the initial task was to
gather the relevant subroutines from ICOOL and compile
them with COSY which would allow COSY to call ICOOL
subroutines. Next, ICOOL and COSY had to exchange in-
formation about the same beam. For that, (6 × n) arrays
were used, where the six columns held coordinates and n
was the number of particles. When COSY runs its polyno-
mial absorber subroutine it constructs a transfer map based
on the absorber, runs the vector through the map (which
includes the negative drift), and write the vector to a tem-
porary file. ICOOL would then read this temporary file, run
the particles through the stochastic processes, and write a
second temporary file with the updated particles. In turn,
COSY would read this new file, assign the particle coordi-
nates back to the vector, and delete both of the temporary
files. Observe that this process can have anything before or
after the wedge, as well as repeat the wedge any number of
times. Ultimately, those temporary files will be replaced by
direct interaction of the codes.

Additionally, it was mentioned that ICOOL only has 20
materials through which to propagate particles. Its rou-
tines read strings, such as ’GHE’ (gaseous helium), and
then read its libraries to find parameters that match (i.e. Z-
number, A-number, ionization potential, etc.). However,
COSY takes the parameters themselves as arguments, and
as such is not limited to a certain list of materials. To al-
leviate this, subroutines were placed in COSY and ICOOL
such that any absorber routine could accept a string or vec-
tor argument for the “material” argument. If, for example,
the polynomial absorber was given an argument ’LH’ (liq-
uid hydrogen), ICOOL would give the parameters to COSY
from its library. If the argument given was a vector con-
taining Z-number, A-number, ionization potential, etc. (as
is customary in COSY routines), then ICOOL would read
a dummy material named ’XXX’ and associate it with the
vector contents. In this manner, all relevent information
that was needed by either program could be stored into one
input variable and be read by both COSY and ICOOL sub-
routines.

In the interest of benchmarking, it should be noted that
at this point it is possible to “turn on” the determinis-
tic processes in ICOOL and run it by itself. Indeed,
at this point it is possible to have any combination of
(ICOOL, COSY) with (deterministic, stochastic), except
for COSY+stochastic of course.

SIMULATION RESULTS
The following compares pure ICOOL and the COSY-

ICOOL hybrid with one another. All simulations were
done using a flat liquid hydrogen absorber of length 32 cm.
The absorber is preceded and followed by a drift of 10 cm.
The initial beam consists of 1000 muons with a mean mo-
mentum of 200 MeV/c. Beam parameters are summarized
below in Table 1 for both initial and final distributions.

Table 1: Distribution Parameters and Simulation Results
(Stochastics on)

Parameter Initial ICOOL COSY-ICOOL

avg(x) (mm) 0.157 -1.673 -1.641
std(x) (mm) 96.71 100.24 100.36
avg(y) (mm) 1.817 1.165 1.097
std(y) (mm) 103.48 105.16 105.23
avg(px) (MeV/c) -0.703 -0.641 -0.650
std(px) (MeV/c) 10.09 9.81 10.33
avg(py) (MeV/c) -0.325 -0.187 -0.221
std(py) (MeV/c) 9.91 9.58 10.21
avg(pz) (MeV/c) 200.0 188.6 188.6
std(pz) (MeV/c) 0.0 0.96 0.98

It is clear from Table 1 that there is a good agreement
between the two codes. The source of discrepancy is the
stochastic treatment of multiple scattering as evidenced by
Figs. 1–3. These plots were produced by a different sim-
ulation with a beam emanating from a single point with a
5% spread in momentum.

SUMMARY AND FUTURE DIRECTIONS
Interfacing of COSY and ICOOL was successful. It is

now possible to simulate realistic matter-dominated lattices
in COSY. However, further investigation is in order: the
hybrid method has only been shown to work for simple ab-
sorber configurations; the interaction between the codes as
well as the overall performance of the hybrid code can be
optimized significantly; interaction with the end-user can
be streamlined.

For the future, it is anticipated that COSY will make use
of a one-time analysis of the absorber for faster simula-
tions. When turning on stochastic processes, the simulation
can easily take up to 400% longer, and in a realistic cooling
channel a beam may have to pass through several absorbers
of the same geometry. To that end, it has been proposed that
when COSY encounters an absorber, it will propagate the
beam through using both deterministic and stochastic pro-
cesses as previously described. It will then produce a trans-
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Figure 1: Comparison of individual trajectories. All parti-
cles start at the same point with a 5% momentum spread.

Figure 2: Particle tracks as calculated by the COSY-
ICOOL tandem. All particles start at the same point with a
5% momentum spread.

fer map taking into account all the effects, which will then
be re-used for future absorbers of the same geometry in the
beamline. How this map depends on various properties of
the beam will be determined and then approximated (i.e.
if the map depends linearly on total momentum, etc.). Us-
ing this method would greatly reduce the computation time
involved in realistic simulations of muons through matter.

Figure 3: Particle tracks as calculated by pure ICOOL.
All particles start at the same point with a 5% momentum
spread.
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SPACE CHARGE SIMULATION IN COSY USING FAST MULTIPOLE

METHOD

B. Loseth*, M. Berz*, K. Makino*, H. Zhang*, P. Snopok**

* Michigan State University, East Lansing, MI 48824, USA

** Illinois Institute of Technology, Chicago, IL 60616, USA

Abstract

A method is presented that allows the computation of

space charge effects of arbitrary and large distributions of

particles in an efficient and accurate way based on a variant

of the Fast Multipole Method (FMM). It relies on an au-

tomatic multigrid-based decomposition of charges in near

and far regions and the use of high-order differential al-

gebra methods to obtain decompositions of far fields that

lead to an error that scales with a high power of the or-

der. Given an ensemble of N particles, the method allows

the computation of the self-fields of all particles on each

other with a computational expense that scales as O(N).

Using remainder-enhanced DA methods, it is also possi-

ble to obtain rigorous estimates of the errors of the meth-

ods. Furthermore, the method allows the computation of

all high-order multipoles of the space charge fields that are

necessary for the computation of high-order transfer maps

and all resulting aberrations. This method has been imple-

mented in COSY Infinity, and the progress of applying it to

simulating the 6D cooling channel for the Muon Collider is

reported.

FAST MULTIPOLE METHOD

The fast multipole method for the Coulomb interaction

between many charged particles divides an arbitrary charge

distribution into small boxes with a hierarchical structure.

It then computes the multipole expansions and local expan-

sions of charges far from the observer to achieve a compu-

tation efficiency that scales with the number of particles,

N , and computational errors scaling with a high power of

the differential algebra order. The FMM algorithm is espe-

cially suited for beam dynamic simulations because of the

efficiency and low computational error compared to other

spacecharge algorithms.

Other methods, such as the particle-particle interaction

(PPI) and the particle in cell (PIC) method, while com-

putationally efficient, incur excess error due to modeling

and statistics. The PPI method uses macroparticles and as-

sumes a particular distribution. The PIC method places the

charge distribution onto a mesh, solves the Poisson equa-

tion on mesh points and interpolates between mesh points

to find the field on each particle. Both of these methods suf-

fer from an inability to precisely handle complicated charge

distributions. This difficulty is overcome in the FMM by

decomposing the charge distribution into boxes according

to the charge density such that there are a pre-specified

number of particles in each box to efficiently and accurately

compute the multipole expansions.

FMM Algorithm

The principle of the FMM is to determine the potential of

groups of source particles sufficiently far from the observer

in terms of expansions in 1/r, utilizing the fact that far

away, high powers of 1/r become less significant. These

multipole expansions can be translated and combined, and

again locally expanded to determine the field on a group of

nearby observer particles.

First, all of the charges are enclosed in a cube box called

the zero-level box. A box is defined to be a parent box

if the number of charges inside is larger than s, which we

select. If a box is a parent box, it will be split into eight

equal square boxes which are its child boxes and form a

new level. If any of the child boxes have more than s
charges, they will in turn be split into eight child boxes

which form the next level. This process is iterated until no

box has more than s charges. At each subdivision, we keep

only the nonempty boxes, so the empty boxes are ignored

by the subsequent field calculation.

Analytic Considerations

For a distribution of n particles of charge qi located at

ri(xi, yi, zi), the potential at a point r(x, y, z) can be ex-

pressed as

φ =
n∑

i=1

dr · qi√
1 + r2i d

2
r − 2xidx − 2yidy − 2zidz

(1)

with

dx =
x

x2 + y2 + z2
dy =

y

x2 + y2 + z2
(2)

dz =
z

x2 + y2 + z2
dr =

1√
x2 + y2 + z2

(3)

In COSY Infinity [1,2] we apply the DA techniques [3,4]

to express φ as a DA vector by choosing dx, dy , and dz as

our DA variables. This DA vector is essentially the Taylor

expansion of φ with respect to 1/dx, 1/dy , 1/dz , 1/dr, and

can be translated into another multipole expansion at an

arbitrary point and converted into a local expansion with a

simple composition operation on the DA vector. Using the

domain decomposition to determine near and far regions,

the field in a box is computed using a combination of far

multipole expansions and local expansions.

LINEAR COOLING CHANNEL IN COSY

The demonstration of muon ionization cooling is one

of the key challenges for the Muon Accelerator Program

,

.

Proceedings of PAC2013, Pasadena, CA USA MOPBA11

05 Beam Dynamics and Electromagnetic Fields

D06 - Code Development and Simulation Techniques 195 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



hosted at Fermilab [5]. A linear cooling channel consists

of solenoids, RF cavities, and wedge absorbers designed

for the transverse cooling of a muon beam (Figure 1). Lon-

gitudinal emmitance is not reduced in this channel; slower

particles lose more energy in absorbers than their faster

counterparts, leading to an increase in longitudinal emit-

tance. As the overall beam size is reduced, the density of

particles is increased which leads to space charge effects

becoming significant. Studying these space charge effects

requires developing tools in COSY that are coherent with

the FMM.

Figure 1: R vs. Z geometry of 1 cell.

Ionization Cooling

Muons are produced by sending proton bunches into a

target in order to create pions, which in turn decay into

muons. As a consequence of this production, the muons are

quite ‘hot’ by having a large momentum spread. The beam

must be cooled significantly, within the muon lifetime,

in order ensure a high luminosity muon collider. Beam

emittance is reduced via ionization cooling; the beam is

strongly focused with magnetic fields and subsequently

sent through an absorber material to reduce overall mo-

mentum. The beam regains longitudinal momentum in RF

cavities, resulting in a net loss in perpendicular momentum

and thus beam emittance [6].

Solenoids

The cooling channel is divided into 10 cells with two

solenoids of opposite polarity per cell. These solenoids are

placed on either side of the absorber wedges that divide

the cells in order to increase transverse focusing at the ab-

sorber, which in turn minimizes the heating due to multiple

scattering.

To implement these solenoids in COSY, a 2-dimensional

fieldmap with sufficient range was produced using a Taylor

Model based integrator. For a thick solenoid with uniform

azimuthal current and finite length, the field at an arbitrary

point in space r is given by the Biot-Savart Law

B =
μ0

4π

∫
(JdV )× (r− r

′)

|r− r′|3
(4)

To perform this integral, the domain is subdivided into

small cylindrical boxes centered at r′, and the taylor model

of the integrand is computed. If the remainder bound of

this taylor model is larger than a predefined error bound,

the box at r′ is subdivided into 8 equal boxes and the taylor

model is computed again for the child boxes. This process

is repeated until the remainder bound criterion is met, and

integrated over the entire domain of current. Integrating the

domain in this manner is computationally efficient because

the areas of the domain that are far from the observation

point are not subdivided as finely, so less time is spent on

the domain compared to a uniform domain decomposition.

To generate the field on a particle in the ring:

• The particles are translated, rotated, and tilted into the

first solenoid’s frame of reference

• Using linear interpolation between field map points,

the magnetic field on each particle is determined in

each direction

• The resulting magnetic field in the solenoid’s frame is

then tilted and rotated back into the global frame and

added to the total field

• This process is repeated for each solenoid in the chan-

nel

• For this channel, the solenoids have no rotation or tilt,

so a 2D fieldmap for an entire cell was produced to

take advantage of the cylindrical symmetry

RF Cavities

Each cell in the ring contains four closely spaced RF cav-

ities which fit inside the solenoids. Similar to the solenoids,

a fieldmap is used to determine the electric and magnetic

fields on the particles inside the cavity. The timing of the

ω = 804.98 MHz cavities is determined by the time the ref-

erence particle is tracked through the center of the cavity.

In order to achieve the correct RF phase (ϕ0) at the center

of the cavity, the tuning process proceeds as follows:

• Stop the reference particle at the boundary of the cav-

ity and create an identical tune particle

• make a crude guess of the offset time: t0 =
RFlength/2v

• propagate the tune particle to the center of the cavity

using the crude offset time for the RF fields

• update the offset time: t′
0
= t + 0 + dt, where dt =

(ϕ− ϕ0)/ω
• reload the tune particle at the beginning of the cavity

with the updated offset time

• exit the tuning loop once dt is sufficiently small

Absorber Wedges

The absorber wedges are placed at the boundary of each

celll. The energy loss of a particle over a distance ds in the

absorber is determined by the Bethe-Bloch formula

dE

ds
= −Kρ

Z

A

z2

β2
(log(

2mec
2β2γ2Tmax

I2
)−2β2−δ). , (5)
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for the parameters

• K = 15.35375(MeV · cm3)/(m · g),
• Z is the atomic number of the absorber material (LiH),

• A is the atomic mass of the absorber material,

• ρ is the density of the absorber material,

• I is the ionization potential in MeV ,

• δ is the density correction parameter,

where the maximum kinetic energy transferred to a single

electron in the absorber in a collision is

Tmax =
2mec

2β2γ2

1 + 2γme/mμ + (me/mμ)2
. (6)

SIMULATIONS IN COSY AND

G4BEAMLINE

With all of the lattice elements previously discussed im-

plemented in COSY, we proceeded to compare simula-

tions of a 10-cell cooling channel in both COSY Infinity

and G4beamline [7] with and without space charge effects.

G4beamline is one of the de-facto codes for muon beam

simulations and provides a space charge calculation algo-

rithm and is useful to benchmark for the new COSY func-

tionality. Stochastic effects and particle decays were turned

off in both codes to ensure an accurate comparison; these

processes are not yet implemented in COSY.

We start with the same beam of 1000 particles in both

codes and compare the average orbit excursion, average

momentum (Figure 2) and finally, transverse and longitu-

dinal emittance (with and without spacecharge; Figures 3,

4). As mentioned previously, longitudinal cooling is not

achieved in this linear channel; this region of the Bethe-

Bloch function has a negative slope (ie slower particles lose

more momentum). The behavior of the emittances is no-

ticeably different between the codes although the form of

the emittance graphs is similar.

Conclusions

In conclusion, we have gained a lot of insight into cool-

ing channel simulations. We can simulate various lat-

tice elements and compare meaningful figures between the

codes with and without spacecharge. As this is a work in

progress, some of the issues and differences evident dur-

ing the cross-check with other codes are not resolved yet

and require further investigation. There is still a lot of ef-

fort to be made on a detailed result comparison in order

to obtain consistent results upon comparing the codes, as

well as general improvment to efficiency and functionality

in COSY.

Figure 2: Average Momentum and X as a function of Z for

the beam in G4beamline and COSY.

Figure 3: Transverse and Longitudinal beam emittance

over 10 cells in COSY with and without space charge.
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MITIGATION OF NUMERICAL NOISE FOR SPACE CHARGE 
CALCULATIONS IN TRACKING CODES 

L.G. Vorobiev, C. Ankenbrandt, T.J. Roberts, Muons, Inc., Batavia, IL 60510, USA 
F. Schmidt, CERN, Geneva, Switzerland

Abstract 
Modern tracking codes have very stringent 

requirements concerning space charge calculations. They 
should combine speed of calculations, in order to track 
particles for many turns (e.g. the LHC injection chain), 
with numerical accuracy while maintaining symplecticity. 
Grid solvers and modified Green's function algorithms 
have been compared, and upgrades were suggested.  

INTRODUCTION 
Multiple-particle tracking allows for accurate space 

charge (SC) beam simulations and design. However, in 
the particle-in-cell (PIC) formalism [1], spatial non-
physical grid effects may jeopardize the validity of 
modeling in accelerator rings and colliders, especially 
during multi-turn particle tracking. To remedy artificial 
grid noise, PIC codes increasingly use more macro-
particles, denser grids, and more SC kicks per bunch, 
requiring massive parallelization. Even so, numerical 
errors persist. The split operator method itself (unlike the 
general PIC paradigm) decouples three-dimensional (3D) 
SC forces and dynamics, possibly resulting in additional 
errors and faulty estimates of instabilities, dynamic 
aperture, emittance growth, etc. Recent numerical 
experiments demonstrated artificial noise due to mesh 
effects and interpolation, leading to micro-scale beam 
instability [2]. 

The situation can be improved in two ways. First, we 
perfect the components of the PIC formalism itself. We 
will develop a grid density module, suppressing numerical 
noise to upgrade the accuracy of Poisson solvers. 
Secondly, we avoid spatial grids entirely, because despite 
precautions the grid-related noise will always persist. The 
known grid-free SC solvers are based on the classic 
Green's function or direct Vlasov solvers (we are aware 
only of axi-symmetric ones) [3], but they are too slow for 
multiple particle tracking in rings and work only in free 
space without boundaries. Instead, we introduce hybrid 
SC solvers based on “space-charge templates”, which 
represent macro Green’s functions for macro-elements [4-
5], from which a large family of beam distributions can be 
built. These SC templates calculate the 3D self-forces of a 
beam in the presence of conducting boundaries. 

There is a gap in terms of generality and performance 
between fast but over-simplified “frozen” models and 
standard PIC codes. The proposed hybrid SC solvers fill 
that gap: they are more flexible than “frozen” models and 
approach the accuracy of PICs while being much faster. 
Template-based solvers can simulate rather arbitrary beam 
distributions within conducting boundaries and may be 
parallelized, boosting their performance even further. 

ACCURACY OF MULTIPLE-PARTICLE 
TRACKING BY PICS 

The computational flows of multiple-particle tracking 
codes are similar, and our analyses of the accuracy and 
performance of their components have much in common. 

PIC Computational Modules  
Each macro-particle in a 3D beam has six phase space 

coordinates, and a step-by-step evolution of the ensemble 
of N macro-particles X=(x1, x'1, y1, y'1, z1, z'1,�, xN, x'N, 
yN, y'N, zN, z'N) looks like the following: 

 

new
module Charge Space

D3D3D3old Integrator
Trajectory ,  , XEX ���

�
��
	��

�� ��� ��
u
 (1). 

Here the trajectories are integrated either by multi-step 
(2nd order leap-frog, or higher order) schemes, or 
symplectic maps, which are more customary for multi-
turn modeling in the rings. These higher order maps take 
into account non-linearities of the lattice and SC forces, 
and they trace particles with any prescribed accuracy in 
the framework of the single particle approximation [6].  

Contemporary Poisson solvers are able to derive nearly 
exact grid solutions by multi-grid techniques, assuming 
that the input, i.e. the grid density, is known exactly. The 
interpolation between grid nodes is also very accurate. 
Unfortunately, the grid density is evaluated only 
approximately, and moreover, it represents the main 
source of numerical noise in (1). We need to find 
remedies to manage this. 

Space Charge Density on the Grid  
The Cloud-In-Cell (CIC) technique was developed 

decades ago (see [1] and references therein). If a spatial 
grid has dimensions of Nx�Ny�Nz and meshes hx�hy�hz, 
then the macro-particle sizes are �x,y,z=�hx,y,z (�0.5). A 
redistribution of elementary space charge among grid 
nodes must satisfy a conservation of space charge and 
should converge for higher order interpolations. A linear 
scheme is used in ORBIT, WARP, and Synergia codes. A 
quadratic interpolation is also possible. 

Using finite clouds with bell-like shape functions is 
beyond linear/quadratic interpolation. One needs an 
infinite polynomial series to represent them. For example, 
Fig. 1 shows a family of one dimensional (1D) clouds: 
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Figure 1: Macroparticle clouds in CIC scheme. All clouds have 
different ramps, but carry the same space charge "q". 

As shown in [7], the integrals �k=�
�

a
Sk (�)d�  are: 
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and  so  on  for  �5,6(� ,a).  In our algorithm, the choice of 
the cloud may vary from the beam center to the edges. 
Figs. 2 illustrate SC density of 105 macro-particles within 
40cm×40cm boundary, Nx=Ny=128 and different sizes of 
macro-particles for the cloud S3(�). 

 

          

          

      
Figure 2: Contour plot (top), 3D space charge densities (middle) 
for =1, 4;  and corresponding fields Ex,y  (bottom) for =4.  

 
For =1 and 4, contour lines and 3D plots are very 

different (~15%). The potentials, as integrals of densities 
differ by < 0.01%. The field differences drop from 3% to 
less than 0.01% for =1 and 4 respectively [8]. 

SPACE CHARGE TEMPLATES 
 A concept of space charge templates was introduced in 

[5,9]. The templates are macro-elements reproducing an 
original beam; their fields are derived from the library of 
template fields via superposition. A family of beam 

distributions built by templates is rather general but 
always has elliptical cross-sections along "z". See Fig. 3. 

 

Figure 3: 3D beam bunches within a round cylindrical pipe of 4 
cm in diameter (not shown). An ellipsoid 1cm�1cm�10cm (left) 
and an arbitrary 3D beam (right). Both bunches are "sliced" 
longitudinally by templates. 

In earlier versions of space charge templates, the fields 
of a 3D beam were calculated, using a library of charged 
disks/slices with pre-assigned density distributions.  

A more universal way to model a composite structure of 
real charge distributions is to use template-rings [10,8]. 

The 3D potential in free space � is 
xxxxx ~/~)~()( �� ���� dutmp 
 . 

For the particular case of a round ring of the outer 
radius Rtmp  and the inner radius Rtmp-dR (dRtmp stands for 
the thickness) with constant surface density �tmp, the 
potential becomes: 

��
�

��
	 ����� 2222 )(2)( zdRRzRu tmptmptmptmp ��x   (2), 

leading  to  analytical formulae  for the longitudinal field 
on the axis [10]. We used this equation along with 
successive over-relaxation (SOR 3D) technique, which 
solves the Poisson equation with and without boundaries. 

For illustration, the potentials of a positively charged 
disk of R=0.01 m, a negatively charged disk of R=0.007 
m, a ring, as a superposition of these disks and a ring field 
are plotted in Fig. 4 (left). Template fields, representing a 
beam from right part of Fig. 3 are plotted in Fig. 4 (right). 

 

 
Figure 4: Potentials and a field of disks/ring in free space (left). 
Template potentials of a beam from right part of Fig. 3 (right). 

 
We benchmarked the results for a 3D 1cm�1cm�10cm 

ellipsoid, carrying a uniformly distributed space charge of 
Q=10  C, placed into a conducting pipe of 4 cm in -11

diameter. The results obtained for disk and for ring 
templates agreed very well. Figs. 5 shows the same 
potential and fields as in [11, p.407] at xoff=yoff=0, obtained 
by SOR 3D, for distributions from Figs. 3. For longer 
bunches with semiaxes 1cm�1cm�50cm, the field flattens 
in the middle and “ear-fields” appear at the edges. 

,

,
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Figure 5: Potentials and fields of 3D ellipsoids with 
1cm�1cm�10cm (top), and 1cm�1cm�50cm (bottom). 

Fig. 5 suggests that non-linear behavior of longitudinal 
field becomes very strong due to image forces (in free 
space, a uniformly charged 3D ellipsoid has linear fields). 

A Gaussian 3D beam of ellipsoidal shape in free space 
has an analytical form of Ex,y,z fields (the so-called 
“frozen” SC model). The presence of a boundary changes 
them dramatically, limiting their applicability in tracking 
codes. We refer especially to the longitudinal field Ez, 
which is most affected by image forces.  

     

      
Figure 6: Transverse rms profiles <x2>1/2(z), <y2>1/2(z) (left) and 
shape functions Sx,y(z), defining the template shell (right). 

The number of templates for accurate space charge 
calculations is a free parameter. For a beam depicted in 
Figs. 3, one needs 15-20 templates. "Thick" slices may 
also be helpful to deal with very long bunches. 

 

     
Figure 7: Disk templates (left), built from rings. Ring templates 
for the outer layer of beam bunch (right). 

 
For a real 3D bunch consisting of macro-particles, Figs. 

6 demonstrate the procedure to find shape functions 
Sx,y(z), determining the shell containing all templates, and 
Fig. 7 illustrates how ring templates reproduce the beam. 

Halo and Hollow Beams  
For high-brightness accelerators (HL-LHC, ESS), beam 

loss control is critical, and generally must obey "the 
1W/m rule" [12]. While losses may be less than 0.1%, the 
halo (from which most losses come) may contain a much 

larger fraction of a beam, and fields from halo particles 
can't be neglected.  Numerical noise from halo particles in 
a regular grid-based PIC may well be unacceptable. 

  
Figure 8: A transversal cross-section of an arbitrary “made-up” 
hollow beam with a halo, represented by a library of ring 
templates. An ideal Gaussian beam distribution is a dashed line. 

Ring templates are quite appropriate for halo as well as 
hollow beam field calculations, as shown in Fig. 8. 
Having disk templates, a special distribution like that 
would be difficult to reproduce. 

DISCUSSION 
The goal of this paper is to evaluate accuracies of SC 

tracking codes for rings, to develop a strategy to suppress 
artificial numerical effects, and ultimately, to improve 
code performance. The errors in SC fields will always 
persist due to granularity of space charge distribution, and 
inaccuracies of grid density calculations will dominate 
other errors: a grid Poisson solver and field interpolation 
and of course those of higher order tracking engines.  

A decrease of grid dimensions (larger meshes) damps 
density fluctuations. The same is valid for larger CIC 
clouds. However, these fluctuations may be physical, and 
such a brute force remedy simply eliminates them. A 
beam halo requires special treatment. 

The split operator paradigm is valid for very long 
bunches (a coasting beam approximation, as in PSR, 
SNS). For shorter bunches, a more accurate approach is 
required, based on templates and hybrid technique [5,8]. 

ACKNOWLEDGEMENTS 
 The authors are grateful to L. Michelotti, N. Mokhov 

(FNAL) and A. Friedman (LLNL) for useful discussions. 

REFERENCES 
[1] R.W. Hockney, J.W. Eastwood: "Computer Simulation 

Using Particles", CRC Press (1988). 
[2] SC13, CERN, Geneva (2013), F.Schmidt et al. 
[3] F.Filbet et al., ICCSA 2002: 305-314. 
[4]  L.G.Vorobiev and R.C.York, ibid. 315-324. 
[5]  L.G.Vorobiev and R.C.York. Phys. Rev. ST Accel. Beams 

3, 114201 (2000), EPAC 2002, p. 1679-1681 (2002). 
[6] Leo Michelotti, et al. PAC 2005,  pp. 988-990 (2005).  
[7]  L.G.Vorobiev and K.Hirata, KEK-Report 95-12 (1995). 
[8]  L.G.Vorobiev, Fermilab Beamdocs, docid=4340 (2013). 
[9]  L.G.Vorobiev and R.C.York, PAC 2003, p. 3533 (2003). 
[10]  L.G.Vorobiev, Fermilab-Pub-08-236-APC (2008). 
[11]  M.Reiser, "Theory and Design of Charged Particle 

Beams", John Wiley & Sons, New York (1994). 
[12] N.V.Mokhov et al.: Fermilab-Conf-12-634-APC (2009).

MOPBA12 Proceedings of PAC2013, Pasadena, CA USA

200C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 Beam Dynamics and Electromagnetic Fields

D06 - Code Development and Simulation Techniques



OPTIMIZATION OF THE MULTIPOLE TO LOCAL TRANSLATION 
OPERATOR IN THE ADAPTIVE FAST MULTIPOLE METHOD 

S. Abeyratne^, B. Erdelyi*,^   
^Department of Physics, Northern Illinois University, DeKalb, IL 60115 

*Physics Division, Argonne National Laboratory, Argonne, IL 60439 

Abstract 
The Fast Multipole Method (FMM) is an accurate and 

fast way to calculate potentials/fields created by a very 
large number of particles. The runtime of the FMM is 
significantly less than that of the pairwise calculation if 
the particle number, N, is sufficiently large. Two major 
parts in the FMM are the upward pass and the downward 
pass. The upward pass calculates multipole expansions 
and then performs multipole-to-multipole translations. 
The downward pass calculates multipole-to-local 
expansions and local-to-local expansions. The multipole-
to-local translation in the downward pass is the most time 
consuming translation in the FMM. In order to make the 
FMM more efficient, we sought to minimize the time 
taken by the multipole-to-local translation. The promising 
and practical strategy to minimize the multipole-to-local 
translation time is to replace the 3D multipole-to-local 
translation with a 1D multipole-to-local translation in 
conjunction with rotations of the coordinate axes. In this 
paper we show how to perform the 1D multipole-to-local 
translation and the time comparisons between the two 
FMM variants.  

INTRODUCTION 
The traditional method to calculate the Coulomb 

interaction between charged particles is pairwise 
calculation. The computational power needed for this 
method is of the order O(N2) and it is not practical if the 
number of particles is very large. The FMM can reduce 
the computational power to O(N). 

The details of the two major components of the FMM, 
data structuring [1, 2] and calculation of the potential/field 
[3], are discussed in our previous papers. If the number of 
particle is large, the data structuring time scales linearly 
[2]. We have also shown that the total runtime, the 
addition of data structuring time and the time taken to 
calculate the potential, scales linearly with the number of 
particles, if the number is large enough [3].  

The major components of runtime with optimized 
settings are the time taken by upward pass (~3%), the 
downward pass (~50%) and the direct calculation in the 
final summation (~47%). To decrease the runtime we 
need to decrease the downward pass time or the direct 
calculation time. As the direct calculation time solely 
depends on the optimum q (the parameter q has its usual 
meaning, the maximum number of sources allowed in the 
neighbourhood of a given target), it is no longer possible 
to reduce the direct calculation time. Hence, we focus on 
reducing the downward pass time. Further analysis 
showed that the multipole-to-local translation (M2L) used 

in the downward pass is the bottleneck. This paper places 
emphasis on the M2L operator and shows that the FMM 
runtime can be significantly reduced if the 3D M2L 
translation is replaced by the 1D M2L translation. 

ALGORITHM 
In the data structuring we create the C-forest (the 

collection of trees) and the D-tree (parent-child relations 
of all boxes which contain target particles) [1, 2] at the 
optimum q. Once the octree-type data structure is created 
we can implement the FMM proper to calculate the 
potentials/fields. 

The FMM implementation consists of two key 
components, the upward pass and the downward pass [3]. 
The downward pass starts at level two and it has three 
steps. The first step is the M2L translation of the 
multipole expansions of the boxes in the interaction list of 
a particular box or leaf node, b. In the second step, we 
move to the next finer level and compute the local 
expansion of child nodes of b around their centers from 
the multipole expansions of the boxes in the interaction 
list of child nodes.  In the third step, we re-expand the 
result in the first step to evaluate the contribution from the 
local expansion of the parent box and add that to the result 
obtained in the second step. In order to complete the 
downward pass the above three steps must be repeated 
until we reach the finest level.  

After the upward pass and downward pass we move to 
the final summation [3]. In the second step of the final 
summation we calculate the potential at each target in b 
due to the sources in the neighbourhood of b. This is a 
pairwise calculation. We have noticed that the M2L 
translation in downward pass and direct calculation in 
final summation take a considerably longer amount of 
time compared to all the other operations in the FMM 
process. Since this pairwise calculation is unavoidable and 
we cannot reduce that time it becomes apparent that the 
FMM runtime can be further reduced by optimizing the 
M2L translation operator. At higher orders M2L 
translation takes more than 50% of the total FMM 
runtime. 

In this translation, we perform a 3D M2L translation in 
all three directions, x, y and z. In 3D, the number of boxes 
in the interaction list varies from 27 to 189. Therefore, the 
M2L translation takes a longer time. If we rotate the 
coordinate system of the box with  the multipole 
expansion to be translated in such a way that the z-axis of 
the box aligns with the line joining the centers of the box 
and the interaction list boxes, the 3D transformation of the 
M2L becomes a 1D transformation. Hence, the time taken 
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for M2L translation can be considerably reduced as shown 
in Table 1 and 2. 

1D M2L TRANSLATION 
There are four coordinate systems involved in changing 

3D M2L translation to 1D. 
 Original multipole expansion in (X, Y, Z)m, o 

 Rotated multipole expansion in (X, Y, Z)m, r 

 Original local expansion in (x, y, z)l, o 

 Rotated local expansion in (x, y, z)l, r , 
where the subscripts l, m, o, and r denote local, multipole, 
original, and rotated, respectively. 

The rotation about any arbitrary axis  by an angle  
can be described by the matrix R, = − ++ −− + . 
C, S and t denote cos , sin  and (1- cos ), respectively. 

In order to make a 1D translation we need to rotate the 
coordinate system of the interaction list box such that the 
z axis lies along the line joining the center of an 
interaction list box and the center of a D-tree node, which 
is denoted by r (Fig. 1). In our implementation, we avoid 
this rotation if the z axis is already aligned with r. The 
unit vector along the axis of rotation, , is then given by 
the cross product between z and r. 

 
Figure 1: Rotation of the coordinate system. 

If	 = ( , , ), 		 	= ( , , ) and =(0,0,1), then = − , = ,  = 0. 
Once the coordinate system is rotated, we transfer the 

multipole expansion into a local expansion. Finally, this 
rotated local expansion must be rotated back to the 
original coordinate system. This process is explained 
below. 

The relationship between rotations can be given as 
follows: 

, = , and  , = , . 

The translation of the multipole expansion Mo to local 
expansion Lo can be expressed as a composition between 
Mo and M2L. 

Lo , = Mo M2Lo , . 

Since r is the distance between the centers of the boxes 
(invariant under ), we can establish the following 
relationships: 

, = M2L , ; 

Similarly, the new operator M2Ln can be introduced as, 

, = M2L , , 

where the subscript n stands for new. 
The two operators, M2Lo and M2Ln, must give the same 

local expansion around centers of the nodes. Hence, L , = L , . 

By further simplification, it can be shown that L = M	 ∘ 	 ∘ 	M2L 	∘ 	 , 
where Lo = Ln = L and Mo =M. Since the rotation matrix 
is orthogonal		 = . 

PERFORMANCE ANALYSIS 
The 3D M2L translation requires a dense function 

composition operator in three variables while the 1D M2L 
translation requires a sparse function composition 
operator in the variables x and y and a dense operator in z. 
The 3D translation is computationally more expensive 
compared to the 1D translation. Both translations are 
order-dependent and hence the difference in cost between 
these translations becomes order-dependent. The two 
rotations needed for the 1D translation are considered 
order-independent overhead.  Empirically, we notice that 
the time saving by employing the 1D operator instead of 
3D operator becomes significant around order five, 
independent of the type of distribution.  Therefore, based 
on our results, it is clear that below order five 3D M2L 
translation is advantageous, while above order five 1D 
translation is advantageous, independent of the 
distribution (Figs. 2 and 3). In order to achieve high 
accuracy, it is essential to perform calculations at higher 
orders [3, 4]. 

 
Figure 2: Runtime measured for normally distributed 
particles using 1D and 3D M2L operators. 
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Figure 3: Runtime measured for uniformly distributed 
particles using 1D and 3D M2L operators. 

Tables 1 and 2 summarize the runtime measured for 
normally and uniformly distributed particles, respectively, 
at different orders at optimum q (in each case identical 
sources and targets are used). 

We studied the relationship between the FMM runtime 
(t) and the expansion order (p) in the region where the 
order is greater than five. For normally distributed 
particles (N=800k), t is proportional to the nth power of p 
and the value of n is 3.4 and 2.4 for 3D M2L and 1D 
M2L, respectively. For uniformly distributed particles 
(N=800k), the corresponding values are 7.2 and 5.5. 

Table 1: Runtime measured for normally distributed 
particles using 1D and 3D M2L operators. 

Order Time(mins) 
1D 3D 

2   8.724 7.765 
3   10.589 9.621 
4   14.155 13.314 
5   20.582 20.235 
6   28.620 31.342 
7   39.294 45.760 
8   52.292 66.442 
9   67.178 96.185 

 

Table 2: Runtime measured for uniformly distributed 
particles using 1D and 3D M2L operators. 

Order Time(mins) 
1D 3D 

2   6.800 5.886 
3   8.265 7.236 
4   11.900 10.204 
5   19.107 18.450 
6   29.732 30.752 
7   32.240 34.767 
8   36.809 43.323 
9   44.926 62.701 

 
The runtimes are machine dependent. All the tests were 

run on a single core Intel® Core™ i5-2410M @ 
(2.30GHz) computer (no SSE). The machine had 8GB of 
RAM. The code for data structuring is written in C++ and 
compiled under Cygwin on Windows 7, and used the g++ 

compiler with optimization flags –O3 and –funroll-loops. 
The FMM is implemented in COSY Infinity [4]. 

SUMMARY 
In this paper, we showed that the use of 1D M2L 

operator (for expansion orders greater than five) in the 
downward pass to calculate the potentials/fields reduces 
the overall FMM runtime in both normally and uniformly 
distributed particles. As shown in Table 3, when run at 
optimum q, 1D M2L operator saves the downward pass 
time by 40% for uniformly distributed particles and by 
35% for normally distributed particles. Hence, the overall 
FMM runtime is reduced by 30% and 29% for normal and 
uniform distributions, respectively. 

Table 3: Downward pass times at order 9 (N=800k). 

Distribution Dimension Optimum q 
Time 

(mins) 

Uniform 
1D 6000 9.40 
3D 6000 15.70 

Normal 
1D 12000 31.08 
3D 20000 47.75 
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NUMERICAL INTEGRATOR FOR COULOMB COLLISIONS  
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Abstract 
The trajectories of protons interacting through 

Coulomb forces were computed using a numerical 
integrator based on Picard’s iteration method. This is a 
variable order, adaptive integrator with dense output. We 
show different cases by varying some parameters such as 
the impact parameter, the relative velocity of the protons 
and the order of the differential algebraic (DA) vector. 
The accuracy of the trajectories was tested by changing 
the order of the DA vector while fixing the other 
parameters. The impact parameter between the protons 
and the velocity of the incident proton has the most 
impact on the trajectories. The maximum time step is 
determined by the radius of convergence of the 
expansions, while a fixed accuracy is attained by varying 
the order.  

INTRODUCTION  
Many physical phenomena involve N bodies (particles) 

interacting with one another by long range forces which 
decrease inversely as the square of the distance. Examples 
include the gravitational interaction among the stars in a 
galaxy, and the Coulomb forces between charges. Many 
particle systems have wide range of applications in 
different areas such as biophysics, chemistry, astrophysics 
[1], etc.  

This work includes the two-body problem, in which 
two charges interact through Coulomb forces. Coulomb’s 
law describes the force between two point charges by the 
following equation: � ⃗⃗  ⃗ =  4��    |  | , 
where � ⃗⃗  ⃗ is the force,  is the charge,   is the radial 
distance between the two charges, and �  is the 
permittivity of free space. 

It is complicated to solve the N-body problem 
numerically due to the singularity of very close 
encounters where |  | →  (very strong interaction � ⃗⃗  ⃗ →  ∞), and the requirements of high precision with 
violently varying time steps that are necessary to reduce 
errors to acceptable levels.  

We consider the interaction between two protons in two 
dimensions. The first proton is initially at rest, and the 
second proton is moving horizontally towards the first 
one with a specific vertical distance between them. 
According to Coulomb’s law, the electrostatic force 
between two similar charges is repulsive. 

The integrator has applications in electron cooling of 
heavy ion beams, and any other beam dynamics problem 
where individual collisions need to be resolved. 

ALGORITHM  
To compute the trajectories of both of the protons, we 

used a code developed by us via COSY INFINITY [2].  
The code is a numerical integrator based on Picard’s 
iteration method (see [3] for details). Picard’s method 
uses the initial conditions of the system and gives a 
sequence of functions that converge to the solution. This 
method can compute completely algebraically the 
Maclaurin polynomial (Taylor series expansion of a 
function about zero).  

In this program, the Maclaurin polynomial of the 
solution is represented by DA vectors. The DA vector is 
an array of elements that describe a multi-variable 
function when given its value and derivatives at a specific 
point [4]. The integrator order is equivalent to the DA 
order, and we can vary this order to the one that we want 
to truncate the Taylor series at. At each time step, the 
program evaluates the change of the radius between the 
particles and compares it with the one at the next time 
step. Whenever the convergence radius is exceeded, the 
program will display an error message.  

The maximum velocity (βmax) used for the incident 
proton is 0.283. Different fractions of this velocity were 
used as well. The initial horizontal distance between the 
protons was varied from 10-15

-10-9 m. The impact 
parameter (vertical distance between the particles) was 
varied from 10-15

-10-11 m. It is possible to use larger 
distances (horizontal or vertical), but the strong 
interactions are localized within these distances. Hence, 
larger distances would result into very small changes in 
the positions of the protons that would be hard to see.  

EXAMPLES  
The parameters of the system will be denoted as 

follows: d = horizontal distance (m), b = vertical distance 
(m), δt = time interval (1/c s), N = number of time steps, 
and the DA order was set to be 4 unless specified 
otherwise. 

Example 1  
The impact parameter and the moving proton’s velocity 

are fixed at 10-15 m and 10% βmax, respectively. The other 
parameters are varied in two instances:   The parameters are: d = 10-15 m, N =104, δt = 3.6 × 

10-17 1/c s. The trajectories are shown in Fig. 1.  Fig. 2 shows the protons’ paths with the parameters: 
d = 10-10 m, N = 5.5 × 104, δt = 10-13 1/c s. 

The resulted trajectories in this example are as one 
would expect due to the Coulomb’s interaction. 
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Figure 1: The paths of the protons from Ex. 1 where d = 
10-15 m and the trajectories are as predicted by the 
Coulomb interaction. 

 

Figure 2: Ex. 1 paths of the protons when d is relatively 
large (10-10 m). The incident proton moves straight 
horizontally until very close to the rest proton where they 
start to interact. 

Example 2  
The horizontal distance is fixed at d = 10-12 m and the 

incident proton has high velocities in the two cases 
included here:  The parameters are: b = 10-14 m, β = βmax, N = 5 × 

104, δt = 3 ×10-16 1/c s. In this case, the rest proton 
follows a parabolic path for a very short time, and 
then moves downward (see Fig. 3). This could be a 
result of the incident proton having a very high 
velocity such that it knocks the other proton down 
while its path deviates upward. 

 

Figure 3: The rest proton moving downward when the 
moving proton has very high velocity (Ex. 2). The inset 
shows the parabolic path of the rest proton. 

 In this example: b = 10
-12

 m, β = 50% βmax, N = 7 × 

10
4, δt = 10-13

 1/c s. This is one of the cases in which 

the rest proton exhibited unexpected behavior. It 

moves downward for a very short interval, and then 

it starts to recoil and goes backward (as shown in 

Fig. 4). However, this behavior is very un-noticeable 

such that it appears like the proton is just going 

vertically down (as shown in Fig. 5). 

 

Figure 4: The path of the rest proton going backwards. In 
the small box, the first 700 steps shows the recoiling. 

 

Figure 5: The proton at rest going downward with the un-

noticeable recoiling when the moving proton has a 
relatively high velocity. 

ACCURACY TESTS  
To check the accuracy of the computed trajectories, we 

varied the order of the DA vector and the time interval in 
two ways, as described next. 

Fixing the time interval  
We used a small δt and different orders of the DA 

vector. If the trajectory of a low DA order is the same as 
the trajectory of a higher DA order, then the chosen time 
interval is sufficiently small to get accurate paths. The 
other parameters in this example are: d = 10-12 m, b = 10-

13 m, β = 10% βmax, N = 6 × 104. Fig. 6 shows this 
accuracy for δt on the order of 10-15 1/c s, in which the 
trajectory with the DA order of 4 is exactly the same as 
the one with the DA order of 20.  

Changing the time interval 
We used various time intervals with a specific order of 

the DA vector. We increased δt until the new trajectory 
diverges from the accurate one (with small δt) of the same 
order. We fixed the other parameters at: d = 10-12 m, b = 
10-13 m, β = 10% βmax. The number of time steps was 
changed according to the change of δt. 

Since the code we are using tests for errors of the radius 
of convergence, we include two cases: 
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Figure 6: The accuracy test by fixing the time interval and varying the DA order. The paths of the incident proton and 
the rest proton are illustrated in the left and right pictures, respectively. 

  δt is large, but not such that we get errors. Here are 
two examples with DA order = 4 and 20. In both 
examples, the trajectory of the moving proton was 
not affected by changing δt. Therefore, we show only 
the paths of the rest proton in Fig. 7. For DA order = 
4, the paths with large δt start to diverge from the 
ones with small δt. For DA order = 20, both paths are 
almost the same. 
 

 

Figure 7:  The paths of the rest proton with large δt (in 
blue), and with small δt (in red). The DA order is 4 in the 
top box, and 20 in the bottom one. 

 Beyond the radius of convergence errors. The 
resulted trajectories are unphysical and inaccurate. It 
is hard to explain these results, and the only reason 
might be the errors of the radius of convergence. Fig. 
8 is an example where the DA order is 18. 

SUMMARY  
Using a numerical integrator based on Picard’s iteration 

method, we computed the trajectories of two protons 
interacting through the Coulomb force. Our main interest 
was in close encounters of the protons. We showed 

different examples by changing different parameters in 
the problem. The results are in agreement with the theory: 
to obtain certain accuracy most efficiently, a maximum 
step size is determined by the region of convergence, and 
the desired accuracy is achieved by increasing the DA 
order with the given maximum time step. Also, these 
results will enable us to automatically adjust the time step 
adaptively, as needed. More studies are needed to get 
better understanding of the results.  A future work is to 
apply similar studies for the attracting case (proton-

electron interaction). 

 

Figure 8: The unphysical results from having large time 
interval such we get radius of convergence errors. 
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Abstract
Strong space charge is a significant impediment in

charged particle beam physics, particularly at the high in-
tensity frontier. For future applications, where particles
must occupy the smallest region possible, quickly and ac-
curately and efficient modeling space charge modeling is
essential, for instance, to minimize the space charge contri-
bution to beam dispersion. In this paper, we study and com-
pare the performance for the method of moments (MoM)
and the single-level fast multipole method (SLFMM) in
2D. The method of moments has been widely used to
solve computational electromagnetic problems but assumes
a series-expandable smooth distribution function, limiting
its reliability in some cases. The fast multipole method
was more recently developed and shows remarkable ac-
curacy with difficult beam distributions. We demonstrate
these methods using a simplified version of the Univer-
sity of Maryland electron ring (UMER). We present some
multi-particle tracking results obtained using these meth-
ods. Future work will study the space charge inclusive
transfer maps calculated from these methods.

INTRODUCTION
The general N body problem, although simple in prin-

ciple, is computationally very challenging. The simplest
method uses direct pair-wise interaction computations,
where the complexity behaves likeO(N2), and gives a ma-
chine precision solution for each pair. The mean field meth-
ods almost always involve some kind of numerical approx-
imation. Two methods in particular were developed that
approximate our solution to a significant degree of accu-
racy and reduce the scaling to O(NlogN) or even O(N)
[1, 4, 5]. The method of moments (MoM) has been suc-
cessfully used in several cases [1, 2]. As expected, it is
most accurate for smooth unimodal distributions, where the
relatively low order moments reliably approximate the dis-
tribution [4]. The fast multipole method (FMM), recently
developed by Greengard and Rokhlin in 1987 [5], shows
remarkable accuracy with arbitrary distributions, overcom-
ing some weaknesses of the MoM. We are mainly inter-
ested in efficiently and accurately modeling the nonlinear
effects present in a space charge dominant beam. The pur-
pose of this paper is to evaluate and compare the MoM and

∗ agee1@niu.edu
† erdelyi@anl.gov

FMM performance for a test case involving a simplified
model of UMER.

IDEALIZED UMER
The University of Maryland electron storage ring has

been designed and built specifically for the study of space
charge dominated, high intensity beams in a localized, in-
expensive setting. Some of the design specifications are
shown in Table 1, with our specific settings in the lower
section [3]. The design is such that the electron bunches fill
the ring, allowing a quasi-2D approximation. We included
only the main recirculation (RC) sections, each consisting
of two equivalent FODO sections with a guiding dipole in
the middle of each FODO section.

Table 1: The UMER Design Specifications are Listed in
the Top Half and Our Relevant Simulation Conditions are
in the Bottom Half

Circumference 11.52 m
Electron energy 10 keV
β(= v

c ) 0.2
Current 1–100 mA
Aperture 2.95 cm
Pulse Length 40 ns
Lap time 197 ns
Pulse repetition rate 60 Hz

Turns 30
Simulated current 6 mA
FODO period 0.32 m
# of FODO sections 36
Dipole bend 10◦

Dipole effective length 3.82 cm
Quadrupole current 1.826 A
Quadrupole effective length 5.164 cm
Initial emittance (X,Y) (5.28×10−8,4.94×10−8)
Integration region 5.25σ

RESULTS
MoM

Reference [1] explains the details of our implement-
ation of the MoM and FMM. For the MoM, there are
three separate orders to which we will refer. The space
charge order (SO) is the order of computation for the space
charge map. The map order is the order of computation for
the regular transfer map or equivalently the order of the
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differential algebra vectors (DAO).The moment order (MO)
is the order of the sample moments used to model the particle
distribution. The main purpose for the development of the
MoM was the ability to extract self-consistent transfer maps
that include space charge. However, the same method can
be used for tracking space charge dominated beams. On
the other hand, it is not clear how accurate is the MoM for
tracking. Therefore, we focus on tracking capabilities in
this paper. We started with a spatially uniform, angularly
Gaussian beam that almost fills the ring acceptance.

In principle, the map order and space charge order do
not have to be equal. We performed a study on the effects
of mismatched DAO and SO, up to DAO = SO + 3, with
overall maximum order at 18. We also constrained the SO
and MO to be equal. We first examined the final emittances
of our 6 mA electron beam. Figure 1 shows our final emit-
tances. We calculated the emittances in X and Y using the
standard deviations in position and angle of the beam and
plot the total emittance. The results show that high order
space charge effects are important, as expected, while no
other high order effects are present in the ring.

Figure 1: Comparison of Final Emittance [m-rad] vs. Space
Charge Order, Map Order vs. Np using the moment method
for the UMER model.

In Figure 1, we compare the final total emittance with
the space charge order, map order and number of parti-
cles, Np. The emittance grows with map order and space
charge order. The growth is mainly in the Y emittance. The
variation in the plateau heights reflect the well-known fact
about the optimal truncation order, i.e. best space charge
order. As detailed in [1], there are two competing effects:
increasing the space charge order improves the modeling
of the distributions in the ideal case, but the finite number
of particles introduce noise, which affect the sample mo-
ments that in turn decrease the accuracy due to the large
condition number of the matrix that embodies the linear re-
lationship between the moments and the coefficient set of
the distribution function expansion. As shown in Table 2,
the final emittances also reflect this slight instability of the
moment method tracking, with optimal order seen around
12. The evolution of the particle distribution showed sig-
nificant formation of halos and chaotic regions. The differ-
ences are minor between Np. Our beam lifetimes showed
similar behavior to the emittance, low survival at low map

order, and approximately same survival once DAO equals
SO. The timing results for the idealized UMER model are
shown in Figure 2. We only show three representative order
sets for each Np.

Table 2: Averages and Standard Deviations of the Final
Emittances at Plateau for SO 12, Sampling DAO 12,13,15
for Np = 7500, 15000, 30000, 75000, 100000 After 30
Turns. Convergence is achieved in map order.

Np Average [m-rad] σ

7500 3.399×10−5 4.376×10−7

15000 3.433×10−5 5.79×10−7

30000 3.420×10−5 1.996×10−7

75000 3.347×10−5 7.651×10−7

100000 3.308×10−5 1.147×10−6

Figure 2: Comparison of Simulation time for 30 turns in
mins using the moment method for the UMER model.

As shown in Figure 2, the simulation time exhibits
roughly linear behavior. At low map, high space charge
order, the number of particles decreases due to higher or-
der space charge terms being truncated which would cancel
strong lower order terms. This significantly decreases sim-
ulation time and leads to the kinks. Overall, we can achieve
accurate results at high orders but expect unreliable predic-
tions for low space charge order, showing the importance
of higher order space charge terms.

FMM
Our implementation of the fast multipole method is one

of the few using the differential algebraic framework. There
are some key concepts to the FMM calculation worth not-
ing here, but the full details may be found in a number of
references [1, 5, 6]. We will refer to the number of boxes
as Nbox. The current box of interest, the nth box, will be
designated our target box and all others will be designated
sources. We use the single level FMM where we subdivide
the space only once, into Nbox equal size boxes. For the
potential calculation, each nonempty source box is Taylor
expanded with respect to the target box. Thus, the simu-
lation time depends on Nbox, Np, SO, and the number of
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coefficients for the expansion in the FMM akin to the mo-
ment order, which we will call the FMM order (FO).

Due to time constraints, we decided to only run the FMM
in tracking mode for 1 turn rather than 30 as for the MoM
and at Np = 7500, 15000 to compile the results in this
paper. Preliminary tests showed the emittances from the
FMM stabilize extremely quickly, usually within 1 turn,
and the time per turn behaves consistently. Beam lifetime
exhibits similar behavior, but we are hesitant to assume
consistent lifetime for all FMM orders and Np. For this
study, our simulation has Nbox = 402. A future study will
test the dependence on Nbox. Our results are shown in Fig-
ure 3 and Figure 4.

Figure 3: Final emittances [m-rad] after 1 turn vs. Space
Charge Order, FMM Order using the fast multipole
method.

Table 3: Averages and Standard Deviations of the Final
Emit-tances at SO 9, Sampling FO 7,9,11, andNp = 7500,
15000 After 1 Turn for the UMER Model Using the Fast
Multipole Method

Np Average [m-rad] σ

7500 3.746×10−5 5.315×10−8

15000 3.691×10−5 9.185×10−7

Figure 4: Simulation time per turn [mins] vs. initial number
of electrons for select space charge orders, FMM orders
using the fast multipole method.

In Figure 4, the simulation times per turn using the FMM
tracking mode slightly depend on the orders. We reserve
judgment on its Np dependence at this time. In Figure 3,
the final emittance after 1 turn for the idealized UMER

model exhibits a small variation. Table 3 shows the aver-
ages and standard deviations for the final emittances at SO
9 as a function of FO forNp = 7500, 15000. The relatively
erratic emittance at SO 9, FO 7-11, Np = 15000 is due to
requiring more turns for the emittance to stabilize. The evo-
lution of the distributions showed similar behavior to what
was shown with the moment method, but the variation is no
longer significant, thus it may be attributed to the chaotic
nature of space charge.

CONCLUSIONS
Our study shows the various orders strongly affect our

MoM results. Convergence in terms of moment and map
order are achieved. There is no convergence in space charge
order. Our optimum SO is 12 for SVD cutoff parameter of
1×10−12. The MoM shows little dependence on Np. From
its emittances, The FMM shows slightly more dependence
on Np but stabilizes for large Np.

Our FMM shows stable results. There is a hybrid mode
implemented using FMM for tracking and MoM for map
extraction but has not been studied thoroughly yet. More
detailed comparisons will be forthcoming. We plan to op-
timize our FMM implementation for reduced runtime and
further improve our MoM implementation.
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A PICARD ITERATION BASED INTEGRATOR ∗

H. Schaumburg, NIU, DeKalb, IL 60119, USA
B. Erdelyi, NIU, DeKalb, IL 60119, USA

Abstract
Picard iteration is mainly used as a theoretical tool to

establish the existence and uniqueness of a solution to an
initial value problem. We have developed a method based
on Picard iteration that computes the exact Taylor polyno-
mial of the solution to arbitrary order. The method has been
implemented in COSY INFINITY to numerically solve
Coulomb interactions.

INTRODUCTION AND BACKGROUND
Picard iteration generates a sequence of functions φn(t)

related to the solution of the initial value problem{
y′ = f(t,y)
y(t0) = y0

.

When f satisfies a local Lipschitz condition with re-
spect to y on U , a connected open subset of Rm+1 and
(t0,y0) ∈ U , the Picard iterates given by

φ0(t) = y0

φn(t) = y0 +

∫ t

t0

f (s, φn−1(s)) ds.

converge to a unique solution of the IVP up to the boundary
of U [1]. In general, φn may converge slowly to the exact
solution.

The Picard iteration based integrator described in this pa-
per has three main advantages. The the integrator has arbi-
trary order, is time adaptive, and has dense output. Dense
output refers to the integrator being able to take time steps
of variable length without having to recompute previous
steps. These advantages are intertwined to balance lo-
cal truncation error with computational efficiency. When
smaller time steps are required, the order can be reduced
to maintain efficiency. When a larger time step is appro-
priate, the order can be increased to maintain lower local
truncation error.

The advantages of the integrator make it well suited for
modelling the motion of charged particles. The forces in
Coulomb interactions are proportional to the inverse of the
square of the distances between particles. There are situa-
tions such as when two particles with same signed charges
are on a near collision course. If too large of a time step
is taken, the large repulsive force between the particles as
they move closer to one another may not be considered and
the integrator will give physically unrealistic results. An
integrator with dense output can avoid these errors.

∗This work was supported in part by the U.S. Department of Energy,
Office of Nuclear Physics, under Contract No. DE-SC0008588, and Office
of High Energy Physics, under Contract No. DE-FG02-08ER41532, with
Northern Illinois University.

THEORY BEHIND THE INTEGRATOR
First, we will introduce notation to write Taylor poly-

nomials. When f has a Taylor series centered at a with
nonzero radius of convergence, define the operator T n

t,a act-
ing on function f to be the degree n Taylor polynomial
centered at a for f . That is

T n
t,a[f ] =

n∑
k=0

f (k)(a)
(t− a)k

k!
.

Main Theorem Statement
The main theorem below supplies two Picard iteration

based integrators with different compositions. From the
initial Taylor polynomial T 0

t,0[z(t)] = z0, we can find the
next Taylor polynomials using either recursive relationship
below. After each iteration, the local truncation error drops
by an order of magnitude. Algorithm 1 in the implemen-
tation and results section shows how to implement the first
composition.

Theorem 1. Let z ′(t) = f(t) and z0 = z(0). Suppose
z has a Taylor series centered at 0 with nonzero radius of
convergence R and t < R, then

T n
t,0[z(t)] = z0 +

∫ t

0

T n−1
s,0

[
f
(
T n−1
s,0 [z(s)]

)]
ds

= z0 +

∫ t

0

T n−1
s,0

[
T n−1
s,z0

[f ] ◦ T n−1
s,0 [z(s)]

]
ds.

In order to prove theorem 1, we need two lemmas. In or-
der to show the first lemma, we will need the Faà Di Bruno
formula [2], which is a generalization of the chain rule.

Theorem 2 (Faà Di Bruno). If g and f are functions with a
sufficient number of derivatives, then

dm

dtm
f(g(t)) =

∑ m!∏m
i=1 bi!

f (k)(g(t))

m∏
i=1

(
g(i)(t)

i!

)bi

where the sum is over all different solutions in nonnegative
integers b1, . . . , bm of b1 + 2b2 + · · · + mbm = m and
k ≡ b1 + b2 + · · ·+ bm.

Let Sm,k denote the nonnegative integer solutions of
b1 + 2b2 + · · ·+mbm = m and k ≡ b1 + b2 + · · · + bm,
and Tn,m,k denote the nonnegative integer solutions of
b1 + 2b2 + · · ·+ nbn = m and k ≡ b1 + b2 + · · ·+ bm.
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Lemma 1. Suppose g has a Taylor series centered at a and
f has a Taylor series centered at g(a) with nonzero radii of
convergence. Then,

T n
t,a[f ◦ g] = T n

t,a

[
T n
t,g(a)[f ] ◦ T n

t,a[g]
]
.

Proof T n
t,a

[
T n
t,g(a)[f ] ◦ T n

t,a[g]
]

will be directly evalu-
ated. The two things needed to start are

T n
t,a[g] =

n∑
k=0

g(k)(a)
(t− a)k

k!

and

T n
t,g(a)[f ] =

n∑
k=0

f (k)(g(a))
(t− g(a))k

k!
.

Plugging the first one into the second one, the following
can be done:

T n
t,g(a)[f ] ◦ T n

t,a[g] =

n∑
k=0

f (k)(g(a))
(T n

t,a[g]− g(a))k

k!

=

n∑
k=0

f (k)(g(a))

k!

(
n∑

i=0

g(i)(a)
(t− a)i

i!
− g(a)

)k

=

n∑
k=0

f (k)(g(a))

k!

(
n∑

i=1

g(i)(a)

i!
(t− a)i

)k

=

n∑
k=0

f (k)(g(a))

k!

∑
Tn,m,k

k!∏n
i=1 bi!

n∏
i=1

(
g(i)(a)

i!
(t− a)i

)bi

=

n∑
k=0

∑
Tn,m,k

f (k)(g(a))

k!

k!∏n
i=1 bi!

n∏
i=1

(
g(i)(a)

i!
(t− a)i

)bi

.

The fourth step is done using a combinatorial argument.
Think of each g(i)(a)

i! (t − a)i as a letter αi. What is being
counted by k!

b1! b2! b3!...bn! is the number of words with k
letters that have b1 letter α1’s, b2 letter α2’s, . . . , and bn
letter αn’s.

In Tn,m,k, m = b1 + 2b2 + · · · + nbn. It must be
that bi = 0 when i > m for i = 1, 2, · · · , n. In
T n
t,a

[
T n
t,g(a)[f ] ◦ T n

t,a[g]
]

each term has degree n or less,
so m ≤ n. In this case, Tn,m,k = Sm,k, and we have

T n
t,a

[
T n
t,g(a)[f ] ◦ T n

t,a[g]
]

=

n∑
k=0

∑
Sm,k

(t− a)m

m!

m!∏m
i=1 bi!

f (k)(g(a))

m∏
i=1

(
g(i)(a)

i!

)bi

=

n∑
m=0

(t− a)m

m!

∑
Sm,k

m!∏m
i=1 bi!

f (k)(g(a))

m∏
i=1

(
g(i)(a)

i!

)bi

=
n∑

m=0

(t− a)m

m!

dm

dtm
f(g(t))

= T n
t,a[f ◦ g].

�

Lemma 2. Suppose g has a Taylor series centered at a and
f has a Taylor series centered at g(a) with nonzero radii of
convergence. Then,

T n
t,a

[
f(T n

t,a[g])
]

= T n
t,a[f ◦ g].

Proof

T n
t,a

[
f(T n

t,a[g])
]

= T n
t,a

[
f ◦ (T n

t,a[g])
]

= T n
t,a

[
T n
t,(T n

t,a[g])(a)
[f ] ◦ T n

t,a

[
T n
t,a[g]

]]
= T n

t,a

[
T n
t,g(a)[f ] ◦ T n

t,a[g]
]

= T n
t,a [f ◦ g]

The second line is from applying lemma 1. The third line
can be seen noting that

(
T n
t,a[g]

)
(a) = g(0)(a) = g(a) and

T n
t,a ◦ T n

t,a = T n
t,a. �

We are now ready to prove theorem 1.

Proof From lemma 2,

T n−1
s,0

[
f
(
T n−1
s,0 [z(s)]

)]
= T n−1

s,0 [f (z(s))] .

This implies

z0 +

∫ t

0

T n−1
s,0

[
f
(
T n−1
s,0 [z(s)]

)]
ds

= z0 +

∫ t

0

T n−1
s,0 [f (v(s))] ds

= z0 +

∫ t

0

n−1∑
k=0

dk

dsk
[f (z(s))] (0)

(s)k

k!
ds

= z0 +

n−1∑
k=0

∫ t

0

dk

dsk
[f (z(s))] (0)

(s)k

k!
ds

= z0 +

n−1∑
k=0

dk

dsk
[f (z(s))] (0)

∫ t

0

(s)k

k!
ds

= z0 +
n−1∑
k=0

dk

dtk
[f (z(t))] (0)

tk+1

(k + 1)!

= z0 +

n−1∑
k=0

z (k+1)(0)
tk+1

(k + 1)!

=

n∑
k=0

z (k)(0)
tk

k!
ds = T n

t,0[z(t)].

From lemma 1,

T n−1
s,0 [f (z(s))] = T n−1

s,0

[
T n−1
s,z(0)[f ] ◦ T

n−1
s,0 [z(s)]

]
.

It follows then that

T n
t,0[z(t)] = z0 +

∫ t

0

T n−1
s,0

[
f
(
T n−1
s,0 [z(s)]

)]
ds

= z0 +

∫ t

0

T n−1
s,0

[
T n−1
s,z0

[f ] ◦ T n−1
s,0 [z(s)]

]
ds.

�
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IMPLEMENTATION AND RESULTS
Implementation

The Picard iteration based integrator was implemented
using COSY INFINITY. COSY has several unique data
types including differential algebra (DA) vectors which
were used to store the Taylor polynomials. Many opera-
tions on DA vectors are also efficiently coded into COSY
such as polynomial multiplication and composition. Built
in operations allow for computing the Taylor expansions of
various functions to specified order [3].

Algorithm 1 below describes how to compute z(t) at the
points t = T

N ,
2T
N , · · · , T . Here, T is the total time in-

terval under investigation with N time steps of length ∆t.
This algorithm uses the first composition in Theorem 1.

Algorithm 1 Picard Iteration Based Integrator
input z0, f(z, t) T, N, Tolerance
∆t← T

N
ẑ0 ← z0

for i = 1→ N do
Compute the “best” smaller time step to use ∆t

M ,
and an appropriate ORDER for the Taylor series
that keeps the local truncation error O(Tolerance).
t̂← ∆t

M
for j = 1→M do

φ0(t)← ẑ0

for k = 1→ ORDER do
φk(t)← ẑ0 +

∫ t

0
T k−1
s,0 [f (φk−1(s), s)] ds

end for
ẑ0 ← φORDER(t̂)

. The above is z ([i− 1 + j/M ]∆t) .
end for
Write ẑ0 . This is z(i∆t).

end for

In the loop from j = 1 to j = M the time scale for the
initial value problem is shifted left when j increases so that
the initial condition involves t0 = 0.{

z′ = f(t, z)
z(t0) = z0

→
{

z′ = f(t− t0, z)
z(0) = z0

This matches the conditions for Theorem 1 and reduces
the work of evaluating the definite integral by making the
second indefinite integral evaluation 0.

Results
One test of the integrator was to consider a system with a

proton following a circular orbit around another super mas-
sive particle with opposite charge. The momentum of the
proton was set at 2 m c

3×105 where m is the mass of a proton,
and the mass of the massive particle was set at 1040 m.
Balancing the centrifugal and Coulomb forces, the radius
of the orbit is approximately 0.512× 10−5m. For this test,
the time step is fixed at around 0.24169

c s. The theoretical tra-
jectory and integrator computation for the four thousandth

orbit are plotted in Fig. 1 as thick black semicircles and red
circled points, respectively.

Figure 1: Orbiting Particle Trajectories at Different Orders

Additional details concerning the integrator’s perfor-
mance have been studied [4].

CONCLUSION
By utilizing the Picard iteration based integrator de-

scribed, a wide class of functions can be integrated numer-
ically. The integrator has the advantages of being variable
order, being time adaptive, and having dense output. These
advantages have been utilized in a successful implementa-
tion to solve Coulomb interactions using COSY INFINITY.

REFERENCES
[1] W. Walter, Ordinary Differential Equations, Springer-Verlag

New York, Inc. 1998.

[2] W. P. Johnson, “The Curious History of Faà di Bruno’s For-
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A USER FRIENDLY, MODULAR SIMULATION TOOL FOR LASER-
ELECTRON INTERACTIONS* 

S. Seung, G. Andonian, M. A. Harrison, S. Wu (RadiaBeam, Santa Monica), T. Shaftan (BNL, 
Upton, Long Island, New York), D. L. Bruhwiler (University of Colorado at Boulder, CIPS) 

Abstract 
The code RadTrack was developed to accurately model 

observable beam parameters in real laboratory 
environments RadTrack is a fast, reliable computational 
application that can calculate radiation observables in 
complex interactions between realistic laser and electron 
beam distributions. The interaction between laser and 
electron beams is important in processes such as inverse 
Compton scattering and inverse free electron laser 
schemes. Modeling these interactions, RadTrack 
incorporates functions from Synchrotron Radiation 
Workshop (SRW) with full parsing support to capitalize 
on well-established radiation generation and propagation 
code available for start-to-end simulations, while 
expanding simulated radiation to x-ray regimes [1]. 
RadTrack is based on the Python environment, which 
uses a hierarchal module system and possesses built-in 
data types that will allow further expansions of the code. 
The code provides an intuitive visualization work canvas 
that emphasizes the users overall objective.  

INTRODUCTION 
RadTrack is designed to addresses a number of issues 

in the accelerator community, with special attention to the 
radiation properties for direct comparison to available 
diagnostics. To achieve this, the code emphasizes 
modularity, breaking down these issues into digestible 
pieces. The graphical user interface is built on a 
visualization canvas that easily generates and displays 
important information. The interface is intuitive for 
seamless management of start-to-end simulations, which 
incorporate several codes. The interface allows for simple 
parallelization for complex, memory demanding 
calculations. RadTrack was developed as a code that can 
calculate beam dynamics as well as emitted radiation 
processes, in a transparent, intuitive manner,.  

Complete modelling of a beam from its inception to 
detection, requires a complicated string of start-to-end 
studies, employing a concatenation of various function-
specific simulations to achieve a high degree of 
confidence in the final outcome. RadTrack is specifically 
designed to address start-to-end simulations by 
seamlessly stitching I/O from various codes and file 
formats. 

The code, RadTrack, was originally developed as an 
extension to the radiation code QUINDI [2] to calculate 
the radiative effects of bending beam trajectories. 
QUINDI was developed for a specific problem and its 
results benchmarked to experiments at Brookhaven 
National Laboratory Accelerator Test Facility [3]. 
________ 
* This work is supported by US DOE Grant No. DE-SC0006284. 

RadTrack makes use of QUINDI’s particle tracker and 
radiation field solver, which are based on the Lorentz for 
and Lienerd-Wiechert potentials, respectively [4]. 
RadTrack is able to generate laser and electron beam 
distributions and pass these distributions through an 
extensive library of optics, magnets and diagnostics, in 
particular, the use of undulators is important to many 
laser electron interaction schemes, such as laser heating, 
laser slicing and sub-femtosecond temporal diagnostics. 
Figure 1 displays the work flow and modular philosophy 
of the code; this is advantageous for implementation of 
the functions, where multiple outputs of codes are parsed 
as inputs into subsequent codes.  

 

 
Figure 1: Work flow chart between physics modules, 
radiation modules, wave front propagator and various 
libraries.  

LASER-ELECTRON INTERACTIONS 
The motivation to develop a comprehensive software 

package that incorporates detailed beam dynamics 
calculations and radiation interactions has roots in many 
scientific cases prevalent throughout the advanced 
accelerator and light communities. Here are some laser 
electron interactions and their applications:  

 The laser-heater is a laser-electron electron 
interaction in an undulator that increases the 
beam energy spread in a controllable way to 
reduce microbunching instability. 

 The interaction between a relativistic electron 
beam and a high power laser induces an 
undulator-like radiation process that have the 
ability to produce short wavelength photons 
[5]. 

 The interaction between the laser and electron 
bunch is used to generate a beam energy 
modulation on the 100 femtosecond scale in 
storage rings.  
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 Recent studies have explored the use of an 
advanced laser-electron interaction coupled 
inside an undulator, resonant at the laser 
wavelength, to achieve sub-femtosecond 
resolution on the electron beam longitudinal 
profile [6]. 

 The recent echo-enabled FEL projects 
reported from SLAC describe the energy 
modulation due to a laser in two undulators 
resonant at the laser frequency or harmonic 
[7]. The code Genesis can model this FEL 
experiment [8]. 

INPUT DATA VISUALIZATION 

Laser and Particle Distribution 
    RadTrack incorporates an instinctive beam distribution 
panel. Initial beam parameters (used for the source 
particles) are defined and a 6-dimensional phase space 
distribution is generated. The user specified inputs include 
beam moments, correlations, various degrees of noise, 
and complex modulations or Courant-Snyder parameters. 
This panel also supports the importing of 6-dimensional 
particle distributions from external codes, such as 
ELEGANT [9]. Alteration of beam parameters is handled 
by textual input or sliders and buttons on the graphical 
displays, allowing for intuitive creation of particle 
distributions (such as rescaling of twiss parameters).  
    Generation of an initial laser distribution is handled in a 
similar manner, with interface analogues of the particle 
beam distribution panel. The inputs include wavelength, 
transverse profile, longitudinal profile, power, beam waist 
sizes and chirp factor.  

  
Figure 2: Laser beam generator I/O page from RadTrack, 
displaying a Gaussian profile, a simple MxN profile and 
temporal distribution  
 

Beamline Constructor 
    The definition of the beamline lattice is addressed 
graphically in RadTrack. Beamline elements, such as 
drifts, bending magnets, quadrupoles, undulators, etc. are 
selectable and editable in a text dialog. The reference 
particle trajectory is calculated and plotted through the 
displayed beamline for immediate visualization (and 
error-checking). RadTrack allows for the placement of the 
detector for radiative processes at arbitrary locations, 

defined by beam offsets and rotations in the form of Euler 
angles. This allows for the modelling of bending 
radiation, such as synchrotron or edge radiation.  
    Generation of an optical beamline is also graphically 
generated in RadTrack, with panel analogues of the 
particle beamline lattice generator.  
 

 
 
 
Figure 3: Beamline constructor written in Python with a 
streamlined interface and dynamic graphical previews. 
 

 
 
Figure 4: Optical beamline constructor 
 
    Originally written in MatLab, RadTrack has been 
slowly ported over to Python, offering more dynamic and 
streamlined controls. RadTrack is now equipped with 
very intuitive drag and drop abilities, where elements 
created by the user can be dragged from an organized list 
of available elements and dropped into a beamline. The 
graphics are also dynamic, as a graphical preview is 
generated when a user clicks on an element or beamline, 
and as a user creates a beamline. From there, a user can 
output a file that can be tuned as an ELEGANT input file 
or other external codes.  

OUTPUT DATA VISUALIZATION 
    Added to RadTrack is the ability to view and explore 
data files generated from external code, such as 
ELEGANT, SRW, QUINDI, plain text files, etc... Parsers 
were written to identify simulation parameters, display 
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the data in tables. Drop down menus allow the user to 
select which data sets to graph and RadTrack 
automatically labels the x and y axis. A toolbar is 
implemented to be able to zoom in, edit and save graphs. 
Very large files are broken down into pages and 
previewed in tables. Convenient functions allow 
RadTrack to identify filenames and current directories.  
Some mathematical functionality, such as Fourier 
transforms and running averages are able to be performed 
on desired data sets. 
 

 
 
Figure 5: Viewing and plotting data from a self-describing 
data set (SDDS) [5] file, plotted is the horizontal beta 
function (blue) and the vertical phase advance (green). 

CONCLUSION 
    RadTrack is a user-friendly tool used for the 
calculation of beam trajectories and emitted radiation of 
high brightness beams. The novel user-interface is 
accessible to a wide range of users and incorporates 
intuitive features such as the visualization of beam phase 
space densities and the graphical display of beamline 
lattice files in real time. It also incorporates a seamless 
method for start-to-end simulations and parallel 
extensions via the project management aide. Laser-
electron interactions have myriad applications in Free 
Electron Lasers, ultrafast diagnostics, inverse Compton 
scattering, laser heating and slicing. One can easily see 
the convenience of being able to simulate all these 
processes and devices in a single easy to use interface.   
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MULTIPACTING SIMULATION OF ACCELERATOR CAVITIES USING 
ACE3P* 

Lixin Ge, Kwok Ko, Zenghai Li, Cho-Kuen Ng and Liling Xiao 
SLAC, Menlo Park, CA 94025, U.S.A

Abstract 
ACE3P [1] is a 3D parallel finite element code suite for 

cavity design and optimization including electromagnetic, 
thermal and mechanical effects. Taking advantages of the 
power of computing on multi processors, ACE3P's 
particle tracking module Track3P allows efficient 
multipacting (MP) simulation by extensive scanning in 
field gradient and on cavity surface to identify the 
occurrences of MP activities. The output from Track3P 
simulation includes the determination of resonant 
trajectories and their locations, the calculation of electron 
impact energy on cavity surface, and the evaluation of the 
electron enhancement counter as a function of field 
gradient. The sensitivity of MP on secondary emission 
yield can be readily obtained through post processing. 
The basic capabilities of Track3P for MP simulation will 
be presented. 

INTRODUCTION 
Multipacting (MP) is an undesireable, resonant built-up 

of electrons inside RF structures. It can cause wall heating 
and high power breakdown of RF components, prolong 
processing time and limit the achievable design field 
gradient. While most of the soft MP barriers could be 
processed through RF, the presence of a hard MP barrier  
prevents a RF component from reaching its design power 
or field gradient level. 

Much work has been done on MP studies to identify 
potential MP events and to mitigate MP activities. In 
recent years, with more computing power, full 3D 
simulation tools have been developed to investigate 
potential MP activities. High resolution EM field, correct 
representation of particle emission from curved surface, 
realistic SEY curve for surface material and 
comprehensive post-processing of particle data to identify 
MP events are the basic requirements for accurately 
simulation of MP. Furthermore, the use of high 
performance computing allows efficient MP simulation 
by making use of hundreds to thousands of CPU cores 
running in parallel, by which the speedup in computation 
time facilitates extensive parameter scans. Track3P, a 3D 
parallel particle tracking code, provides a MP simulation 
tool with these advanced modeling and computational 
features. It has been extensively benchmarked against 
experiments and applied to model and predict MP 
activities for the design of many accelerator cavities and 
RF components.  

MULTIPACTING SIMULATION USING 
ACE3P 

ACE3P 
ACE3P (Advanced Computational Electromagnetics 

3D Parallel) is a comprehensive set of conformal, higher-
order, parallel finite-element electromagnetic codes with 
two unique features. First, it is based on higher-order 
curved finite element method for high-fidelity modeling 
and improved solution accuracy. Second, it is 
implemented on massively parallel computers for 
increased memory (problem size) and speed. The six 
modules of ACE3P cover a wide range of simulation 
capabilities for accelerators: Omega3P for calculating 
cavity modes and damping, and S3P for transmission in 
open structures in frequency domain; T3P for calculating 
wakefields and transients in time domain; Track3P for MP 
and dark current studies using particle tracking; Pic3P for 
RF gun design with particle-in-cell (PIC) method; and 
TEM3P for multi-physics analysis including EM, thermal 
and mechanical effects.  

Track3P Characteristics 
Track3P provides accurate and efficient simulation for 

MP by tracking particle trajectories under the influence of 
RF fields or external static fields. The RF field in an 
accelerator structure is first solved by Omega3P or S3P, 
which calculates the EM field to high accuracy using 
higher-order basis functions (up to 6th order), and then 
loaded into Track3P for particle tracking. In a similar 
manner, external static electric and magnetic fields can be 
read into the code as input field data. The high-fidelity 
geometry representation built in the finite-element 
method allows realistic modeling of particle emission on 
cavity wall. Track3P constructs the MP map by 
identifying resonant particle trajectories. With a realistic 
secondary electron yield (SEY) curve provided by 
experiments, Track3P can calculate the particle 
enhancement counter and locate MP regions. This is 
achieved using the versatile postprocssing tools that have 
been developed to identify the onset of MP through 
various parameter scans. 

MP Module in Track3P 
The following describes the procedure for modeling 

MP in Track3P. Electrons with specified kinetic energy 
and emission direction are launched from specific 
surfaces at different phases over a full RF period. The 
initial launched electrons follow the electromagnetic 
fields in the structure and eventually hit the boundary, 

 ____________________________________________  

* The work was supported by the U.S. DOE contract DE-AC02-
76SF00515 and used the resources of NERSC at LBNL under US DOE 
Contract No. DE-AC03-76SF00098. 
1lge@slac.stanford.edu 

MOPBA18 Proceedings of PAC2013, Pasadena, CA USA

216C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 Beam Dynamics and Electromagnetic Fields

D06 - Code Development and Simulation Techniques



where secondary electrons are emitted. The tracing of 
electrons will continue for a specified number of RF 
cycles, after which MP trajectories are determined and the 
MP types (order: # of RF cycles to return to the original 
site; point: # of sites on the wall) are identified. The 
necessary condition for MP is when the trajectory traced 
out by consecutive emissions is in resonance with the RF 
cycle. These particles impact on the surface at the same 
locations with the same impact energy. When the impact 
energy falls in the range with SEY greater than unity, the 
resonant trajectory is considered as a MP event. One can 
also estimate the strength (soft or hard) of the MP event 
by the value of the SEY.  

TRACK3P SIMULATION CAPABILITIES 
Track3P has been extensively benchmarked against 

theories and measurements [2-7]. In a typical MP run, 
Track3P generates a large amount of particle and field 
information data such as the position and momentum as a 
function of time and the history of particles in a resonant 
trajectory. Various diagnostics and postprocessing tools 
have been developed to provide simulation capabilities 
for modeling MP in realistic cavities for accelerator 
projects. The basic capabilities are as follows.  

Determination of Resonant Trajectories 
MP activities are due to the resonant built-up of 

electrons inside an RF structure. The first step to identify 
the occurrences of MP is the formation of resonant 
particle trajectories. Based on the resonant particle 
information, one can identify potential MP locations, 
types (order and points), and determine impact energies. 
Fig. 1 shows the locations of resonant particles in the 
HOM coupler of the SNS SRF cavity at the field level of 
4.22 MV/m. The resonant particles are located at the 
coupler gap region. By drawing out one typical resonant 
trajectory, the MP type is found to be first order and two 
point, with impact energies 490 eV and 650 eV on the 
inner and outer walls of the gap, respectively [8]. 

  
Figure 1: MP simulation of SNS HOM coupler. Left: 
Locations of particles with resonant trajectories; Right: A 
resonant trajectory at 4.22 MV/m field gradient. 
Construction of MP Susceptible Zones 

The main objective of MP simulation is to determine 
the field levels at which potential MP activities occur. In 
Track3P simulation, the tracking of particles will be 
carried out by scanning a range of field levels at a 
prescribed field step increment. Resonant particles are 
identified at each field level, and based on this 

information it is possible to construct potential MP zones.  
Fig. 2 shows the impact energy as a function of field level 
for the FRIB Quarter Wave Resonator (QWR) and the 
locations of the impact positions of resonant particles at 
all field levels [4]. A hard barrier MP band is found at low 
field levels from 800V to 7.5kV, with impact energies 
corresponding to SEY values near its peak. The 
simulation result agrees well with the high power test data 
which showed a processing barrier at 1.2kV ~ 7.2kV. 
 

 
Figure 2: MP simulation for FRIB Quarter Wave 
Resonator. Left: Resonant particle impact positions at all 
field levels; Right: Impact energy vs. accelerating voltage 
for particles with resonant trajectories. Red color 
indicates resonant particles at the top region of cavity, and 
green at the middle and blue at the bottom. 

Calculation of Enhancement Counter 
One parameter to quantify MP is the enhancement 

counter, which is given by 

m  21  ec  

where 
m 21,  are the number of secondary electrons 

generated at the 1st, 2nd, … mth impacts determined by  the 
SEY curve. Generally, when ec > 1, there will be 
potential MP activities. The larger the ec is, the harder the 
MP barrier. In Track3P simulation, the calculation of the 
enhancement counter is treated in postprocessing by 
applying the SEY on the impact energies of resonant 
particles, and thus one can use different SEY curves to 
estimate the effects of different surface material 
properties from a single computer run. Fig. 3 shows the 
MP simulation results for the MICE 201 MHz cavity [9]. 
Three enhancement counters are plotted using three 
different SEY curves [10]. Although the SEY curves have 
different magnitudes for the range of electron impact 
energies, the peak enhancement counter is found  in the 
same region at the field levels of 2~4 MV/m. As a result, 
this MP event is believed to be a hard barrier. 

 
Figure 3: MP simulation for MICE 201 MHz cavity.  
Left:  Three SEY curves; Right: Enhancement counters 
calculated using the three SEY curves.  

SEY >1, hard barrier 

Soft 
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Effects of External Magnetic Field 
In addition to loading Omega3P or S3P field, Track3P 

can load external magnetic field as input. This feature has 
been applied to improve the designs of the 805 MHz and 
201 MHz Muon cooling cavities by  studying external 
magnetic field effects [6]. Fig. 4 shows the location of 
resonant particle activities around the coupler iris of the 
prototype 805 MHz Muon cooling cavity without external 
magnetic field and with 3T solenoid magnetic field. It can 
be seen that MP activities appear at different locations of 
the coupling iris. 

 
Figure 4: Resonant particle activities around coupler iris 
for the prototype 805 MHz Muon cooling cavity. Left is 
with 3T external magnetic field; Right is without external 
magnetic field. 

Modeling of RF Window 
The study of ceramic windows such as in couplers 

requires the implementation of emission on internal 
surface of the model [2]. Fig. 5 shows the simulation 
result for the TTFIII coupler with a ceramic window. A 2-
point resonant trajectory occurs between the ceramic 
window and the inner conductor on the cold side of the 
coupler. 

 

 
Figure 5: Resonant particle activities in the window 
region of the TTFIII coupler. Top: the electric field 
pattern; Bottom: a close-up of the resonant trajectory 
between the window and the metal wall. 

Mitigation of Multipacting 
Once MP activities are found in a cavity design, their 

effects can be mitigated by modifying the geometry 
where they occur [6]. In conjunction with Omega3P for 
calculating the RF fields, Track3P can evaluate MP 
effects at each iteration of the geometry change. For 
example, the original 805 MHz Muon cooling cavity 
suffered from severe gradient degradation and surface 

damage. Through simulation, a new design is achieved 
which significantly reduces the peak surface field by 
rounding the coupling slot and using an elliptical disk (see 
Fig. 6).  

    Original design                     Modified design 

 

Figure 6: MP studies for 805 MHz Muon cooling cavity. 
MP locations: Windows (green); Disk rounding (blue); 
Coupling iris (magenta); Others (red). 

SUMMARY 
Track3P is the particle tracking module of the parallel 

finite-element code suite ACE3P and has been applied to 
study multipacting in accelerator cavities. Running on 
massively parallel computers, Track3P provides an 
efficient simulation tool in identifying multipacting 
barriers, locations and types of trajectories during the 
design or operation process of cavities. Track3P has been 
extensively used to study multipacting activities in many 
accelerator cavities and helps successfully mitigate 
multipacting effects and thus improve cavity designs. 
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INTER-BUNCH COMMUNICATION THROUGH CSR

IN WHISPERING GALLERY MODES∗

R. Warnock † , SLAC National Accelerator Laboratory, Menlo Park, CA, USA

J. Bergstrom, Canadian Light Source, Saskatoon, SK, Canada

M. Klein, Synchrotron SOLEIL, Gif-sur-Yvette, France

Abstract

Theory predicts that coherent synchrotron radiation

(CSR) in electron storage rings should appear in whisper-

ing gallery modes, which are resonant modes of the vac-

uum chamber, characterized by their high frequencies and

concentration near the outer wall of the chamber. Such

modes produce an extended wake field behind a parti-

cle bunch, which can influence the CSR from a succeed-

ing bunch in a train. We review experimental evidence

for the resonances and for the inter-bunch communication.

We then present a calculation based on coupled Vlasov-

Fokker-Planck equations which confirms an effect seen ex-

perimentally, namely that increasing the charge in a leading

bunch increases the radiation from a following bunch.

RESONANCES: THEORY AND

EVIDENCE

Synchrotron radiation in electron accelerators is strongly

affected by the metallic vacuum chamber surrounding the

beam, as was already shown theoretically by Schwinger in

1945 [1]. In the parallel plate model of the chamber [1]

there is an exponential suppression of radiation at wave-

lengths greater than λ0 ≈ 2h(h/R)1/2, where h is the sep-

aration of infinite conducting plates, and R is the radius of

the particle’s circular trajectory lying in the midplane. The

model is made more realistic by adding conducting side

walls perpendicular to the plates, so that the beam moves

in a circular torus of rectangular cross section, with width

w and height h. For w of order h, the cutoff λ0 is roughly

the same as before, but a markedly different physical pic-

ture emerges.

Radiation to infinity is now forbidden, and radiation syn-

chronous with the beam appears in resonant modes, sharply

concentrated in frequency [2]. We call these whispering

gallery modes, because of a close analog in acoustics [3];

similar phenomena are widely studied in RF engineering

and optics. .

A theoretical spectrum of resonant modes is shown in

Fig. 1, which is a plot of the real part of the radiation

impedance Z(k) for a beam centered in a circular torus

with rectangular cross-section and resistive walls of con-

ductivity σ [2]. The parameters correspond to those of

the ANKA light source in Karlsruhe: R = 5.559m, w =

∗Partial support at SLAC from U.S. Dept. of Energy contract DE-

AC03-76SF00515; support at CLS from CFI, NSERC, NRC, The Cana-

dian Institutes of Health Research, and the Government of Saskatchewan.
† warnock@slac.stanford.edu

6.8cm, h = 3.2cm, σ = 1.33 · 106 (SI units). The power

spectrum of CSR is proportional to ReZ(k)|λ̂(k)|2, where

λ̂(k) is the Fourier transform of the bunch profile.

0 10 20 30 40 50 60
0

1

2

3

4

5
x 10

Figure 1: Re Z(k) in ohms for ANKA parameters, vs. k =
1/λ in cm−1.

At ANKA and other light sources (CLS, BESSY, MLS,

et al.) there are large flared vacuum chambers where the

IR radiation is extracted, and these may alter the observed

spectrum in comparison to that of the smooth toroidal

model. The longitudinal electric field E(s, t) may always

be regarded as a function of the two independent variables

z = s − βct and s. That leads to the concept of position

dependent wake W(z, s). We define

W(z, s) = E(s, t) , W̄(z) =
1

C

∫ C

0

W(z, s)ds . (1)

The average W̄(z) over the circumference C is probably

adequate to describe the bunch dynamics, since the syn-

chrotron period is large compared to the revolution time.

We suppose that W̄ can be approximated as the wake from

the impedance of the smooth toroidal model, with central

radius R equal to the bending radius of the dipoles.

Note that an interferometer at the position s = sIR of

a flared IR chamber will see a field with time dependence

given by W(z − βct, sIR), in general different from the

time dependence of W̄(z−βct). Specific theoretical mod-

eling of fields in the flared chamber will be necessary to

compare interferometer data with theory.

In an older ring, the NSLS-VUV at Brookhaven, the IR

chamber is the same as in other dipoles, so the aforemen-

tioned difficulty is not so severe. Moreover, a power spec-

trum was measured at VUV in the bursting CSR mode, us-

ing a Michelson interferometer and also microwave tech-

niques. In Ref.[4] a good fit of the model to experimen-

tal positions of spectral lines was shown. Zhou [5] did a

similar fit including straight sections, but with less detailed

discussion of low frequency lines. The straights induce a

width of the lines, which could be part if not all of the ex-

planation of experimental widths.
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Spectra of CSR have been observed with high precision

at the Canadian Light Source (CLS), by using an interfer-

ometer with resolution down to 0.001 cm−1. The spectra

show a remarkable stability with respect to changes in the

machine setup and the structure of the IR beam line. Fig-

ure 2 compares a power spectrum (red) taken in the burst-

ing mode of CSR with one bunch at 2.9 GeV, on 18/5/2010,

with another (blue) taken in the continuous mode with 210

bunches at 1.5 GeV, on 30/1/2012. The latter was mul-

tiplied by a factor of 8 to aid comparison. Because of the

large change in the beam one expects the positions of peaks

to agree better than the relative heights, as is found, but

even the relative heights show a lot of similarity between

the two runs. We take this stability as a strong indication

that the spectrum is determined primarily by the vacuum

chamber and bends.

The form of the IR chamber at CLS is shown in Fig. 3.

Equations to model fields in this structure are under study.

As the crudest approximation we can try the simple toroidal

model with an increased distance d from the beam to the

outer wall. With d = 33cm the spacing of the dominant TE

modes [2] is ∆k = ∆(1/λ) = 0.073cm−1, fitting the fine

structure of the spectral data.

7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 9
−100
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Figure 2: CLS spectra from two very different runs, power

(a.u.) vs. k in cm−1.

Figure 3: Vacuum chamber of CLS at dipole where IR is

extracted

LONG RANGE WAKE FIELD: THEORY

AND EVIDENCE

An impedance like that of Fig. 1 implies an appreciable

wake field at long distances from the bunch, much greater

than the bunch length. Fig. 4 shows the wake potential cor-

responding to Fig. 1, as a function of distance in centime-

ters, with the head of the bunch on the right. A feature of

the model, if not of the real system, is that the wake wraps

all the way around the ring, resulting in a precursor field

in front of the bunch. If we try to model the wake field

expected at the IR chamber of the CLS, using the effective

beam-to-wall distance d as mentioned above, we get the

rather different long-range wake pattern of Fig. 5.
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Figure 4: Wake potential W (z) in V/pC from impedance

of Fig. 1., vs. z in cm.
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Figure 5: Wake potential for CLS model with d = 33cm.

Experiments which aspire to observe the wake field di-

rectly were carried out at the CLS, following an idea of S.

Kramer to put a microwave horn and diode detector at a

backward port (in the horizontal pipe seen in Fig. 3) in one

of the two IR dipole chambers. The diode has a bandwidth

of roughly 50-75 GHz, and receives signals traveling oppo-

site to the direction of the beam, which might come from

backward reflections off structures present in the chamber.

Fig. 6 shows a typical oscilloscope trace of the diode sig-

nal. Labeling the prominent downward peaks from left to

right as 1 to 4, we have a plausible explanation as follows:

1 and 2 are reflections from the first downstream obstacle

in the flared chamber, a copper photon absorber (in second

circle from right in Fig. 3), whereas 3 and 4 are from the

next obstacle, a structure supporting the M1 pick-off mir-

ror. The 1-3 separation corresponds closely to the separa-

tion of these obstacles. Peak 1 is seen as the prompt wake

field from the bunch, while peak 2 is a delayed pulse in

the wake field, about 13.5 cm behind the bunch; similarly

for 3 and 4, coming from the later reflection. The point to

emphasize is that the distance from bunch to delayed wake

pulse is very close to the reciprocal of the average spacing

of peaks in the power spectrum shown in Fig. 2, namely

∆k ≈ 0.073cm−1. Correspondingly, the distance between

the center burst and the first side peak in the interferogram

is 13.5cm, as is the spacing of peaks in the naive theory of

Fig. 5.

The interpretation of the peaks in terms of reflections

is given added weight by a second experiment in which

the diode was moved to a “normal” dipole chamber. That

resembles the special IR chamber, but lacks the pick-off

mirror and has a slotted wall (centered slot of width 1 cm)

between the beam and the large flared box. The analog of
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peaks 1-2 is seen, but that of 3-4 goes away, in accord with

the absence of the mirror support structure.

3.8 3.82 3.84 3.86 3.88 3.9 3.92 3.94

x 10
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−0.15
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−0.05

0

0.05

t  ( sec )

Figure 6: Signal (a.u.) from backward viewing diode at

CLS vs. time in seconds.

Further evidence of a long range wake field comes from

an experiment at ANKA by V. Judin [6] and collaborators.

This observed THz radiation with a fast bolometer having

sufficient time resolution to distinguish radiation from indi-

vidual bunches. A large number of buckets were filled with

known but varying amounts of charge. Bolometer signals

from the various bunches were sorted into two groups: the

blue group in which the preceding bunch in the fill has at

least 10% less charge, and the red group in which the pre-

ceding bunch has at least 10% greater charge. The power

signals were preponderantly greater for the red group, as is

seen in the histogram of Fig. 7. The latter gives the distri-

bution of red and blue signals relative to a curve which is a

global fit to all the signals.
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Figure 7: Radiation enhancement by higher charge in pre-

ceding bunch.

VLASOV-FOKKER-PLANCK (VFP)

SIMULATION WITH TWO BUNCHES

We demonstrate the effect of the long range wake field

from whispering gallery modes by solving a nonlinear VFP

system for two bunches in two adjacent buckets, taking

ANKA parameters for which the interbunch spacing is

60cm. The impedance is that of Fig. 1. We have two

coupled VFP equations, each referring to the longitudinal

phase space distribution for a bunch in its beam frame, but

with a term in the wake field defined by the distribution of

the other bunch. The equations are solved by the method

of Ref.[7] , but with bi-cubic rather than bi-quadratic inter-

polation to update the distribution. The initial distributions

are Haı̈ssinski equilibria, which are highly unstable at the

currents considered.

We plot the total coherent power (a.u.) radiated by

each of the two bunches vs. time in synchrotron periods.

There are Na = 1.14 · 109 particles (0.49mA )in bunch
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Figure 8: Power from two bunches with equal charges.
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Figure 9: Power from trailing bunch (a), with and without

leading bunch, which has 50% more charge.

(a), and an unperturbed bunch length for both bunches of

σz = 1.92mm, typical for a low-α setup of ANKA used

in CSR runs. For Fig. 8 we have Na = Nb, but the power

from the trailing bunch (blue) is consistently greater than

that from the leading bunch (red). Fig. 9 shows the power

from trailing bunch (a), without a leading bunch (red) and

with a leading bunch having 50% more charge (blue). The

strong enhancement due to the leading bunch is perhaps

surprising in view of the seemingly small wake potential at

60cm shown in Fig. fig:wake, but is believed to be an au-

thentic consequence of the model, evidently a feature of the

unstable bunch dynamics at the large (but realistic) currents

considered. Of course, the corresponding calculation with

the parallel plate impedance shows no inter-bunch commu-

nication.
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REVISED VIEW OF BASIC FEL EQUATIONS AND A NONLINEAR
VLASOV DESCRIPTION∗

R. Warnock † , SLAC National Accelerator Laboratory, Menlo Park, CA, USA

Abstract
The standard one-dimensional FEL equations are revised

to incorporate a new approach to the wiggle average, in a
context of continuous frequency. It has a firmer mathemat-
ical foundation, and leads to an interesting reformulation in
the time domain. The equations are interpreted as a nonlin-
ear Vlasov system for a continuous distribution function of
ponderomotive angle and energy spread. Numerical solu-
tions are illustrated.

VLASOV THEORY OF THE FEL
A linearized version of the Vlasov or Vlasov-

Klimontovich equation is accepted as the natural mathe-
matical framework for an analytic discussion of the basic
mechanism of the FEL, at distances up to and including
the exponential growth region. At greater distances along
the undulator a nonlinear saturation comes into play, and
to understand that regime one usually resorts to a simula-
tion based on a limited number of representative particles.
I explore an alternative approach, based on the full nonlin-
ear Vlasov equation. The general advantage of nonlinear
Vlasov over particle simulations is in reduction of model-
ing noise, but there may also be opportunities for analytic
studies of the nonlinear equation. This approach requires a
representation of the phase space distribution as a smooth
function. To account for granularity from the finite parti-
cle number in the startup of the SASE process, I take the
initial distribution to be noisy but smooth in the mathemat-
ical sense, namely a truncated formal Fourier series of a
random discrete particle distribution.

REVISED TREATMENT OF BASIC FEL
EQUATIONS

I first review a different treatment of basic FEL equations
in one degree of freedom. I work with equations for general
continuous frequency ν, and perform the wiggle average at
general ν, not just at integers. Moreover, the averaging is
now in a form that is justified by the mathematical theory
of averaging of differential equations. The new equations
suggest a more radical step, namely to reverse integration
orders so as to pass from the frequency domain to the time
domain (more exactly the domain of the ponderomotive an-
gle). The kernel in the new scheme, analogous to a wake
potential, has compact support and intriguing properties.

I consider planar electron motion in a planar undulator,
with z and x being longitudinal and transverse position co-

∗Partially supported by U.S. Dept. of Energy contract
DE-AC03-76SF00515
†warnock@slac.stanford.edu

ordinates. A general representation of the transverse elec-
tric field is [1]

Ex(z, t) =

∫ ∞
−∞

Êx(ν, z)eiνk1(z−ct)dν , (1)

assuming only that the field is smooth and decaying at in-
finity as a function of α = k1(z− ct). Here k1 = 2π/λ1 is
the wave number of the fundamental optical mode. A sim-
ilar representation holds for the current density Jx(z, t), in
the sense of Fourier transforms of generalized functions if
the source consists of point particles. A calculation invok-
ing the wave equation and the slow variation approximation
(dropping the second derivative), followed by the inverse
FT with respect to α, yields the result

∂Êx(ν, z)

∂z
= −Z0

2
Ĵx(ν, z) , (2)

with SI units, Z0 being the impedance of free space.
To derive Ĵx assume a volume density of electrons

ne(z, t) = − e

Σ⊥

N∑
j=1

δ(z − zj(t)) , (3)

where Σ⊥ is an average transverse area of the beam. Then
by applying the formula for velocity vx in the undulator
one finds

Jx(z, t) ≈ 1

γ0
K cos ζ ne(z, t) , ζ = kuz , γ = γ0(1+η) ,

(4)
where ku = 2π/λu is the undulator wave number and the
approximation is |η| � 1, used without comment hence-
forth. Now take the FT of Jx with respect to α, and for
each j change the integration variable from α to u where
t = tj(u) , zj(tj(u)) = u. Next introduce the ponderomo-
tive angle θ as a convenient phase space coordinate, namely

θ = α+χ(ζ) , χ(ζ) = ζ + ξ sin 2ζ , ξ =
1

2 + 4/K2
,

(5)
and define

θj(z) = αj(z) + χ(ζ) = k1(z − ctj(z)) + χ(ζ) . (6)

Then the FT of the current becomes

Ĵx(ν, z) = − ecNK

γ0Σ⊥λ1
w(ζ, ν) < e−iνθ(z) > , (7)

w(ζ, ν) = cos ζ eiνχ(ζ) , (8)

< e−iνθ(z) >=
1

N

N∑
j=1

e−iνθj(z) . (9)
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Now to make contact with Vlasov theory imagine a
smooth phase space distribution function f(θ, η, z). It and
its projection are normalized to 1:∫

dθ

∫
f(θ, η, z)dη = 1 , ρ(θ, z) =

∫
f(θ, η, z)dη .

(10)
The mean value of exp(−iνθ(z)) over the discrete distri-
bution will be identified with the mean value at z over the
continuous distribution, which is the Fourier transform of
the bunch form:

1

2π
< e−iνθ(z) >=

1

2π

∫
e−iνθρ(θ, z)dθ = ρ̂(ν, z) .

(11)
Returning to Eq.(2) and using (7) and (11) the field is

calculated merely by integrating with respect to z. Then
the equations of motion for η and θ can be derived in a
standard way, so that they take the form

dη

dz
= −κ

∫
w∗(ζ, ν)eiνθdν

∫ z

0

w(ζ ′, ν)ρ̂(ν, z′)dz′ ,

(12)
dθ

dz
= 2kuη , (13)

where

κ =
k1Z0(eK)2N

2mcγ3
0Σ⊥

. (14)

Eq.(12) is stated for the case of zero initial field in the inte-
gration of (2). Now the differential equations (12) and (13)
are to be integrated, using the Vlasov equation to update
the distribution function, hence updating ρ̂(ν, z′) through
(10) and an FT , at each integration step dz. The Vlasov
equation is

∂f

∂z
+
dθ

dz

∂f

∂θ
+
dη

dz

∂f

∂η
= 0 . (15)

The update is done by the method of local characteristics,
”local” referring to the procedure of holding the electric
force constant over an integration step in z. Thus

f(θ, η, z + dz) = f(θ − dθE(z), η − dηE(z), z) , (16)

the subscripts indicating an evaluation of coordinate incre-
ments with the field having its values at z.

It is usual to make use of the average of the ”wiggle
factor” w over one undulator period at integer ν, which
is given by a Bessel function expression [JJ ]q/2 at odd
ν = 2q+ 1, and is zero at even ν [2] The average is used to
replace w in ν-neighborhoods of integers which are, unfor-
tunately, not well defined. One can avoid the ambiguity and
proceed more naturally as follows, for arbitrary continuous
ν. Change the independent variable from z to ζ = kuz and
integrate in steps ∆ζ = 2πp, that is in steps of p undulator
periods with p an integer (in practice a small integer, say 1
to 5, proves to be satisfactory). During a step, ρ̂(ν, ζ ′) is
regarded as constant, so comes out of the integral in (12).

Note that local integrals of w are a phase factor times a
function gp(ν):∫ ζn+1

ζn

w(ζ, ν)dζ = einν∆ζ ∆ζ gp(ν) ,

gp(ν) =

∫ 2πp

0

cosu exp
[
iν(u− 2ξ sin 2u)

]
du . (17)

Then putting ζn = n∆ζ, the differential equation for
ζ ∈ [ζn, ζn+1] has the form

dη

dζ
= − κ

k2
u

∫
w∗(ζ, ν)eiνθdν

[
ρ̂(ν, ζn)

∫ ζ

ζn

w(ζ ′, ν)dζ ′

+∆ζ gp(ν)
n−1∑
m=0

ρ̂(ν, ζm)eimν∆ζ

]
(18)

So far the integrals of w have arisen naturally, without
invoking the concept of averaging. Finally, averaging is in-
troduced by replacing the r.h.s. of the differential equation
(18) by its average over the interval [ζn, ζn+1]. This local
averaging of the vector field of an ODE gives an approx-
imation with rigorous error bounds attributed to Eckhaus
[3]. With the definition

hp(ν) =
1

(∆ζ)2

∫ ∆ζ

0

w∗(v, ν)

[ ∫ v

0

w(u, ν)du

]
dv ,

(19)
the averaged equation on the interval [ζn, ζn+1] is

dη

dζ
= −∆ζ κ

k2
u

∫
eiνθdν

[
hp(ν)ρ̂(ν, ζn)

+e−inν∆ζ |gp(ν)|2
n−1∑
m=0

ρ̂(ν, ζm)eimν∆ζ

]
(20)

I take (13) and (20) as the basis for the numerical work of
the following. The functions |gp(ν)|2 and hp(ν) (divided
by their values at ν = 1) are plotted in Fig.1 for p = 3. The
peaks get narrower with increasing p.

Figure 1: Functions appearing in Eq.20 (normalized)

A REFORMULATION IN THE θ DOMAIN
Introducing the definition (11) of ρ̂ and reversing the or-

der of integrations one can recast (20) in θ-space as

dη

dζ
= − κ

k2
u

∫
dθ′
[
Tp(θ − θ′)ρ(θ′, ζn) +

n−1∑
m=0

Sp(θ − θ′ − ζn + ζm)ρ(θ′, ζm)

]
. (21)
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The kernels Sp and Tp are

Sp(θ) = p

∫
dν|gp(ν)|2eiνθ , Tp(θ) = p

∫
dνhp(ν)eiνθ .

(22)
These functions have compact support (vanish outside a fi-
nite interval) as can be seen from the Paley-Wiener theorem
[4]. Also Tp(θ) = Sp(θ) for θ > 0 and is zero for θ < 0.
The graph of S3 is shown in Fig.2.

Figure 2: The kernel Sp(θ) for p = 3.

NUMERICAL VLASOV SOLUTIONS
To reduce the FEL equations to the simplest form, one

assumes that the field and source are periodic in θ with pe-
riod 2π, giving the so-called steady state case with identi-
cal motion in all buckets. More generally one can take a
period 2πnb of nb buckets, and this can imitate the non-
periodic case for large nb. The following results are from
a periodic code with arbitrary nb, which represents f by
its values on a grid, and implements the update (16) by bi-
cubic interpolation to off-grid points. Parameters are for
the LCLS: undulator parameter K = 3.7, Pierce parameter
ρ = 6 · 10−4 (as defined in [1]). In terms of the normalized
length z̄ = 2ζρ the gain length as given by linear theory is
1/
√

3 ( [1], §4.5.1).
I first take a single bucket, using a 400 × 400 grid in

(θ, η)-space and p = 1 (integration step of one undula-
tor period). The initial distribution is Gaussian in η with
σ = ρ, times the truncated Fourier series of a random
uniform distribution in θ of 50000 particles. There is no
initial seed of the field. The calculation takes one minute
on a single processor (2.3 GHz). Integration for 30 gain
lengths gives the gain curve shown in Fig.3 (left). Fig.3
(right) shows the slope of the log of the power (blue) and
the value

√
3 that this has in the linear theory (red). The

linear prediction is good from about 5 to 12 gain lengths.

Figure 3: Left: power vs. number of gain lengths; Right:
slope of log of power (blue) and its value in linear theory
(red).

Figure 4: Phase space at 12 and 20 gain lengths.

Figure 5: Field spectrum and phase space density, SASE
model.

Fig.4 shows contour plots of phase space densities near the
end of the exponential region and well into the saturation
region.

To model the SASE mechanism one needs in princi-
ple a non-periodic θ dependence. To realize this numer-
ically I take instead a long period of nb = 1000 buck-
ets, and also increase the Peirce parameter to ρ = 0.01,
to decrease the computation time while still demonstrat-
ing the qualitative picture of SASE. I integrate to 8 gain
lengths, at which point the coherence length cστ is 4.8λ1

(by Eq.(4.155) in [1]), much less than the bunch length
of 1000λ1; this should mean that the non-periodic case
is well imitated. The frequency distribution in the field,
|Êx(ν)|2, appears near ν = 1 as in Fig.5 (left). The ex-
pected number of spikes in a very crude estimate ( [1], p.90)
is M ≈ nbλ1/4cστ = 52, not grossly different from what
is seen. The phase space density in 10 adjacent buckets is
shown in Fig.5 (right).
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MODELING LOCALIZED STATES AND BAND BENDING EFFECTS ON

ELECTRON EMISSION ION FROM GaAs
∗

D. A. Dimitrov, C. Nieter, Y. Choi, Tech-X Corp., Boulder, CO 80303, USA

I. Ben-Zvi, J. Smedley, T. Rao, BNL, Upton, NY 11973, USA

I. Bazarov, S. Karkare, W. Schaff, CLASSE, Cornell University, Ithaca, NY 14853, USA

Abstract

High acceptor doping of GaAs and (Cs, O) surface coat-

ing leads to downward band bending terminating with ef-

fective negative electron affinity surface. The periodicity

breaking at the surface together with the formed potential

leads to one or more localized states in the band bending

region together with effective Fermi level pinning. We re-

port results on how to calculate the band bending potential,

the Fermi level pinning, and localized states as functions of

GaAs p-doping density, surface density of states, and tem-

perature. We also consider how these surface properties

affect electron emission.

INTRODUCTION

High-average current and high-brightness electron

beams are needed in advanced applications such as ultra-

high Free-Electron Lasers, electron cooling of hadron

accelerators, and Energy-Recovery Linac light sources.

Semiconductor cathodes, such as negative electron affinity

GaAs-based cathodes, are known [1] to have good quan-

tum efficiency (QE) (10% achieved experimentally), low

thermal emittance with prompt response time [2], and are

candidates to achieve high average current up to 100 mA.

However, how to design, fabricate, and reliably operate

semiconductor cathodes at high average current (reaching

100 mA) still represents a major problem. Some of the

most important effects to understand are related to surface

space charge region, controlling the electron affinity and

band bending as a function of surface properties and charge

propagation to the surface [3, 4].

In addition to experiments, simulations provide a com-

plementary way to efficiently explore relevant parameter

sets. Moreover, they allow us to obtain data on proper-

ties that are currently not accessible through experiments

or very difficult to measure. For example, the energy distri-

bution of electrons inside the cathode material in the region

of the emission surface is directly accessible in the simula-

tions but very difficult to measure in experiments. Produc-

ing high fidelity simulations data of semiconductor cath-

ode properties depends on accurate modeling of the sur-

face space-charge region. Specifically, the calculation of

the band bending region (BBR) energy profile, determina-

tion of Fermi level pinning (e.g. for GaAs cathodes), de-

∗The authors wish to acknowledge the support of the U.S. Department

of Energy (DOE) and the National Science Foundation (NSF) under grants

DOE DE-SC0006246, NSF DMR-0807731, and DOE DE-SC0003965.

velopment of localized electron levels with emission from

them, and how the electron affinity depends on these prop-

erties significantly affect electron emission.

Emission from localized states has been shown to con-

tribute to the observed energy distribution of electrons from

GaAs and one approach was proposed to explain it [3] that

depends on specific properties of the potential across the

GaAs-vacuum interface. Similar effects were considered

for emission from diamond but the model developed was

based on a different surface potential [5].

We have already done simulations with a surface band

bending profile that uses a quadratic approximation [6].

Here, we provide a general approach for calculation of the

band bending profile and the Fermi level pinning for GaAs.

BAND BENDING AND LOCALIZED

STATES

The surface band bending arises as a consequence of the

space charge region that develops as a result of the symme-

try breaking and appearance of surface states. The electro-

static potential in the band bending region (BBR) is deter-

mined from the solution of the Poisson equation:

∇ · (ε∇φ) = q
(

n [φ] − p [φ] +N−
A [φ] − N+

D [φ]
)

, (1)

where ε (r) is the dielectric constant, q is the fundamen-

tal charge, n and p are the electron and hole densities in the

conduction and valence band, respectively, N−
A and N+

D are

the densities of ionized acceptor and donor impurities when

present. Generally, all charge densities are non-linear func-

tions of the potential. When periodicity is preserved in the

emission surface, the resulting non-linear Poisson equation

is effectively one-dimensional. For p-doped GaAs, when

the donor density can be neglected and the acceptors are

fully ionized, it has the form:

d2U (x)

dx2
=

q2

εkBT

(

NA − 2NV√
π

F1/2 (ηV − U(x))

)

,

(2)

where ηV = (EV − EF ) /kBT (with EV the valence band

maximum in bulk and EF the Fermi level, kB the Boltz-

mann constant and T the lattice temperature), U(x) =

qφ(x)/kBT , NV = 2
(

mdhkBT
2πh̄2

)3/2
with mdh a hole-

related effective mass, and F1/2 (x) =
∫ ∞

0

√
u

1+eu−x du. The

boundary conditions imposed on the 1D non-linear Pois-

son equation are determined from the requirement of zero

Proceedings of PAC2013, Pasadena, CA USA MOPBA21

05 Beam Dynamics and Electromagnetic Fields

D06 - Code Development and Simulation Techniques 225 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



applied field in bulk:

dU

dx
(x → ∞) = 0,

and a given value at the semiconductor surface

U (x = 0) ≡ US ≡ qφS/kBT.

This 1D non-linear Poisson equation can be solved by a

finite difference discretization and then using a Newton-

Ralphson algorithm to find the roots of the resulting matrix

equation.

In the case of non-degenerate semiconductors, EV +
3kBT ≤ EF ≤ EC − 3kBT where EC is the minimum

of the conduction band in bulk, the solution for the band

bending potential can be expressed in the integral form:

sgn (US)

∫ US

U(x)

du

F (u, UF )
=

x

LD
, (3)

where

F (x, y) =
√

ey (e−x + x − 1) + e−y (ex − x − 1),

UF = (Ei − EF ) /kBT with Ei the Fermi level for the

intrinsic semiconductor (no ionized impurities), and LD =
√

εkBT
2q2ni

with ni the conduction band electron density in the

intrinsic case.

0 20 40 60 80 100

x (nm)

−0.5

−0.4

−0.3

−0.2

−0.1

0.0

E
v
(x
)

e
V

φS = 0.5 eV, EF (Nilsson approx.)

NA = 1.5 × 1017 1/cm3

NA = 1.5 × 1018 1/cm3

NA = 7.0 × 1018 1/cm3

Figure 1: Calculated band bending energies as a function of

acceptor doping for three different values. The band bend-

ing for NA = 7× 1018 cm−3 and φS = 0.5 eV is in agree-

ment with previously published data [3].

The value of the potential φS at the surface is determined

from the requirement to satisfy charge neutrality. Since UF

is calculated from bulk properties as a function of temper-

ature and bulk doping density, we can determine the band

bending potential U(x) by numerically solving Eq. (3).

We have implemented a bisection algorithm to evaluate the

integral in Eq. (3) and find its root for a given value of

x. The value of U(x) for the lower limit of the integral

from the calculated root value represents the band bend-

ing potential at distance x from the GaAs surface. Results

from the code are shown in Fig. 1 for three different accep-

tor doping densities and a pinned surface potential energy

qφS = 0.5 eV. The results demonstrate the importance to

consider the nonlinear corrections since the band-bending

profiles deviate from the initially assumed quadratic form.

Moreover, we can now directly obtain the depth of the band

bending potential in GaAs when varying the bulk accep-

tor density. Finally, the obtained band bending profile for

NA = 7×1018 cm−3 is in good agreement with previously

published data [3].

For the results presented in Fig. 1, the Fermi level po-

sition was calculated from bulk properties using Nilsson’s

approximation (see [6] and references therein).

The value of the potential φS at the surface is deter-

mined from the requirement to satisfy charge neutrality.

Moreover, at specific surface conditions for GaAs, the sur-

face potential φS and the Fermi level are pinned. For

EV
EF

EC

Ei

(Cs, O)

p+ GaAs

Qsc +Qss = 0

Figure 2: The Fermi pinning regime is reached when the

band bending leads to overlap of the energy of the surface

states (shown in the diagram with the partially filled rect-

angle) with the chemical potential EF .

p-doped GaAs and downward band bending φS > 0 at

the surface and φ (x → ∞) → +0 in bulk, the space-

charge region is negatively charged since near the surface:

p (x) − NA = p (x) − pbulk < 0. For this case, charge

neutrality at the surface can be satisfied if there are surface

donor states that are positively charged. The surface band

bending φS is determined from the charge neutrality con-

dition Qss (φS) + Qsc (φS) = 0 where Qss (φS) is the

total change density on surface states and Qsc (φS) is the

space-charge surface density |Qsc (φS)| =
∣

∣

∣
εdφ(x=0)

dx

∣

∣

∣
. For

a given type of a surface donor state with density Nsd, Qss

is determined from:

Qss (φS) = qNsd (1 − 1/ (exp (β (Esd − EF )) + 1)) ,

where Esd is the energy of electrons on the surface state,

determined by atomic properties and is at a given posi-

tion (0.55 eV for GaAs) relative to the valence band max-

imum at the surface effectively making Esd − EF a func-

tion of φS . The band bending potential determined from

the charge neutrality condition is reached when EF ≈ Esd
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as shown in Fig. 2. The plots in Fig. 3 indicate the on-

set of the Fermi level pinning for different NA values and

approaches to calculate EF (the bottom right plot uses an

exact numerical calculation for the Fermi level rather than

the Nilsson approximation). From the plots at low bulk

doping in Fig. 3, the Fermi level and φS are pinned for

for Nsd ≥ 1012 cm−2 while for high doping, the pinning

regime is reached for Nsd ≥ 1013 cm−2. The Fermi level
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Figure 3: The intersection of each Qss curve (for a given

surface state density Nsd) with the Qsc curve for given dop-

ing concentration NA determines the value of the surface

band bending φS .
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Figure 4: When the band bending leads to EF ≈ Esd,

the Fermi level at the surface changes only by 2.3kBT per

decade of surface state density. This is the regime of ef-

fective Fermi level pinning due to the small change of EF

with further increase of the surface density of states.

pinning regime is clearly revealed when we calculate φS as

a function of the surface density of states for different bulk

acceptor concentrations. Results from these calculations

are shown in Fig. 4. In the pinning regime, the surface band

bending φS changes little when further increasing the sur-

face density of states Nsd. Note that the values for which

the Fermi pinning regime starts, Nsd ∼ 1012 to 1013 cm−2

is still orders of magnitude smaller that the value 1015

cm−2 for the density of a complete monolayer of adatoms.

Finally, we briefly mention the importance of including

emission from localized states that develop in the BBR.

This effect was demonstrated in electron emission en-

ergy distribution data for GaAs [3]. The localized energy

levels can be calculated by self-consistently solving the

Schrödinger-Poisson equations in the BBR. We have proto-

typed an implementation to solve the Schrödinger-Poisson

equations self-consistently and are currently investigating

results from it with different emission surface potentials.

Note, however, that depending on the boundary conditions

imposed when solving the Schrödinger-Poisson equations,

emission from quasi-stationary levels and electron lifetime

on them has to be included in the calculations [3].

SUMMARY

We reported here results for calculation of the band

bending region and pinning of the Fermi level in p-doped

GaAs as a function of the acceptor doping concentration

and the density of surface states. The results allow for ac-

curate evaluation of the band bending in the surface space-

charge region. The calculated band bending profiles can

be used as input in codes to simulate charge transport and

electron emission from semiconductor cathodes. Emission

from localized states represents another important effect

that is still to be properly integrated in photocathode simu-

lations.
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INTEGRATED KINETIC AND PLASMA DIELECTRIC MODELS OF
ELECTRON CLOUD BUILDUP AND TE WAVE TRANSMISSION ∗

S. A. Veitzer† , Tech-X Corporation, Boulder, CO, 80303 USA
P. H. Stoltz, Tech-X Corporation, Boulder, CO, 80303 USA

P. G. Lebrun, Fermilab, Batavia, IL, 60510 USA

Abstract
Buildup of electron plasmas in accelerator cavities poses

a serious threat to performance for current and future ac-
celerators. Traveling-wave rf diagnostics are an effective,
non-destructive way to measure electron clouds, although
determining the true cloud density from spectra is difficult
due to the effects of reflections, non-uniform cloud den-
sity, and magnetic field effects. We model traveling-wave
rf diagnostics of electron clouds by simulating spectra us-
ing both harmonically modulated plasma dielectric models,
and dielectric models based on simulated electron cloud
densities. We compare here the differences in computed
side band spectra due to different magnetic field configura-
tions for Main Injector parameters, and report on compu-
tational challenges inherent to numerical modeling of sys-
tems with large variances of spatial and temporal scales.

RF DIAGNOSTICS PROVIDE
DIAGNOSTIC MEASUREMENT OF

ELECTRON CLOUDS
Electron clouds have been identified as a potential

performance-limiting element in both hadron and lepton
accelerators [1]. Recently, methods for measuring electron
cloud densities in a non-destructive manner have been de-
veloped. These methods rely on measurement of rf signals
injected into the beam pipe, either at a frequency just below
the cutoff frequency (resonant rf method) or above the cut-
off frequency (traveling wave method). For traveling wave
rf diagnostics, the presence of an electron cloud plasma in
the beam pipe induces a phase shift due to changes in the
dielectric properties of the medium in which the rf is trav-
eling. The plasma dielectric strength is modulated at the
revolution frequency as the plasma builds up during bunch
passages, and dissipates during gaps in the bunch train.
This is typically observed in experiments as side bands at
the revolution frequency, with a height that is proportional
(in the linear approximation) to the average plasma den-
sity. Magnetic field effects also come into play with these
diagnostics in two ways. First, magnetic fields may excite
a cyclotron resonance [2, 3] that increases the phase de-
lay per unit length, and second, magnetic fields will affect
the electron trajectories that will in turn change the spatial
distribution of electrons in the beam pipe and hence the di-
electric properties of the plasma. It has been observed in

∗This work was performed under the auspices of the Department
of Energy as part of the ComPASS SCiDAC-2 project (DE-FC02-
07ER41499), and the SCiDAC-3 project (DE-SC0008920).
† veitzer@txcorp.com

both experiments and in simulations that dipole fields tend
to align electrons in vertical stripes [4, 5]. Recent studies
indicate that quadrupole fields may be able to trap electron
clouds thereby leading to negative effects on the lead bunch
in a train [6].

SIMULATION RESULTS
We are developing numerical models that are appropri-

ate for simulating electron clouds and rf diagnostics in the
Main Injector at Fermilab, using the plasma simulation
framework VSim [7]. In all of the simulations reported
here, we use a circular cross section beam pipe with radius
7.46125 cm, and 50 cm long. We use a mesh with 48 com-
putational cells in the longitudinal direction, and 16 cells
in each of the transverse directions. We simplify the bunch
train structure from that in the actual Main Injector by mod-
eling one full revolution as a single continuous bunch train
of 18.8 ns bunches of roughly 8 GeV protons. We artifi-
cially set one revolution time to 2.0µs, including an abort
gap of 0.4µ s during which time there are no beam bunches.
This sets the modulation frequency to 500 kHz. The cutoff
frequency for this beam pipe is 1.1774 GHz, and we drive rf
above this frequency to model traveling wave diagnostics.

Kinetic PIC Simulations
We first perform detailed electrostatic Particle-In-Cell

(PIC) simulations of electron cloud buildup using VSim.
We start with a low-density, uniformly distributed, cold
electron plasma in a circular beam pipe with radius 7.46
cm. We solve for the electric fields electrostatically given
the overall charge distribution and subject to the appropri-
ate boundary conditions; metallic boundaries on the beam
pipe walls, and port boundaries on the open ends of the
simulation domain. Port boundaries are a numerical filter
model that effectively absorbs wave energy at a given phase
velocity, preventing reflections from the boundary. We do
not inject rf power in the kinetic simulations because we
are focused on modeling cloud buildup here.

In buildup simulations we inject beam bunches with a
spacing of 18.8 ns by specifying a time-dependent charge
density that simulates the passage of proton beam bunches.
Bunches cross the simulation domain for 1.2µs, followed
by a 0.8µs abort gap, representing a single revolution.
These times are chosen to demonstrate the physics of elec-
tron cloud buildup while maintaining numerical efficiency.
In future simulations the actual Main Injector revolution
period will be approached. Electrons that make up the
plasma (cloud) are modeled as variable-weight kinetic par-
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ticles, and are pushed by electrostatic forces from other
charges (space charge effects) and current sources (beam
potential). Electrons are attracted to the potential of the
beam as it passes and are accelerated across the beam pipe
into the opposing wall. Electrons that are absorbed by the
beam pipe walls emit low-energy secondary electrons ac-
cording to the Furman-Pivi model [8]. These electrons are
accelerated by subsequent bunches giving rise to a buildup
of electrons, that saturates at a density that is about 0.7
times the linear beam density [9], where the cloud shields
electrons from the beam potential.

In our buildup simulations we set the time step to be
18.86 ps in order to match the plasma dielectric simula-
tions whose time steps are limited for numerical stability
reasons (CFL condition), although we could relax this by a
factor of at least 20 and just resolve the Debye length be-
cause these simulations are electrostatic. We save the 6D
phase space for each particle at each time step. We then
compute the charge density for the electron cloud from the
particle positions and can subsequently use that density in
plasma dielectric simulations over many revolution periods
(see below).

Figure 1 shows the total energy of the cloud electrons
as they build up. On average the energy follows the to-
tal number of electrons in the buildup and dissipation of
the cloud. The inset shows fine-scale structure indicating
bunch crossings. Spikes in the electron energy are due to a
single bunch crossing, where the electrons are accelerated
by the positively-charged bunch. Nearly all of this energy
is lost when the (fast) electrons are absorbed by the walls.
There is a short period of drift, capped off with a period
where some (slow) electrons are absorbed by the walls that
creates a reduction in the total energy that corresponds to a
reduction in the total number of electrons.

Figure 1: Total energy of the electron cloud as a function
of simulation time. Bunch crossings punctuate the electron
energy, which then relaxes as electrons are absorbed by the
beam pipe walls.

Modulated Plasma Dielectric Simulations
We modulate the dielectric strength at a frequency of 500

kHz to match the kinetic buildup simulations, and simulate
approximately 160 revolution periods with a time step of
18.86 ps, or approximately 16.78 million time steps. This
corresponds to at least 550,000 rf periods, which is suffi-
cient to resolve plasma-induced side bands. We use port
boundaries to launch an rf wave into the simulation from
the left boundary. This rf wave is then measured at the
right end of the simulation after it has passed through the
plasma dielectric.

In these simulations we model rf propagation through a
plasma dielectric that is spatially uniform across the whole
simulation domain, with an equivalent plasma density of
9.1× 1012 electrons/m3, corresponding to 8.0× 1010 elec-
trons at saturation during buildup in our kinetic PIC sim-
ulations. The dielectric tensor is modulated purely har-
monically at 500 kHz, simulating the effects of dissipation
of the cloud during gaps in the bunch train. Simulations
such as these are much smoother than simulations where
the plasma density at each time step is determined by parti-
cle positions from kinetic PIC simulations. They also serve
to demonstrate the modeling capability of accurately gen-
erating synthetic spectra with side band structures, that can
be directly compared to experimental results, and require
numerical stability and accuracy over extremely long sim-
ulation times.

Figure 2 shows a portion of the synthetic spectrum for
uniform, modulated plasma dielectric simulations. The
left-hand plot shows the spectrum for a simulation run with
rf at 50% above the cutoff frequency with no externally ap-
plied magnetic fields, and the right-hand plot is for a sim-
ulation driven at 5% above cutoff with a 0.06 T transverse
dipole applied field, which is close to the cyclotron reso-
nance. The spectrum is very smooth because the simula-
tions plasma dielectric is spatially uniform, and the simu-
lations are run for a long time which gives better frequency
resolution. The first side band is readily seen at the modula-
tion frequency and the height of the side band is dependent
on the plasma dielectric constant, as expected.

Figure 2: Synthetic spectra generated by harmonic modu-
lation of plasma dielectric tensor. Left plot shows the spec-
trum with zero applied magnetic field, driven at 50% above
the cutoff frequency. Right plot shows the spectrum with
excitation of the extraordinary wave, near the cyclotron res-
onance with an applied dipole field of 0.06 T, and hence
the upper hybrid resonance, driven at 5% above the cutoff
frequency.
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The effect of externally applied magnetic fields on
plasma-induced phase shifts in rf diagnostics has been doc-
umented [4, 5, 10]. Here we have performed simulations
with different magnetic field orientations using the modu-
lated plasma dielectric model. In Figure 2, the left-hand
plot shows the spectrum for the case where there is zero
magnetic field, as in a drift section. The right-hand plot
shows the spectrum in the case where there is an applied
dipole magnetic field with strength 0.06 T oriented in the
transverse direction normal to the rf polarization. This ori-
entation excites the upper hybrid resonance which modifies
the side band strength. All other simulation parameters are
the same between these simulations. Simulations in which
an applied magnetic field is aligned parallel to the rf po-
larization do not show any enhancement in the side band
strength.

Integrated Plasma Dielectric Simulations
For these simulations we implement a plasma dielectric

model based on electron cloud densities derived from the
kinetic simulations described above. For integrated plasma
dielectric simulations we first convert particle positions
from the buildup simulations into a 3-Dimensional density
map that we use as input to our plasma dielectric model.
We then perform plasma dielectric simulations for nearly
200 revolutions, changing the value of the dielectric ten-
sor in each computational cell periodically according to the
electron density in that cell. We repeat the electron densi-
ties determined in the corresponding kinetic buildup simu-
lations every 2.0µs, and sub-sample the electron positions,
changing the corresponding plasma dielectric strength ev-
ery 50 time steps for computational efficiency. We drive
the rf at 2.2 times cutoff in these simulations.

Figure 3 shows a spectrum generated by converting elec-
tron cloud densities from the kinetic simulations into a 3-
Dimensional field of dielectric strength over a single revo-
lution period, and then repeating that pattern in a plasma di-

Figure 3: Simulated spectrum for integrated plasma di-
electric model, where the 3-Dimensional electron densities
from kinetic simulations determines the plasma dielectric
strength.

electric simulation over 1,000,000 rf periods. The average
density for these simulations is the same as the harmon-
ically modulated plasma dielectric simulations discussed
above. It may be expected that different fill patterns and
modulation shape will affect the amplitudes of the side
bands, as well as changing the power in higher-order side
bands with respect to the first side band [11]. As can be
seen in Figure (3), the first side band amplitude is some-
what larger in comparison to the harmonic modulation
simulations. In addition, higher order side bands are ob-
served, as is expected because the shape of the modula-
tion of the electron density is more like a square wave than
a purely harmonic signal. The spectrum overall is much
coarser than the previous simulations, and there is more
high-frequency noise. This is due to the discreteness of
both the binning of electron positions to the computational
grid, as well as undersampling effects.
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CREATION OF GAMMA RADIATION USING ANNIHILATION OF

CHANNELED POSITRONS IN CRYSTALS

Koryun B. Oganesyan∗,

A.I.Alikhanyan National Science Lab, Yerevan, Armenia

Abstract

A possibility of channeling of low-energy (5÷ 20Mev)

relativistic positrons with coaxial symmetry around sepa-

rate crystal axes of negative ions in some types of crys-

tals, is shown. The annihilation processes of positrons

with medium electrons are investigated in details. The life-

time of a positron in the regime of channeling is estimated

10−6 secwhich on a 109÷108 is bigger than at usual cases.

INTRODUCTION

Studying of ways of generation of short-wave coherent

radiation always was an essential problem of a science and

was stimulated by its wide applied application. In work [1]

one of the first the mechanism of radiation of relativis-

tic electrons at their movement in periodic structures (see

also [2]) was offered (later such types of structures have

been named undulators). It at first sight imperceptible work

later has essentially accelerated a process of creation of of

modern devices the synchrophasotrons and the lasers on

free electrons (see for example review [3] ). In spite of the

fact that the technology of generation of undulator radiation

steadily is being developed and successes are obvious [4],

however the problems also are obvious and they remain un-

resolved up to now. Let’s note that the frequency of undu-

lator radiation is being defined by length of its periodic ele-

ment which in FELs and the undulators devices are macro-

scopic. Other defects of undulators their big sizes and used

big energies of electrons. After opening of channeling of

electrons (positrons) in crystals [5–7] and accompanying

by its short-wave radiation [8] was appeared a hope to solve

all the aforementioned problems. However these hopes up

to now is justified only partially. In particular the problems

of generation of short-wave radiation (x-ray) from less en-

ergetic electrons (of order a several Mev) on very small

distances (of order a several micron) have been solved.

Now a new problem arise. The point is that in the regime

of channeling the particle (electrons and positrons) usually

live very short time ∼ 10−14 ÷ 10−15 sec. However this

time is very short for conversion of a appreciable part of

particle energy to energy of radiation. The short lifetime

as well doesn’t conduce to use of external factors for con-

trol by beam of channeling particles and to improving of

spectral characteristics of radiation.

The quantum theory of channeling for electrons and

positrons has been elaborated by many authors [8–10]. It is

important to note that an electron in a crystal can commit

∗bsk@yerphi.am

both planar and axial channeling. At the same time only

one type of real channeling for the positrons is known, the

regime where a particle is localized between two adjacent

planes. The possibility of axial channeling of positive parti-

cles has not been investigated, seriously up to now, because

the crystallographic axes, irrespective of grade of crystal

are been charged positively. However investigation of pos-

sibilities of axial channeling of positrons and, hence, the

formation of metastable relativistic positron systems (PS)

is a problem of utmost importance for a radiation physics.

In this work a role of different processes (scattering of

positron on media electrons, the annihilation processes etc)

in the expansion of energy levels of relativistic PS is ana-

lyzed and shown that PSs are metastable.

FORMATION OF RELATIVISTIC

POSITRON SYSTEM (PS)

In previous work [11] we have shown, that if a low-

energy relativistic positrons (5 ÷ 20Mev) are scattering

under a small corners ϑ ≤ ϑL (where ϑL is a Lindhard an-

gle) on the axis 〈100〉 of chlorine ions Cl− that they fall

into regime of axial channeling. Moreover the motions of

positrons concentrate between two cylinders that is very

important from the point of view of movement stability. In

particular, as was shown the effective 2D potential of chan-

neling don’t depend from temperature of media in a broad

range of temperatures and has an order −10 eV depths of

potential which is sufficient for formation a several quan-

tum states of transverse motion. Recall that this type of ef-

fective potential can be in other crystals too. For example

the effective potential of negatively charged ions O2 axes

often used in experiments of crystal SiO2 is such.

In other words, the relativistic positrons in described

regime of channeling don’t interact with phonons subsys-

tem. That means a main factor of de-channeling of particles

in considered case is absent.

Taking into account the symmetry of effective potential

for positrons around of the negative ions axis we can write

the following analytical formula:

U0(ρ) = D0(e
−2αρ − 2e−αρ), ρ = (ρ− ρ0)/ρ0,

ρ =
√
x2 + y2, (1)

where the parameters for usual crystals are being found into

intervals D0 = 5 ÷ 10eV , α = 0.5 ÷ 0.8 and ρ0 ∼ 0.5d,

where d is a lattice constant.
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The full wavefunction of positron in the potential (1) in

atomic units h̄ = c = 1 is being solved exactly and repre-

sented in [11] and [12]

PROCESSES LEADING TO DECAY OF

POSITRON-SYSTEMS

After exception of major factor of dechanneling the three

different processes still remain which lead to decay of PS:

a) The annihilation of positron with electron of media

on one γ photon;

b) The annihilation of positron with electron of media

on two γ photons;

c) The scattering of positron on electrons of media.

The main problem now is investigation of processes invest-

ment in lifetime of PS.

Decay PA on One and Two γ Photon

It is obvious that PS may be illustrated as a system, with

total zero spin (like of parapositronium), because the skele-

ton of negatively charged ions axis does not possess spin

and accordingly there are not spin-spin interaction between

it and the positron. In other words the interaction between

positron and the axis only is an electromagnetic. Another

distinction between positronium and PS is a possibility of

decay of the last on one γ photon. Recall that in this case

the conservation laws of energy and momentum takes place

in view of presence of media.

This process is being defined by matrix element of first

order [13]:

〈f |S(1)|i〉 =
2πie√

2ω

∫
Ψ∗(r)êe−iqrψ(r)d3r·δ(εp+εe−ω),

(2)

where Ψ and εp are the wavefunction and the total energy

of positron, ψ(r) and εe designed the wavefunction and the

energy of media’s electron, q-is the momentum of γ pho-

ton, ω-its frequency. Taking into account that the distribu-

tion of electrons in positive as well in negative ions is given

by spherical model JMGR, we can write the wavefunction

of electrons system in factorized form:

ψ(r) ≡ ψ(ρ, z, ϕ) =
1√
d
eiη(z)zχ(ρ), (3)

where η(z) is a momentum of media electron in the point

z, it is supposed that the random function η(z) has a zero

average value. This means that the statistical averaging of

random term in (3) is equal to unit 〈eiηz/h̄〉 = 1. In addi-

tion χ(ρ) Gaussian function which is normalized to unit:

χ(ρ) =
1

(π)3/4ρ0
e−ρ̄2/2. (4)

For the effective differential cross-section of annihilation

we can write the following expression:

dσ =
e2

2(2π)2ω

∑

νe νp

|Q|2δ(εp + εe − ω)ω2 doγ , (5)

where doγ = sinϑdϑdϕ the solid angle element in which

is situated a photon momentum, νe and νe are a summa-

tion indices of electron and positron spins in the initial

state. However for the considered problem the orientation

of electrons spin does not play important role and corre-

spondingly later we will ignore the summation. In (5) the

term Q in weakly relativistic case is being written in the

kind:

Q =

∫
Ψ∗(r)ev̂ e−iqrψ(r)d3r, v̂ =

1

iµ
∇r, (6)

where v̂ is the operator of positron velocity, correspond-

ingly e - describes the unit vector of photon polarization.

The expression (6) may be transformed to the form:

Q =
(2π)3

µ

∫
(ep′)Ψ̂∗(p′)ψ̂(q − p

′) d3p′,

where Ψ̂∗(p′) and ψ̂(q − p′) are Fourier transforms of cor-

responding wavefunctions:

Ψ̂(p′) =
1

(2π)3

∫
exp (−ip′

r)Ψ(r)d3r,

ψ̂(q − p
′) =

1

(2π)3

∫
exp [−i(q − p

′)r]ψ(r)d3r. (7)

In (7) p′-designates the momentum of positron which in

considered case in toto coincides with its pz projection.

Analyzing of expression for ψ̂(q − p′) shows that the tran-

sition amplitude is more probably if positron and photon

momentums coincides i.e. q = p′. Using the equality

(ep′) = p′ sinϑ′ and above mentioned conclusion the ex-

pression (7) we can write in the following kind (see Fig 2):

Q =
(2π)3

µ
ψ̂(0)

∫
p′ Ψ̂∗(p′) sinϑ′d 3p′, (8)

where d 3p′ = p′
⊥
dθdp′

⊥
dp′z .

The function Ψ̂(p′) is being calculated simply:

Ψ̂(p′) =
(−1)m

(2π)2
eimθ

√
d
δ(pz − p′z)Θm(p′

⊥
),

Θm(p′
⊥

) =

∫
∞

0

Φ(ρ, 0)Jm(p′
⊥
ρ)
√
ρ dρ. (9)

The calculation of cross-section we will begin with aver-

aging of expression (8) by the photon polarization. It is

obviously when we rotate the polarization vector e around

photon’s momentum q on the angle π at this time as may

be shown, the angle ϑ′ respectively is being changed in the

limits π/2 − (βq − βp′) ≤ ϑ′ ≤ π/2 + (βq − βp′), where
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βq = arccos(qz/q) and βp′ = arccos(p′z/p
′). After inte-

gration by angle ϑ′ in Eq. (8) it is easy to find:

Q = −2(2π)3

µ
ψ̂(0)

∫
p′ Ψ̂∗(p′) sin(βq−βp′)d 3p′. (10)

Now substituting (9) into (10) and making the elementary

calculations we find:

Q = −2(2π)2

µd
δ(pz − qz)ψ̂(0)

×
∫

∞

0

p̄Θ0(p
′

⊥
) sin(βq − βp̄)p

′

⊥
dp′

⊥
, (11)

where p̄ =
√
pz

2 + p′ 2
⊥

, the δ- function shows the momen-

tums conservation law on z- axis.

Finally let’s analyze the amplitude Q forward which is

more probable direction of PS decay on one γ photon,

when in the PS doesn’t rotate. In this case with high ac-

curacy take place the following equalities βq = 0, βp̄ =
arccos(pz/p̄) and m = 0.

Using these equalities we can substantially simplify ex-

pression (11):

Q =
2(2π)5/2

µd
δ(pz−qz)ψ̂(0)p1/2

z

∫
∞

0

Θ0(p
′

⊥
)p′

⊥

3/2
dp′

⊥
.

(12)

Now using the expression (12) and standard connection be-

tween amplitude and transition probability [13] for the one-

photon decay of PS we can write the following assessment:

Pγ ∼ 106sec−1. (13)

Recall that for finding assessment (13) we used the param-

eters of crystal CsCl.
The probability of PA decay on two γ photons [13] is

P2γ ∼ 106sec−1 (14)

At scattering of positron on a media’s electrons the am-

plitude of transition is being described by S-matrix element

of second order, similar to process of two photons’ decay.

CONCLUSION

The problem of creation of sources for the generation of

short waves radiation is a problem of utmost importance.

The experimental discovery of the phenomenon of chan-

neling of relativistic charged particles in crystals has given

a good hope for creation of compact devices for generation

of powerful radiation in X-rays region. Despite the made

big efforts these hopes for a long time were not justified.

The point is that at the channeling arises difficultly solvable

problem connected with the short length of de-channeling.

The characteristic times of channeling in axial or planar

regimes accordingly of order 10−14sec and 10−15sec, that

does not allow to increase the share of radiated energy and

a fortiori to control process. As have shown our recent in-

vestigations this problem is being solved if we consider the

channeling of positrons of energy 5 ÷ 20Mev in particu-

lar, in ionic crystals of type CsCl along the chlorine ions
axis < 100 >. In this case in crystal forms 2D relativistic

positron-systems which with phonons subsystem of lattice

practically are not interacting. All other types of influence

on PS, collisions with electrons of media, the scattering

on lattice discreteness etc, are perturbations of essentially

small or similar to PS annihilation processes order. In other

words in mentioned way with high probability it is possi-
ble to create of 2D relativistic PSs in media with the life-
times bigger than t ∼ 10−6 ÷ 10−7 sec. This means that

we solved the main problem on way of creation of nano-

undulators which have very large lifetimes and by which
we can control.

REFERENCES

[1] V. L. Ginzburg, Izv. AN SSSR, Ser. Fiz. 11 (2) 165 (1947).

[2] G. A. Schott, Electromagnetic Radiation and the Mechan-

ical Reactions Arising from It (Cambridge: Univ. Press,
1912)

[3] G.N. Kulipanov, Usp. Fiz. Nauk 177 (4) 384 - 393 (2007).

[4] G. N. Kulipanov, A. N. Skrinskyd and N. A. Vinokurov, J.
Synch. Rad. 5 176 (1998).

[5] J. A. Davies, J. Friesen and J. D. McIntyre, Can. J. Chem.,
38 1526 (1960).

[6] M. T. Robinson and O. S. Oen, Appl. Phys. Lett., 2, 30
(1963).

[7] J. Lindhard, Kgl. Dan. Viden. Sels. Mat. - Fys. Medd., 14,
34 (1965).

[8] M. A. Kumakhov, Phys. Lett. Ser. A., 57, 17 (1976).

[9] V. V. Beloshitsky and F. F. Komarov, Phys. Rep., 93, 117
(1982)

[10] V. A. Bazylev and N. K. Zhevago, Sov. Phys. Usp., 25, 565
(1982).

[11] A.I. Artemiev, M.V. Fedorov, A.S. Gevorkyan, N.Sh. Iz-

mailyan, R.V. Karapetyan, K.B. Oganesyan, A.A. Akopyan,

Yu.V. Rostovtsev, M.O. Scully, G. Kurizki, J. Mod. Optics,
56, 18, 2148-2157, 2009,

[12] K.B. Oganesyan, Proceedings of FEL’13, MOPSO60, New
York, 2013

[13] A. I. Akhiezer and V. B. Berestetskii, Quantum Electrody-

namics, (in Russian), Moscow Nauka 1969, 623.

Proceedings of PAC2013, Pasadena, CA USA MOPHO01

02 Light Sources

A06 - Free Electron Lasers 233 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



HOW ACTS PLANE WIGGLER MAGNETIC FIELD INHOMOGENEITY
ON THE SPONTANEOUS RADIATION AND THE GAIN

Koryun B. Oganesyan∗, A.I. Alikhanyan National Science Lab, Yerevan, Armenia

Abstract
A relativistic electron motion in a transversally inhomo-

geneous magnetic field of a wiggler is shown to consist of
fast (undulator) and slow (strophotron) components. By
separating fast and slow motions and by averaging equa-
tions of motion over fast undulator oscillations, we find
spectral intensity of strophotron spontaneous emission in
such a system. By solving similarly equations of motion
in the presence of an external light wave, we find the gain
in a Free-Electron Laser based on the interaction of light
with the strophotron mode of the electron motion. Both the
strophotron gain and the corresponding intensity of spon-
taneous emission are shown to be well separated spectrally
from the usual undulator parts.

INTRODUCTION
Usually FEL [1, 2] use the kinetic energy of relativis-

tic electrons moving through a spatially modulated mag-
netic field(wiggler) to produce coherent radiation. The fre-
quency of radiation is determined by the energy of elec-
trons, the spatial period of magnetic field and the magnetic
field strength of the wiggler. This permits tuning a FEL in a
wide range unlike atomic or molecular lasers. In usual FEL
magnetic field of wiggler is supposed to be uniform. But
really the magnetic field is inhomogeneous in transverse
direction(see for example [3]). It is important to take into
account this inhomogeneity. This account leads to complex
motion of electrons: fast undulator oscillations along the
wiggler axis and slow strophotron motion [4] – [9] in trans-
verse direction . In the next section we describe the equa-
tion of motion of electrons moving along the axis of the
wiggler with transversal inhomogeneous magnetic field. In
the Sec. III and IV we calculate the spectral distribution of
spontaneous emission and the gain correspondingly.

EQUATIONS OF MOTION
The vector potential of undulator’s magnetic field has a

form [10]

−−→
AW = −H0

q0
cosh q0x sin q0z ĵ (1)

where H0 is the strength of magnetic field and q0 =
2π/λ0, λ0 - period of wiggler, ĵ unit vector in y direction.

The change of energy is

dε

dt
= 0, ε = const (2)

∗bsk@yerphi.am

Further we consider paraxial approximation when

q0x < 1 (3)

Taking into account (3) the magnetic field (1) becomes

Hx = H0

(
1 +

q2
0x

2

2

)
cos q0z;Hy = 0;

Hz = −H0q0x sin q0z (4)

Then we can write equations of motion taking into ac-
count (2) (px,y,z = vx,y,zε)

ẍ = −
(
eH0

ε

)2

x sin2 q0z

ẏ =
eH0

εq0

(
1 +

q2
0x

2

2

)
sin q0z

z̈ = − 1

2q0

(
eH0

ε

)2

sin 2q0z(1 + q2
0x

2) (5)

After averaging first equation of Eq. (5) on period 2π/q0

and taking into account that sin2 q0z = 1/2 we have

ẍ+ Ω2 x = 0 (6)

which has a solution

x = a0 cos(Ωt+ θ0) (7)

where

Ω =
eH0√

2ε
; a0 =

√
x2

0 +
α2

Ω2
;

cos θ0 =
x0

a0
; sin θ0 = −α/Ω

a0
;

θ0 = − arctan
α

x0Ω
(8)

Averaging of the second equation of Eq. (5) gives

z̈(0) = 0; ż(0) = v; z(0) = vt. (9)

The solution of the second equation of Eq. (5) using
Eq. (7) and Eq. (9) has a form

δz = − Ω2

2q2
0

t+
Ω2

4q3
0

sin 2q0t

+
a2

0Ω2

16q0
sin{2(q0 + Ω)t+ 2θ0}

+
a2

0Ω2

16q0
sin{2(q0 − Ω)t− 2θ0} (10)
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So, for z we have

z = t

(
1− 1

2γ2
− Ω2

2q2
0

)
+

Ω2

4q3
0

sin 2q0t

+
a2

0Ω2

16q0
sin{2(q0 + Ω)t+ 2θ0}

+
a2

0Ω2

16q0
sin{2(q0 − Ω)t− 2θ0} (11)

Here we take into account, that 1 − v = 1
2γ2 , where

γ = E
mc2 is a relativistic factor, m- mass of electron, c-

velocity of light and E- energy of electrons.
Limitations used in above consideration are

a0q0 < 1;
Ω

q0
< 1; a0Ω0 < 1 (12)

In longitudinal direction(along axis z, wiggler’s axis)
electrons perform fast undulator oscillations, while in
transverse direction they perform slow strophotron oscil-
lations in one direction(x direction) and fast undulator os-
cillations in another direction(y direction).

SPONTANEOUS EMISSION
Now using the solutions for x Eq. (7), ẏ Eq. (5) and z

Eq. (11), we can find the spectral intensity of a spontaneous
emission. The spectral intensity of emission in the z axis
direction (wiggler’s axis) is determined by the formula [11]

dε

dωdo
=
e2ω2

4π2

∣∣∣∣∣
∫ T

0

dt[~n× ~v]eiω(t−z)

∣∣∣∣∣
2

(13)

where do is an infinitely small solid angle in the z direction
and T is electron traveling time through wiggler.

Using formulae [12]

e−iA sin x =
∞∑
−∞

Jn(A)e−inx (14)

with Bessel functions Jn(A) we find

dε

dωdo
=

e2ω2Ω2T 2

8π2q2
0

×
+∞∑

n,m,k=−∞

[
(In+1,k,m − In,k,m)2 sin2 uy

u2
y

+
a2

0q
2
0

2
(In,k,m+1 − In,k,m)2 sin2 ux

u2
x

]
(15)

where

uy =
T

2

[
ω

(
1

2γ2
+

Ω2

2q2
0

)
− (2n+ 1)q0 − 2mΩ

]
ux =

T

2

[
ω

(
1

2γ2
+

Ω2

2q2
0

)
− 2nq0 − (2m+ 1)Ω

]
Inkm = Jn−k(Z1)J k+m

2
(Z2)J k−m

2
(Z2);

Z1 =
ωΩ2

4q3
0

; Z2 =
ωa2

0Ω2

16q0
(16)

Equation Eq. (15) describes the spectrum of emission
consisting of a superposition of the spectral lines located
at the combination frequencies of odd harmonics (2n +
1)ωres,und and even harmonics 2mΩres,st, and even har-
monics 2nωres,und and odd harmonics (2m + 1)Ωres,st,
(m,n = 0, 1, 2, ...) where

ωres,und =
2γ2q0

1 + γ2 Ω2

q20

, ωres,str =
2γ2Ω

1 + γ2 Ω2

q20

(17)

are resonance frequencies in undulator and strophotron cor-
respondingly.

THE GAIN
The gain can be found from the above derived spec-

tral intensity of a spontaneous emission (Eq. (15)) using
Madey’s theorem [13].

But in a derivation of these general relations between
spontaneous and stimulated processes, some assumptions
are used. They require a check in any new case. Therefore
we prefer a direct derivation of the gain from equations of
motion.

Now let electromagnetic wave propagates along z (wig-
gler axis) with vector potential

−→
AL = −E0

ω
sinω(t− z)

(
î cosα+ ĵ sinα

)
(18)

where ω is the frequency of electromagnetic wave and E0

its electrical field strength, α is angle between x direction
and vector of electric field strength of the propagating elec-
tromagnetic wave, î and ĵ are the unit vectors in x and in y
directions correspondingly.

The equations of electron motion in the wiggler (1) and
electromagnetic (18) fields are

dpx
dt

= −eH0q0xvy sin q0z

+ eE0 cosα(1− vz) cosω(t− z)
dpy
dt

= eH0

[
vz

(
1 +

q2
0x

2

2

)
cos q0z + q0vxx sin q0z

]
+ eE0 sinα(1 + vz) cosω(t− z)

dpz
dt

= −eH0vy

(
1 +

q2
0x

2

2

)
cos q0z

+ eE0 cosα vx cosω(t− z) (19)

and the rate of energy change is [11]

dε

dt
= e−→v −→E = eE0(vx cosα+vy sinα) cosω(t−z) (20)

We are interesting in linear gain to find which is suf-
ficient to obtain the first-order corrections x(1)(t), y(1)(t)
and z(1)(t) to x(0)(t) Eq. (7), y(0)(t) Eq. (5) and z(0)(t)
Eq. (11). These first-order corrections obey the equa-
tions(obtained from Eqs. (19))
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dp
(1)
x

dt
= −ε0Ω2x(1)

+ eE0 cosα(1− v(0)
z ) cosω(t− z(0))

dp
(1)
y

dt
= eE0 sinα(1 + v(0)

z ) cosω(t− z(0))

dp
(1)
z

dt
= eE0 cosα v(0)

x cosω(t− z(0)) (21)

The linear (field-independent) gain is determined by the
second order (∝ E2

0 ),

dε

dt
= eE0

(
v(1)
x cosα+ v(1)

y sinα
)

cosω(t− z(0))

+ eE0ω
(
v(0)
x cosα+ v(0)

y sinα
)
z(1)

× sinω(t− z(0)) (22)

which is found from Eq. (20)
Now finding x(1)(t), y(1)(t) and z(1)(t) from Eqs. (21)

and using x(0)(t) Eq. (7), y(0)(t) Eq. (5) and z(0)(t)
Eq. (11) we obtain expression of electron emitted energy
(∆ε) during time T and gain (G = 8πNe

E2
0

∆ε, Ne is elec-
tron beam concentration).

All these calculations are simple, although rather cum-
bersome. Here we present only the found result:

G =
e2ω2Ω2T 2

8π2q2
0

×
+∞∑

n,m,k=−∞

[
(In+1,k,m − In,k,m)2 sin2 α

× d

duy

sin2 uy
u2
y

+
a2

0q
2
0

2
(In,k,m+1 − In,k,m)2

× cos2 α
d

dux

sin2 ux
u2
x

]
(23)

From Eq. (23) we conclude that maximum gain is
achieved when vector of electromagnetic wave E0 is di-
rected in y direction (α = π/2).

We calculate the spectral distribution of spontaneous
emission and the gain of electrons moving in plane wiggler
with inhomogeneous magnetic field. It is shown, that elec-
trons do complex motion consisting of slow (strophotron)
and fast (undulator) parts. We average the equations of mo-
tion over fast undulator part and obtain equations for con-
nected motion. It is shown, that the account of inhomo-
geneity of the magnetic field leads to appearance of addi-
tional peaks in the spectral distribution of spontaneous radi-
ation and the gain. Having much peaks and using the well-
known mode-locking one can obtain ultrashort impulses.
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GENERATION OF INTENSIVE TRANSITION RADIATION IN
MODULATED MEDIUM

Koryun B. Oganesyan∗, A.I.Alikhanyan National Science Lab, Yerevan, Armenia

Abstract
The 3D spin-glass system in the external standing elec-

tromagnetic field is considered. It is shown on an example
of amorphous quartz, under the influence of a standing mi-
crowave field, at its certain parameters, superlattice is cre-
ated in the medium where difference in values of dielectric
constants of neighboring layers can be up to third order.
This superlattice exists during the nanosecond, however it
is sufficient for using it as a radiator for generation of tran-
sition radiation by relativistic electrons.

INTRODUCTION
The formation and governing of periodically modulated

refractive index in media is a most important problem of
solid state physics and material science. First of all it is re-
lated to the possibility of developing compact UV orX-ray
Free-Electron Lasers (FEL) based on emission of transition
radiation (TR) (see for example [1]). Currently the follow-
ing two problems are discussed intensely:

1. A gas-plasma medium with periodically varied ioniza-
tion density [2–9],

2. A special periodical solid-state superlattice-like (SSL)
structures composed of layers with different refraction
indexes [10–20].

TR is generated due to the difference in frequency-
dependent dielectric constants (permittivity functions) of
adjacent layers (remember that the radiation power is
proportional to [εR1 (w) − εR2 (w)]2, where εR1;2(w) =
Re[ε1;2(w)]) [21]. Therefore, the possibility of controlling
this difference by means of an external field is highly im-
portant. In other words, the problem here is to construct a
superlattice with difference in dielectric constants of neigh-
boring domains having the form [εR1 (w,g) − εR2 (w,g)]2,
where g describes the controlling parameters, ε1(w,g) and
ε2(w,g) are dielectric permittivity functions in neighbor-
ing regions. According to theoretical and experimental
studies, the periodical structures may be formed in con-
densed matter by means of external electromagnetic or
acoustic fields [22–25].

This idea was recently realized in TR generation experi-
ments [26]. In particular, it was shown that at the passage
of a beam of 20 Mev electrons through amorphous silicon
dioxide a − SiO2 with a standing electromagnetic wave
(of 10 GHz frequency) inside, anomalous high short-wave

∗bsk@yerphi.am

radiation was produced. Preliminary studies explain this
high intensity radiation as a result of multiple passage of
the electron beam through interfaces between regions with
different permittivity functions. Theoretically the appear-
ance of 1D superlattice order in random media is explained
by the polarization of media due to the orientational relax-
ation of elastic dipoles in the direction of external electro-
magnetic field propagation [27].

So, the main objective of this work is a systematic in-
vestigation of relaxation processes and critical effects in
a − SiO2 compound type disordered 3D systems under
the action of external electromagnetic field that forms a
standing wave in the medium, and in particular, to prove
the possibility of formation of 1D periodic superlattice of
permittivity function in the scales of space-time periods of
standing wave.

FORMULATION OF THE PROBLEM
The starting point in our discussion will be the Clausius-

Mossotti relation for dielectric constant. It is known that in
isotropic media (as well as in crystals of cubic symmetry)
the dielectric constant is well described by the Clausius-
Mossotti equation [28–30]:

εs − 1

εs + 2
=

4π

3

∑
m

N0
mα

0
m, (1)

where N0
m is the concentration of particles (electrons,

atoms, ions, molecules) with given m types of polarizabil-
ity and α0

m correspondingly are polarizability coefficients.
It follows from this formula that the static dielectric con-
stant εs depends on the polarizability properties of particles
as well as on their topological order. In the external field
the homogeneity and isotropy of the medium is often lost.
Then, it is expected that the formula (1) will be applicable
after slight generalization.

The object of our investigation are solid state dielectrics
of the amorphous silicon dioxide a−SiO2 type. According
to numerical ab initio simulations [31], the structure of this
type compound may be well described by the model of 3D
disordered spin system.

In particular the 3D spin system we can represent
as a 3D lattice with the lattice’s constant d0(T ) =
{m0/ρ0(T )}1/3, where m0 is the molecule mass, ρ0 is the
density and T is the temperature. We will assume also,
that in each cell of this lattice there are only one randomly
distributed spin (roughly polarized molecule).

We will suppose that the media under the influence of
external standing electromagnetic field the electrical part
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of which has a kind:

E(x;E0,Ω, λs, ϕ0) = E(x; g) = 2E0 sin(ϕ0) cos(kx),
(2)

where ϕ0 = Ωt0 and t0 are respectively the initial phase
and time, Ω is a wave frequency, k = 2π/λs and λs is the
wavelength, the symbol g shows the parameters of standing
wave (controlling parameters) (E0,Ω, λs, ϕ0).

Here follows a natural question, how does the dielectric
constant change on the scale of wavelength period and in
time interval ∆t � Ω−1 ∼ 10−9sec, when the relaxation
time of molecular dipoles is τ ∼ 10−11 ÷ 10−12sec �
Ω−1. This question is important since the processes asso-
ciated with the Cerenkov and transition radiation produced
in media are much faster than the above time scale. Note,
that the time, during which a relativistic electron passes
the wavelength (λs ∼ 10−4cm) of standing wave and the
formation times of transition or Cherenkov photons in this
layer is less than 10−15sec. This time interval is essen-
tially less than the time, during which the standing wave is
steady-state. Since the wavelength is supposed to be much
larger than the inter-dipole distance λs � d0, the Clausius-
Mossotti relation is still true. In this case the main problem
is to calculate the polarizability coefficient related to orien-
tation effects.

Taking into account the external field, one can express
the polarization of matter at an arbitrary point as the macro-
scopic self-consistent relation:

P(r) =
∑

l
p (l− r) =

∑
m

nmαm(l− r)Eloc(l− r), (3)

where l ≡ l(lx, ly, lz) is 3D lattice vector, p is respectively
the dipole moment of molecule. The second equation in
(3) contributes to the value of dipole moment (spin). Note,
that the number of the carriers of given polarization type in
an elementary cell is nm ∼ (d0(T ))−3, αm being coeffi-
cients of the polarizability of corresponding types with due
regard for external field and Eloc is the local field, i.e. the
effective field that induces the polarization at the site of an
individual molecule. The contribution of each effect to the
net dipole moment per molecule is linear, that is actually
verified by experiments. Under the action of external field
the polarization of different types arise in media. However,
simple analyzes shows that the values of polarizability co-
efficients due to orientation effects essentially exceed the
others.

Note that the coefficient of elastic orientational polariz-
ability in amorphous media αdip(l−r) is a random function
of cell location. This fact is due to random orientation of
local field strengths Eloc(l − r) with respect to the exter-
nal field E(x; g). Therefore, all terms in the right side of
(1) are basically known and well studied in literature (see,
e.g., [28–30]) except from those connected with the orien-
tation effects.

The orientation effects have a collective nature and are
characterized by average value of random sum

∑
l αdip(l−

r) (sum of random coefficients of orientational polarizabil-
ity).

Multiplying both sides of equation (3) on the field (2),
we find:

P(r,g)E(x,g) = −δU(r,g) =∑
m

nm

[∑
l
αm(l− r)Eloc(l− r)

]
E(x; g), (4)

where −δU(r,g) describes the potential energy of amor-
phous matter in the external field. The statistical properties
of media in the direction of wave propagation will be con-
sidered later.

Taking into account (4), one can obtain the following ex-
pression for the part of potential energy of 3D spin system
which is related with the orientational effects of spins in the
external field:

−δUdip(r,g) =
∑

l
αdip(l− r)Eloc(l− r)E(x; g). (5)

Let us separate a layer with volume V = Lx × Ly × Lz

in the infinite crystal lattice, where Lx ∼ (λs) � d0(T )
and (Ly, Lz)→ (∞,∞). It is easy to see that this volume
is filled with the infinite number of steric spin-chains with
length Lx.

An important problem is now to calculate the mean value
of the interaction potential between the spin layer and the
external field.

Formally the following expression may be written for
that:

−δUV (r,g) = −
∑
l⊥

δULx
(l⊥|r,g), l⊥ ≡ l⊥(lx, ly),

−δULx
(l⊥|r,g) =

∑
lx

αdip(l− r)Eloc(l− r)E(x; g) (6)

where −δULx
(l⊥|r,g) is the interaction potential between

the 1D steric spin-chain and external field. We will drop
out calculating part and go to conclusion.

CONCLUDING REMARKS
In the present article a new microscopic approach has

been developed for studying the properties of stationary
dielectric constant and permittivity function in dielectric
media under the influence of external standing electromag-
netic field. The approach consists of the following two gen-
eral steps:

1. Generalization of the Clausius-Mossotti equation for
dielectric constant in the external standing electro-
magnetic wave;

2. Generalization of the equation for dielectric permittiv-
ity function taking into account the previous results.

Mathematically the problem is solved as follows. The di-
electric medium in the external electromagnetic field is
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modelled as a 3D spin glass system under the influence
of external field. Note that all general changes of proper-
ties of media take place in the wavelength scale of exter-
nal field space-time period. We have investigated in detail
the layer of medium that consisted of disordered 1D spin-
chains with the length of the order of external field’s wave-
length. Taking into account the fact that on infinite (x, y)
plane the distribution of spin-chains is isotropic we can use
the Birgoff ergodic hypothesis (see 6) and to reduce the
initial 3D spin-glass problem on a two conditionally sepa-
rated 1D problems. It means that we can investigate each
1D problem separately. However we must remember, that
at the solution of the second 1D problem the parameters of
a first 1D problem ought to be taken into account.

In the work we have constructed all formulas which are
necessary to allow for the contribution of orientational ef-
fects at calculation of stationary and frequency-depending
dielectric constants.

As was shown in result of catastrophe in C-M equation,
in the region of short wave-length, the difference between
permittivities of neighboring layers may be essentially big.

Last circumstance allows us in homogenous and the
isotropic dielectrics of spin-glasses type, artificially to cre-
ate a superlattice from different permittivitys the param-
eters of which it is possible to control by external fields
and use this structure for generation of extremely intensive
transition radiation.
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ULTRA-LOW EMITTANCE LIGHT SOURCE 

WITH A TORUS-KNOT TYPE ACCUMULATOR RING 

A. Miyamoto and S. Sasaki 

HSRC; Hiroshima Synchrotron Radiation Center, Hiroshima University 

2-313 Kagamiyama, Higashi-Hiroshima, Japan

Abstract 
We proposed a torus knot type synchrotron radiation 

ring in that the beam orbit does not close in one turn but 

closes after multiple turns around the ring. This ring is 

capable to have many straight sections and it is 

advantageous to installation of many insertion devices. 

Currently, we are designing a new ring based on the shape 

of a (11, 3) torus knot for our future plan ‘HiSOR-II.’ This 

ring is mid-low energy light source ring with a beam 

energy of 700 MeV. It has eleven 3.6-m-long straight 

sections though the ring diameter is as compact as 15 m. 

In late years, some compact light source rings achieved 

very low emittance of several tens of nmrad. However for 

the ring we propose, the emittance can be reached less 

than 10 nmrad when the multi-bend scheme is adopted to 

the arc section. With this ultra-low emittance, the size and 

divergence of electron beam is smaller than the diffraction 

limited light in lower energy part of VUV region, and it 

will be very useful for many synchrotron radiation users' 

experiments. Therefore we are designing this ultra-low 

emittance light source ring having innovatively odd shape. 

INTRODUCTION 

 
 

Figure 1: Schematic drawings of (11, 3) AMATELAS 

designed for HiSOR-II and the lattice of unit cell. 

For small light source rings, it is very important to 

obtain a lot of straight sections in which we can install 

insertion devices, but it is difficult in reality because they 

are occupied by various magnets, RF systems or beam 

monitors. In this context we got a hint from the shape of 

the torus knot [1], and contrived the ring which had the 

orbit closed after multiple turns around the ring [2] and 

named it AMATELAS. 

We are planning a new light source ring for our facility 

[3], therefore we are designing a new ring based on the 

shape of a (11, 3) torus knot for our future plan ‘HiSOR-II’ 

[4]. This ring has 11 long straight sections and we can 

place insertion devices efficiently by placing the elements 

such as quadrupole magnets near bending magnet, outside 

of the orbit crossing section. Furthermore, this ring has 

about 3 times longer closed orbit in comparison with the 

conventional ring, the diameter of this ring is as compact 

as 15 m, but its total orbit length is as long as 130 m. The 

AMATELAS ring designed for HiSOR-II and the lattice 

of unit cell are shown in Figure 1, and the main 

parameters of (11, 3) AMATELAS designed for HiSOR-

II storage ring [5] is shown in Table 1, and beta or 

dispersion function of a unit cell is shown in Figure 2. 

 

Table 1: The main parameters of (11, 3) AMATELAS for 

HiSOR-II storage ring 

Perimeter 45.97 m 

Orbit shape (11,3) Torus knot 

Perimeter 45.97 m 

Orbit length 130.187 m 

Beam energy 700 MeV 

Straight sections 
3.614 m ×11 

1.728 m ×11 

Betatron tune (10.362, 7.807) 

Natural emittance 17.9 nmrad 

Chromaticity (+1.0, +1.0) 

Figure 2: Optical function of (11, 3) AMATELAS for 

HiSOR-II storage ring. 
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ULTRA-LOW EMITTANCE 

WITH MULTI-BEND LATTICE 

In late years, some compact light source ring achieved 

ultra-low emittance of several tens of nmrad. For VUV 

light sources, it means that it obtains the diffraction 

limited light to achieve such a low emittance beam. 

Generally, the beam emittance to obtain the diffraction 

limited light is given as the following. 

ε λ4π 

If energy of the light from undulator is 10 eV, this 

equation shows that emittance should be less than about 

10 nmrad. We judged emittance of this size to be possible 

by adopting the multi-bend lattice, and we started the 

design ultra-low emittance light source ring for HiSOR-II. 

Multi-bend lattice 

In the original lattice shown in Figure 1, it has two 

bending magnets in one unit cell. It is advantageous to 

lower emittance that the bend is divided into more bends, 

however, we decided to adopt the multi-bend lattice 

having 4 bending magnets for reasons of the geometric 

size of this ring. There are many variations to length of 

magnets or drift spaces between the magnets in lattices 

having 4 bends in one cell, but we notice that placement 

is not so much easy from necessity to place on a torus-

knot shape. 

Figure 3: Multi-bend type cells compared with double-

bend lattice. (a) is original double-bend lattice. (b) shows 

multi-bend lattice that all bends has equal length, and (c) 

is the other type that 2 bends at the end of arc have a half 

length. 

The schematic draws of two types of the multi-bend 

lattices are shown in Figure 3. In this figure, (a) shows the 

original double-bend lattice, (b) and (c) are the multi-bend 

lattices. (b) shows the lattice that all bends has equal 

length. In another type (c), the length of two bends at the 

end of arc section is half of the ones in the central section. 

Figure 4: The modified lattices that the doublets are 

placed in the inside arc section. 

In all lattices shown in Figure 3, quadrupole doublets 

are placed in the outside of arc section, but those doublets 

should be placed in the inside of arc to control the three 

parameters, x, y and x in a achromatic lattice better. 

These modified lattices from (b) and (c) in Figure 3 are 

shown in Figure 4. 

Geometry 

In original double-bend type lattice, beam orbit crosses 

in the bending magnets, but it is necessary to consider 

where it should cross in these multi-bend lattices. As for 

the simplest geometry, all magnets of arc section are 

placed in the outside of the crossing section, however 

actually it is impossible to have enough length. Therefore 

we consider some cases that the crossing section of the 

orbit is in the bending magnet of the edge of arc, in the 

specific quadrupole magnet and in the drift space. 

Figure 5: Geometries of multi-bend lattice type-I. 

Figure 5 and Figure 6 show geometries in case of 

multi-bend lattice type-I and type-II. The crossing points 

of orbit are different in each geometries, it is placed in the 

singlet quadrupole in arc section in (i), in the bend of 

edge of arc in (ii), in the one of doublet quadrupole in (iii), 

in the drift space between the doublet in (iv). Because the 

crossing angle of the orbit is too small in Type-I (iii) and 

the magnets are not able to placed, it is not described in 

Figure 5 

Bend
+Quad.(D)

Short straightLong straight

QFSQFL QDL
Bend

+Quad.(D)QFS QFLQDL

(a) Double-bend (original)

Bend Bend Bend

Long straight

(b) Multi-bend type I

QF QF QFQFL QDL Bend QFLQDL

Half bend Bend Bend

Long straight

(c) Multi-bend type II

QF QF QFQFL QDL Half bend QFLQDL

Bend Bend Bend

Long straight

(d) Multi-bend type I-2

QFQD QF QF QDQFL Bend QFL

Half bend

Long straight

(e) Multi-bend type II-2

QFQD QF QF QDQFL Half bendBend Bend QFL
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Figure 6: Geometries of multi-bend lattice type-II. 

In these lattices, all bend has equal quadrupole force 

K=-1.8 [m-2] except (iii) type that orbit crosses in bending 

magnet. Finally, the optical functions in the unit cell and 

natural emittance of each lattice are shown in Figure 7 

and Figure 8. 

Figure 7: Optical functions of multi-bend lattice type-I. 

 

Figure 8: Optical functions of multi-bend lattice type-II. 

SUMMERY 

We are designing the light source ring based on the 

torus-knot shape as our future plan HiSOR-II. We can get 

smaller emittanc6e and may get diffraction limited light 

in the VUV region adopting a multi-bend lattice to this 

ring. 

As a result of considering in various lattices in the 

linear dynamics, we were able to make the lattice that 

reached emittance less than 10 nmrad as our target. 

However, the geometric conditions by the torus-knot are 

severe, and it is necessary to consider about the effective 

chromaticity correction that does not reduce the dynamic 

aperture. 
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COUPLING AND BRIGHTNESS CONSIDERATIONS FOR THE

MAX IV 3 GeV STORAGE RING

S.C. Leemann∗, M. Eriksson, MAX IV Laboratory, Lund University, SE-22100 Lund, Sweden

Abstract

It is often suggested that the emittance coupling of a

storage ring should be adjusted to the so-called diffrac-

tion limit corresponding to the shortest wavelength of in-

terest. For 1 Å radiation this leads to a typical requirement

of 8 pm rad vertical emittance. In ultralow-emittance stor-

age rings like the MAX IV 3 GeV storage ring this corre-

sponds to a comparably large setting of the emittance cou-

pling (2.5%). This approach, however, does not produce

the brightest radiation and needs to be revisited taking into

account that overall photon brightness depends on the emit-

tances of the electron beam and the intrinsic photon beam.

This paper summarizes an analytic approach to maximizing

brightness as a function of emittance coupling while retain-

ing sufficient lifetime. Instead of “meeting the diffraction

limit”, we further reduce the coupling, thus increasing both

the brightness and transverse coherence of the emitted radi-

ation. We derive that reducing the MAX IV 3 GeV storage

ring’s vertical emittance to 2 pm rad (0.6% coupling) will

increase brightness and transverse coherence by almost a

factor two while 10 h overall lifetime can still be achieved.

INTRODUCTION

The MAX IV facility will use a 3 GeV linac and two stor-

age rings to deliver synchrotron radiation to a broad and

international user community across a wide spectral range

and covering different temporal scales [1, 2]. The MAX IV

3 GeV storage ring has been optimized [3, 4] for insertion

devices (ID’s) producing high-brightness x-rays. A typical

scenario is radiation at 1 Å produced in an in-vacuum undu-

lator of roughly 4 m magnetic length. The intrinsic photon

beam (i.e. the photon beam emitted by a single electron)

emerging from such an ID [5] has a diffraction-limited

RMS source size given by σr =
√
2Lλ/4π and its cen-

tral cone has an RMS width σr′ =
√

λ/2L where L is the

magnetic length of the ID and λ the (fundamental) emitted

wavelength. This leads to the often quoted emittance crite-

rion for diffraction limited radiation εr = σrσr′ = λ/4π,

which calls for 8 pm rad for 1 Å radiation.

In existing 3rd generation light sources, where the equi-

librium emittance ε0 = εx + εy is several orders of mag-

nitude larger than 8 pm rad, the conventional approach is

to adjust the emittance coupling κ = εy/εx by e.g. skew

quadrupoles so that εy ≈ εr. For small values of cou-

pling εx = ε0/(1 + κ) ≈ const. The Touschek lifetime

then scales like
√
κ and the emittance coupling is therefore

usually set “at the diffraction limit” and not much lower in

order not to reduce overall beam lifetime.

∗ simon.leemann@maxlab.lu.se

This treatment, however, neglects the actual radiation

process in the ID1. The brightness of the emitted radia-

tion depends on the overlap of electron beam and intrin-

sic photon beam in phase space. This overlap, assuming a

dispersion-free straight, is calculated as [5]

Σx,y =
√

σ2
r
+ σ2

x,y
=

√

2Lλ

(4π)2
+ εx,yβx,y, (1)

Σx′,y′ =
√

σ2
r′
+ σ2

x′,y′ =

√

λ

2L
+

εx,y
βx,y

, (2)

where βx,y is the beta function in the ID and we have as-

sumedαx,y = 0 so that γx,y = 1/βx,y. The spectral bright-

ness of the emitted radiation is the flux at a specific wave-

length2 emitted from within a specific volume of transverse

phase space volume, i.e.

B(λ) = F(λ)

(2π)2ExEy
,

where Ex,y = Σx,yΣx′,y′ describes the effective emittance,

i.e. the emittance of the overlap between electron beam and

intrinsic photon beam3. In a nutshell, this motivates the

push for low-emittance rings running with large amounts

of stored current and long undulators with short period

lengths.

Finally, since the transversely coherent flux emitted at a

specific wavelength λ is given by

Fc(λ) = B(λ)
(

λ

2

)2

,

the coherent fraction of the emitted radiation can be ex-

pressed as

fc(λ) =
Fc(λ)

F(λ)
=

(λ/4π)2

ExEy

=
1

√

1 + (σx

σr

)2
√

1 + (σx′

σ
r′
)2

×

1
√

1 + (
σy

σr

)2
√

1 + (
σ
y′

σ
r′
)2
. (3)

1This approach also entirely neglects the horizontal plane and tacitly

accepts that ID radiation will, at best, be diffraction-limited in the vertical

plane only. Diffraction-limited light sources, i.e. storage rings where the

equilibrium emittance is so low that both transverse planes can be operated

at or below the diffraction limit, present a solution to this problem and

have recently become a topic of great interest [6, 7].
2This spectral flux F(λ) is conventionally defined as the number of

photons emitted per second and per 0.1% BW (∆λ/λ). It is proportional

to the stored current and the number of undulator periods.
3A noteworthy consequence is that intrinsic photon and electron emit-

tances are added linearly, not quadratically.
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It is interesting to note here, that even if the electron beam

were perfectly matched to the intrinsic photon beam in

transverse phase space, the coherent fraction achieved in

this way would be only 25%. Increasing the coherent frac-

tion beyond this level requires diminishing the electron

beam’s transverse phase space volume with respect that of

the intrinsic photon beam.

MATCHING OPTICS TO ID RADIATION

Low-emittance storage rings need to be matched locally

to strong ID’s to prevent beta beating and tune shifts away

from the working point [8]. In addition to such matching,

the optics of the ring also need to be matched globally to a

specific type of ID and a certain wavelength of interest in

order to achieve highest brightness radiation. In 3rd gener-

ation light sources the source of radiation is a sheet beam

where the horizontal emittance is much larger than that of

the emitted radiation, while the vertical emittance and op-

tics are usually the focus of matching efforts4.

A first attempt at matching could be made by calling for

perfect matching of the vertical beta function to a specific

ID

βy

!
= βr =

σr

σr′

=
L

2π
, (4)

which turns out to be independent of wavelength. This,

however, leads to very small beta functions in the ID’s

which, in connection with the narrow gaps (4 mm are typi-

cally assumed), quickly leads to acceptance and hence life-

time issues5. On the other hand, one can easily show that

βy = L/2 ensures maximum acceptance for a given ID and

gap setting. In the MAX IV 3 GeV storage ring, assuming

a typical in-vacuum undulator of 4 m magnetic length, this

has led to a choice of βy = 2m at the center of the long

straight sections.

In terms of optics matching to the ID, this choice of

βy is a factor π too large and hence the overlap needs

to be improved by appropriate choice of emittance cou-

pling. Assuming the MAX IV 3 GeV storage ring is op-

erated “at the diffraction limit” εy = 8 pm rad6, inspection

of Eqs. 1 and 2 reveals that for the typical in-vacuum un-

dulator, in the vertical plane the angular overlap is domi-

nated by the intrinsic photon beam, while the spatial mis-

match is caused by the height of the electron beam in the

ID. Figure 1 illustrates this situation: the horizontal mis-

match between intrinsic photon beam and electron beam is

very large while the vertical overlap can be considerably

improved by choosing a reduced coupling.

4In addition, horizontal optics in straight sections are often also con-

strained by other requirements, e.g. large βx required for injection.
5Note also, even if the vertical emittance is set at the diffraction limit

and the vertical beta function is adjusted according to Eq. 4, the effective

vertical emittance will still be twice the vertical intrinsic photon emittance

according to Eqs. 1 and 2. This already indicates that a further reduction

of vertical emittance pays off.
6Note this corresponds to κ = 2.5%, a very relaxed requirement

for emittance coupling compared to existing 3rd generation light sources.

This is a consequence of the ultra-low emittance lattice of the MAX IV

3 GeV storage ring.
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Figure 1: RMS beam size of the intrinsic photon and elec-

tron beam in phase space assuming 1 Å radiation emitted

from a 4 m undulator installed in a long straight section of

the MAX IV 3 GeV storage ring.

MAXIMIZING BRIGHTNESS AND

COHERENCE

Since for very small values of coupling, Ex ≈ const, as

a consequence of εx ≈ ε0 = const (in the absence of IBS),

the brightness scales as

B(λ) ∝ 1

Ey
=

1

ΣyΣy′

,

and hence one can expect a substantial brightness increase

by reducing the vertical electron emittance. The results

of an exact calculation assuming two typical ID’s are dis-

played in Fig. 2.
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Figure 2: Brightness increase as emittance coupling is re-

duced for two ID’s tuned to 1 Å. The brightness values

have been normalized to that of the short ID operated at

8 pm rad. The effect of IBS has not been included.

Although 2 pm rad is a very low vertical emittance, it

corresponds to 0.6% coupling which is comparable to

presently operating light sources. Tracking studies for the

MAX IV 3 GeV storage ring [4, 9] indicate roughly such a

level of emittance coupling can be expected as a result of

imperfections (magnet and alignment errors) as well as ap-

plication of orbit correction and linear optics corrections.
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Tracking studies have also quantified the decrease of Tou-

schek lifetime and the emittance increase caused by IBS at

500 mA as a result of operating at reduced coupling. These

studies have shown that the increase of IBS blow-up can

be counteracted by bunch lengthening using Landau cavi-

ties. Furthermore, although Touschek lifetime reduces by

roughly 50% as a consequence of the coupling reduction,

with bunch lengthening from Landau cavities operated at

the third harmonic (leading to stretching by roughly a fac-

tor five over the natural bunch length [10]) it should remain

around 25 h, sufficient to ensure overall lifetime around

10 h.

Figure 3 shows the spectral brightness for a 3.3 m long

in-vacuum undulator operated in the MAX IV 3 GeV stor-

age ring at 500 mA. The roughly two-fold brightness in-

Figure 3: Spectral brightness at peak energy for a 3.3 m

long in-vacuum undulator (18 mm period, 4 mm gap,

1.15 T effective field) installed in the MAX IV 3 GeV stor-

age ring at 500 mA stored current for a vertical emittance

of 8 pm rad (solid line) and 2 pm rad (dashed line) [7].

crease at wavelengths around 10 keV as a result of cou-

pling reduction from the diffraction limit to 2 pm rad can

be clearly recognized.

In addition to offering much higher brightness for x-rays,

the reduced coupling also increases the transverse coher-

ence of the emitted radiation. Figure 4 shows the degree

of transverse coherence according to Eq. 3 for three undu-

lators in the MAX IV 3 GeV storage ring tuned to three

different wavelengths. Roughly a factor of two increase in

coherence at 1 Å when going from the diffraction limit to

2 pm rad vertical emittance can be recognized. Note, how-

ever, that even for an ideal sheet beam no more than 2.1%

transverse coherence can be achieved at 1 Å because of the

mismatch in the horizontal plane (cf. Fig. 1, top). Higher

levels of transverse coherence can be observed for softer

radiation, albeit with a reduced dependence on emittance

coupling since the overlap becomes dominated by the in-

trinsic photon beam’s phase space volume.

CONCLUSIONS

We have demonstrated that setting the vertical emittance

below the diffraction limit can lead to a substantial in-
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Figure 4: Degree of transverse coherence as a function of

emittance coupling for radiation emitted at different wave-

lengths from ID’s installed in a long straight section of the

MAX IV 3 GeV storage ring.

crease of brightness for x-rays. The emittance coupling in

the MAX IV 3 GeV storage ring is expected to be close

to the required 0.6% and can be adjusted using the skew

quadrupoles in the lattice. Since the impact of this reduced

coupling on lifetime and IBS emittance blow-up can be

mitigated by the Landau cavities, we will be able to of-

fer a vertical emittance of 2 pm rad to our hard x-ray users.

Transverse coherence is also improved by this reduction in

coupling. However, the horizontal mismatch persists and

hence transverse coherence at 1 Å remains low. A fully

diffraction-limited storage ring delivering round beams to

ID’s below the diffraction limit in both planes simultane-

ously presents a possible solution.
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SIMULATION OF USING ORBIT BUMPS TO TEST SEXTUPOLE

COMPENSATION FOR THE SHORT PULSE X-RAY SYSTEM AT THE

ADVANCED PHOTON SOURCE
∗

M. Borland† , V. Sajaev, ANL, Argonne, IL 60439, USA

Abstract

As part of an ongoing upgrade of the Advanced Pho-

ton Source (APS), a Short Pulse X-ray (SPX) system is

being developed based on two sets of crab cavities sepa-

rated by 180 degrees vertical phase advance. Emittance

growth due to incomplete cancellation of the kicks from

the sets of cavities is a concern. Simulations predict that it

can be controlled by adjustment of the sextupoles between

the cavities. To test these predictions, we can use orbit

bumps that reproduce the trajectories of individual parti-

cles through the sectors in question. We present results of

simulations of such tests, showing the degree to which the

emittance growth and other properties of the machine will

differ for optimized and unoptimized sextupoles. We also

show results of recent experimental tests.

INTRODUCTION

One of the challenges of operating the Short Pulse X-ray

(SPX) facility [1, 2] will be preserving the small vertical

size of the APS beam. Vertical emittance increase was pre-

dicted in early simulations of SPX [3]. It results mainly

from additional coupling occurring due to large vertical tra-

jectories in sextupoles between the SPX cavities [4]. This

emittance increase is undesirable because it decreases the

x-ray brightness seen by all users. It also increases the min-

imum x-ray pulse duration that SPX can deliver.

We also found that lifetime and injection efficiency were

negatively affected by this strong local coupling through

stronger excitation of nearby nonlinear resonances. We re-

solved these problems in simulation by optimizing the sex-

tupoles between the SPX cavities so as to minimize the ver-

tical emittance growth, while at the same time preserving

injection efficiency and lifetime [5].

Owing to the expense and complexity of SPX, it is de-

sirable to test as many aspects of the beam dynamics ahead

of time. With deflecting cavities, every longitudinal slice

of the beam travels on its own vertical trajectory. The

amplitudes of those trajectories depend on the longitudi-

nal position of the slice. Without deflecting cavities, we

cannot recreate this behavior completely, but we can gen-

erate a real orbit bump using orbit correctors where the en-

tire beam would go on a trajectory corresponding to some

beam slice. We could thus verify that the effect of the orbit

bump on coupling and nonlinear dynamics is reduced when

properly optimized sextupoles are used.

∗Work supported by the U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357.
† borland@aps.anl.gov

Any two vertical correctors bracketing a straight sec-

tion can be used to produce a trajectory that exactly corre-

sponds to a trajectory originating from a single vertical kick

somewhere in the straight section. Using existing correc-

tors powered at modest levels, we can simulate deflections

equivalent to a cavity deflecting voltage of about 4 MV

without loss of stored beam. Note that this is a very strin-

gent test, not only because it exceeds the intended maxi-

mum deflection by a factor of two, but because with ac-

tual deflecting cavities, very few electrons experience de-

flections that are close to the maximum possible deflection,

owing to the small 33◦ rms phase spread of the bunch.

LATTICE OPTIMIZATION

The lattices used for the simulations and experiments

are mock-ups of the planned operational lattices. The lat-

ter will differ from today’s lattice by long straight sections

(LSS) in straight sections 1, 5, and 7, as well as a special in-

sertion with reduced horizontal beam size (RHB) in straight

section 20. Two of the LSSs (in straights 5 and 7) are as-

sociated with SPX, being required in order to make room

for the cryomodules. The vertical phase advance between

these straights (i.e., through sectors 6 and 7) is ideally 2π.

The LSSs are mocked up by setting to zero certain magnets

that would be removed to make an actual long straight.

The tests require two lattices: one in which the sex-

tupoles in sectors 6 and 7 are optimized to minimize SPX

emittance growth, and a second with normal sextupoles in

those sectors. The first lattice was optimized using a di-

rect genetic algorithm [6] with fictitious zero-length crab

cavities located located 1.2 m downstream of the center of

straight sections 5 and 7. The cavities were powered at 2-

MV deflection strength during the optimization of dynamic

aperture, lifetime, and vertical emittance growth. The op-

timization was very effective, giving a nominal lifetime of

over 11 hours for 24 bunches, 100 mA, 1% coupling, and

ξx = ξy = 5; dynamic acceptance of -15 mm; and emit-

tance growth of less than 1 pm on a base of 35 pm.

The second lattice started from the first, but the sex-

tupoles in sectors 5 and 7 were identical to those in sector

1, while the sextupoles in sectors 6 and 8 were identical to

those in sector 2. This condition results from the fact that

straight sections 1, 5, and 7 are all long straights. This op-

timization also worked well, but not as well as the previous

one, which is perhaps not surprising given that it had fewer

knobs with which to work. The lifetime was just under 10

hours, with dynamic acceptance beyond -15 mm.
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SIMULATION RESULTS

The purpose of the simulations is to determine whether

we can realistically expect to measure differences between

the two lattices. Lacking a calibrated model for these lat-

tices, we used 500 random error ensembles, with realistic

error levels, with the quadrupole tilt error level chosen to

give a vertical emittance of about 10 pm. The vertical emit-

tance was computed for each ensemble using the 6D equi-

librium beam moments computation in elegant [7]. How-

ever, some ensembles gave much higher vertical emittance,

so we selected those ensembles giving a vertical emittance

of 10 to 15 pm for use in the remaining simulations. For the

uncompensated lattice, we had 140 ensembles left, while

for the compensated lattice we had 127.

For each ensemble, we performed simulations with

bump amplitudes up to 4 MV equivalent. Figure 1 shows

the Courant-Snyder invariant of the orbit outside the bump

vs voltage for the two cases. Even for 4 MV equivalent, the

error bars nearly overlap, indicating that bump leakage is

not a reliable way to distinguish between the lattices.

The conclusion is more promising for the vertical emit-

tance, as shown in Figure 2. Here we see that at the 2-MV

level the two cases will be separated by a significant gap.

Hence, we can expect to see a significant difference when

we perform experiments.

Figure 1: Courant-Snyder

invariant vs equivalent de-

flecting voltage for lattices

with and without compen-

sated sextupoles, for many

error ensembles.

Figure 2: Median vertical

emittance vs. equivalent de-

flecting voltage for lattices

with and without compen-

sated sextupoles, for many

error ensembles.

We also simulated the dynamic acceptance (DA) and lo-

cal momentum acceptance (LMA) [8], and computed the

Touschek lifetime from the latter. These are to be seen from

a different perspective, since we do not expect the config-

uration with compensated sextupoles to perform as well as

the uncompensated case. The compensation is required to

reduce the vertical emittance and is designed to have an ac-

ceptably small impact on nonlinear dynamics. In compar-

ison to the last set of calculations, these are far more CPU

intensive. Hence, we performed runs for only five values

of voltage from 0 to 4 MV. In addition, for the LMA com-

putations we used only 50 of the ensembles (subject to the

same selection process described above).

For dynamic acceptance, we used all the available en-

sembles (subject to the vertical emittance limit described

above). We tracked 400 turns using parallel elegant [9]

with kick elements, rf, and lumped synchrotron radiation.

Figures 3 and 4 show the DA for the compensated and un-

compensated cases. We see that up to 3 MV, the DA is

maintained at nearly the level for the uncompensated case,

dropping signicantly for both cases at 4 MV.

Figure 3: Median dynamic

acceptance for case with

compensated sextupoles as

a function of equivalent de-

flecting voltage.

Figure 4: Median dynamic

acceptance for case with un-

compensated sextupoles as

a function of equivalent de-

flecting voltage.

Simulations of the LMA show that the uncompensated

case is significantly worse as the equivalent voltage is

increased, which is not surprising [5]. However, when

we compute the Touschek lifetime for each ensemble us-

ing touschekLifetime [10], including the inflated emit-

tances computed above, we see that the lifetime is signifi-

cantly longer for the uncompensated case, as seen in Figure

5. This is a result of the larger vertical emittance, and hence

this measurement would add nothing new.

The momentum acceptance can be measured more di-

rectly by scanning the main rf voltage Vm. Figure 6 show

the momentum acceptance as a function of equivalent de-

flecting voltage. The difference of more than 0.2% in mo-

mentum acceptance for an equivalent voltage of 3 MV cor-

responds to the difference between 8.2 and and 8.7 MV in

Vm, which should be measurable.

Figure 5: Touschek life-

time as a function of equiv-

alent deflecting voltage for

compensated and uncom-

pensated sextupoles.

Figure 6: Average momen-

tum acceptance as a func-

tion of equivalent deflect-

ing voltage for compen-

sated and uncompensated

sextupoles.

EXPERIMENTAL RESULTS

The mock-up lattices desribed above were set up during

storage ring studies, using the so-called “reference” orbit,

which goes through the centers of magnets rather than ac-

commodating user steering. Figure 7 shows the beta func-

tions after the lattice setup was completed for the lattice

with compensated sextupoles.
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Figure 7: Beta functions of the lattice with compensated

sextupoles as measured by the response matrix fit after op-

tics correction.

We used pairs of A:V1 and B:V1 correctors bracket-

ing straight sections 5 and 7 to generate the orbit bumps.

The ideal corrector settings nearly closed orbit bumps, with

maximum orbit distortion outside the bump of only 2% of

the bump amplitude. To improve the bump closure further,

we decided to change manually only the pair of correctors

around straight section 5 while the other pair of correctors

was controlled by orbit feedback.

According to the simulations presented above, the

biggest distinction between the lattices shows up in the

vertical emittance—and therefore beam size—dependence

on the orbit bump amplitude. We performed scans of the

bump amplitude for both sets of sextupoles and recorded

the beam sizes. Figure 8 shows the dependence of the ver-

tical beam size on the orbit bump amplitude, which is pre-

sented in the units of the equivalent deflecting voltage. This

plot should be compared with Figure 2. As expected, the

lattice with compensated sextupoles shows almost no beam

size dependence on the deflecting voltage amplitude, while

the lattice with uncompensated sextupoles shows strong de-

pendence. This measurement has verified that the emit-

tance growth can be controlled by optimizing sextupoles.

Figure 8: Measured vertical emittance dependence on the

equivalent deflecting voltage for lattices with and without

compensated sextupoles.

We also measured lifetime and injection efficiency as

a function of the orbit bump amplitude. Figures 9 and

10 show the results. Simulations predict that for the lat-

tice with compensated sextupoles the lifetime should not

change significantly in the range of deflecting voltage up

to 4 MV (see Figure 5). In our measurements, the lifetime

stayed approximately constant for the orbit bumps corre-

sponding to deflecting voltage in the range from -4 MV to

+3 MV, which roughly corresponds to the predictions.

We have not directly measured the dynamic acceptance

of the lattices. However, we have recorded injection ef-

ficiency, which can be used as a measure of the dynamic

acceptance since our efficiency is defined mostly by the dy-

namic acceptance of the storage ring. The dynamic accep-

tance simulations show no big effect for voltages up to 3

MV and then a reduction for 4 MV (Figures 3 and 4). The

measurements gave us good injection in the range of orbit

bumps corresponding to voltages from -4 MV to +2.5 MV.

This again roughly corresponds to simulations.

Figure 9: Lifetime as a

function of the orbit bump

amplitude presented in units

of the deflecting voltage for

compensated sextupoles.

Figure 10: Injection ef-

ficiency as a function of

the orbit bump amplitude

for the compensated sex-

tupoles.

CONCLUSIONS

We performed simulations and experiments to investi-

gate whether use of closed orbit bumps is a valid way to

simulate the sextupole compensation scheme for SPX. In

simulation, we found that vertical emittance and, to a lesser

extent, momenmtum aperture, should show a measurable

difference between the two configurations. Experiments

verified that the emittance growth is controlled by the com-

pensating sextupoles.
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A SEVEN-BEND-ACHROMAT LATTICE AS A POTENTIAL UPGRADE

FOR THE ADVANCED PHOTON SOURCE
∗

M. Borland† , V. Sajaev, Y.-P. Sun, ANL, Argonne, IL 60439, USA

Abstract

The Advanced Photon Source (APS) is a 7-GeV stor-

age ring light source that has been in operation since 1996.

In that time, the emittance has dropped from 8 nm to 3

nm. The increasing feasibility of multi-bend-achromat lat-

tices (e.g., the MAX-IV project) promises the possibility

of a much greater reduction in emittance. In this paper, we

show the design of a symmetric seven-bend-achromat lat-

tice, including linear optics, nonlinear dynamics optimiza-

tion, magnet requirements, and performance with errors.

INTRODUCTION

There is now wide-spread interest in multi-bend achro-

mat lattices as a means of achieving significantly lower

emittance in light source storage rings. Notable efforts in-

clude the MAX-IV [1] and SIRIUS projects [2], which are

under construction, as well as proposed upgrades for ESRF

and SPring-8. A recent report of the Basic Energy Sciences

Advisory Committee recommended re-examination of ex-

isting upgrade plans for US storage rings to explore the po-

tential of such a lattice. Such work was already on-going at

the Advanced Photon Source (APS), but has now taken on

renewed urgency.

We have explored a number of lattice concepts, includ-

ing designs similar to the one being built at MAX-IV. In

this paper, we present a design based on the hybrid-multi-

bend achromat (HMBA) concept proposed by ESRF [3].

LATTICE OPTIMIZATION

The HMBA lattice is distinguished from the MAX-IV-

style lattice by having a dispersion bump between the outer

pairs of dipoles, which also feature a longitudinal gradi-

ent. Sextupoles are located only in the dispersion bump,

by virtue of which their strengths are dramatically reduced.

In addition, the phase advance between pairs of sextupole

centers in the two dispersion bumps for any sector is 3π
and π for the horizontal and vertical planes, respectively.

We started with a lattice file provided by N. Carmignani

of ESRF. The first step was to modify the angles for a 40-

sector ring (ESRF has only 32 sectors) and perform some

basic matching to get a stable lattice. This gave acceptable

dynamic acceptance (DA) and local momentum acceptance

(LMA), albeit in the absence of errors, and an emittance of

about 80 pm at 6 GeV.

∗Work supported by the U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357.
† borland@aps.anl.gov

For further development, our goal was to reduce the

emittance as far as possible, consistent with workable life-

time and sufficient injection aperture for on-axis, swap-

out injection [4]. Toward this end, we performed a wide-

ranging scan of the integer and fractional tunes that cov-

ered over 4000 possible working points with νx : (99, 109)
and νy : (32, 39). For each target working point, we used

elegant [5] to perform linear optics optimization to min-

imize the emittance, obtain relatively small < 3 m beta

functions at the insertion devices (IDs), restrain the maxi-

mum beta functions below 20 m, ensure the correct phase

advance between sextupoles, ensure the correct overall ge-

ometry, etc. In this process, essentially every parameter of

the lattice was allowed to vary, including strengths, lengths,

and positions of all elements.

Once matching was completed, we corrected the chro-

maticity to +2 in both planes, using a reflection- and

translationally-symmetric sextupole distribution. We then

used Pelegant [6] to perform tracking without errors to

determine the maximum stable amplitudes for momentum

and amplitude deviations, which involved evaluation of

particle survival, crossing of integer and half-integer res-

onances, and diffusion rates. Figures 1 and 2 show maps

of natural emittance and minimum LMA. Note that the lat-

ter is often limited at the high-dispersion point and may be

smaller than indicated by the tunes vs momentum offset.

Figures 3 and 4 show maps of the beta functions at the IDs,

which would ideally both be 1.5 m to maximize brightness.

Figure 1: Map of natural

emittance vs working point.

Figure 2: Map of minimum

momentum acceptance vs

working point.

Since not all parameters can be simultaneously opti-

mized, we performed a non-dominated sort [7], which

yielded a handful of superior solutions from which to

choose. Dynamic acceptance (DA) and lifetime were op-

timized for several of these using a tracking-based multi-

objective genetic algorithm (MOGA) [8]. This included

fine adjustment of the working point and linear optics, as

well as adjustment of individual sextupoles. Following

ESRF, we organized the sextupoles into 12 families with
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Figure 3: Map of βx,ID vs

working point.

Figure 4: Map of βy,ID vs

working point.

two-period translational symmetry. Figure 5 shows the lat-

tice functions for the best configuration, while Table 1 lists

lattice properties. Of particular note is the natural emit-

tance, which is below 60 pm, and the rather small beta func-

tions at the IDs in both planes. Quadrupole strengths are

under 80 T/m, while sextupoles have |B′′| < 6.5kT/m2.

In the remainder of this paper we present detailed results

for this configuration.

Figure 5: Lattice functions for a half cell, with the ID

straight on the left.

Table 1: Parameters of the Optimized Lattice

νx = 105.45 νy = 34.15
ǫ0 = 59 pm σδ,0 = 0.094%
U0 = 2.1 MeV/turn αc = 6× 10−5

Max. βx = 12.5 m Max. βy = 20 m

Max. ηx = 73 mm

βx,ID = 1.3m βy,ID = 2.9m

τx = 13.5 ms τδ = 15 ms

NONLINEAR DYNAMICS

Figures 6 and 7 show the results of frequency map anal-

ysis (FMA). We see that the horizontal tune shift with am-

plitude is quite large. As we’ll see below, the regions of the

frequency map with no data (e.g., around x=0.5 mm) corre-

spond not to particle loss, but to difficulty determining the

tune of the particle when it starts near the νx = 0.5 res-

onance. Detailed simulations with errors showed no par-

ticle loss resulting from this resonance. The momentum-

dependent tunes and FMA are shown in Figures 8 and 9.

Here again we see voids in the FMA resulting from parti-

cles with hard-to-determine tunes, not particle loss.

Figure 6: FMA in x-y

space.

Figure 7: FMA in νx-νy
space.

Figure 8: Tunes versus mo-

mentum offset.

Figure 9: FMA in x-δ
space.

For further evaluation, we need a set of error ensembles.

We constructed these by first computing lattice functions

and 6D equilibrium beam moments for 12,000 ensembles,

then selecting those with beta beats between 7 and 10% and

κ = ǫy/ǫx : [0.1, 0.2]. This resulted in 93 ensembles that

represent possible machine instances with somewhat large

uncorrected errors. We also added systematic multipoles to

the quadrupoles and dipoles, at a level of 1% per multipole

at a 10-mm radius. Performance with these large errors

provides a stringent test of the robustness of the lattice.

DA simulations, shown in Figure 10, exhibit a dynamic

aperture of |x| > 1.3 mm and |y| > 1.7 mm, more than ad-

equate for on-axis injection given that the beam size from

the booster will have σx = 0.2 mm and σy = 0.3 mm. The

DA search algorithm included radiation damping and had a

sufficiently small step size to ensure that the νx = 0.5 res-

onance would not be stepped over. To further verify this,

we tracked particles clustered around x = 0.625 mm, cor-

responding to a shift tune bracketing νx = 0.5 for each of

the 93 ensembles. In tracking for 1500 turns with damp-

ing and quantum excitation, no particles were lost, even

though many were observed to move across the resonance.

Evidently, the tune shift with amplitude is so large that this

resonance is not harmful.

Local momentum aperture (LMA) was determined for

the 93 ensembles, and is shown in Figure 11. The 10th

percentile aperture is over ±2%, an acceptable result.

Again, owing to the voids in the FMA shown in Figure

9, we performed additional tracking to verify that the LMA

search algorithm did not step over any aperture limits. This

consisted of tracking 4100 turns (one longitudinal damping
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time) with an 91x91 grid of particles with x : [−2, 2] mm

and δ : [−4, 4] %. A 2-d histogram of the accepted parti-

cles for 16 error ensembles, shown in Figure 12, shows the

expected region of stability for off-momentum particles.

Figure 10: DA contours

from 93 error ensembles.

Figure 11: LMA for 93 en-

sembles, showing 25% of

the ring.

Figure 12: Grid of accep-

tance counts for 16 error en-

sembles.

INTRA-BEAM SCATTERING AND

LIFETIME

We used ibsEmittance [9] to compute the effect of

intrabeam scattering (IBS) for two bunch patterns at 200

mA, as a function of the emittance ratio, including a third-

harmonic cavity that increases the rms bunch length to 20

mm. Figure 13 shows the effect on the horizontal emit-

tance, which is fairly modest for κ > 0.2. The effects on

energy spread are also modest.

Using the beam parameters from the IBS calcu-

lations, we computed the Touschek lifetime using

touscheckLifetime [10] for the same two bunch pat-

terns. This was done using the 93 LMA results described

above, along with the ideal lattice functions. The results,

shown in Figure 14, indicate that lifetime for κ = 1 is

40-60% longer than the lifetime for κ = 0.2. The gas-

scattering lifetime was computed from the DA and the av-

erage beta functions listed above using the Toolkit for Ac-

celerator Physics on Androids (TAPAs) [11]. The value is

32 hours, assuming a gas pressure of 2 nT and a gas mix-

ture similar to that found in the APS today.

Since swap-out injection is envisioned, the required life-

time τ with Nb bunches is determined by the minimum pos-

sible bunch-swapping interval ∆Ts and the allowed droop

D = Nb∆Ts/τ between swaps. With Nb = 48, D = 0.1,

and ∆Ts ≥ 5 s, we need τ ≥ 0.6 h, which appears pos-

sible. For Nb = 48, the bunch charge is 15 nC, requiring

a rather modest average current of 3.8 nA into the existing

accumulator ring, assuming 80% overall efficiency. Accu-

mulation of the required high-charge bunches is described

in [12], while the swap-out injection scheme is described

in [13].

Figure 13: Effect of IBS on

the horizontal emittance for

200 mA.

Figure 14: Median and

10th-percentile Touschek

lifetime for two bunch

patterns.

CONCLUSIONS

A hybrid seven-bend achromat lattice has been devel-

oped that could replace the existing APS storage ring, pro-

viding a reduction in emittance from 3.1 nm to about 60

pm. Nonlinear dynamics was optimized using a tracking-

based multi-objective algorithm, resulting in a design that

appears workable for on-axis injection even in the presence

of rather large errors. Intra-beam scattering does not have a

dramatic effect for emittance ratios greater than about 0.2,

even for 48 bunches in 200 mA. Lifetime appears to be

workable with the existing APS injector.
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VARIOUS CANTING SCHEMES FOR UTILIZING MORE THAN ONE

INSERTION DEVICE IN AN INSERTION DEVICE STRAIGHT SECTION
∗

V. Sajaev† , G. Decker, L. Emery, ANL, Argonne, IL 60439, USA

Abstract

Presently, the APS utilizes one simple canting scheme

for separation of radiation generated by two insertion de-

vices (IDs) located in the same ID straight section. This

scheme is based on triangular horizontal orbit bump with

one corrector located between the IDs and orbit distor-

tion limited to the ID straight section only. However, this

scheme does not allow for switching between the upstream

and downstream devices, nor does it allow for one beamline

to accept the combined radiation of both devices. These

capabilities are being requested for future APS Upgrade.

In this paper, we describe more advanced canting schemes

that allow for these capabilities, and also present test re-

sults. The main complication here is that the orbit distor-

tion is required to go through the storage ring magnets thus

generating optics errors, which have to be corrected.

INTRODUCTION

The Advanced Photon Source (APS) is a 7-GeV third-

generation synchrotron light source that has been serving

a wide variety of users since operations began in 1996.

34 straight sections are used for installation of insertion

devices, and each straight section allows space for up to

two 2.4-meter-long devices. Because of ever-increasing

demand for beam time from experimenters, over time sev-

eral straight sections were modified to double the beam-

line capacity. This was done by introducing so called dual-

canted undulators [1]. In this configuration, a chicane is

created with a trio of dipole magnets with an undulator in

each leg as shown in Figure 1 (1-mrad dipoles used to sep-

arate dipole radiation from the ID radiation [2] are omitted

for simplicity). The result is an angular separation between

the x-ray beams that can be exploited downstream to create

two independent beamlines from a single straight section.

Figure 1: Canted ID straight section configuration

presently used at the APS.

Since then, there have been a number of requests from

user programs about the possibility of modifing this simple

canting scheme to allow for better utilization of the inser-

tion devices. The biggest problem with the present config-

∗Work supported by the U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357.
† sajaev@aps.anl.gov

uration is that the radiation from upstream and downstream

devices cannot be switched between the two experimental

stations. It is not a big issue presently because most of the

insertion devices at the APS are similar to each other. But

as more and more narrowly optimized devices are installed,

the issue of switching the two photon beams can become

more important. For example, the request to explore such a

possibility already has come from the user group that plans

to install one permanent magnet and one superconducting

undulator in their straight section. In this paper, we will

present several canting schemes and evaluate their perfor-

mance from the accelerator physics point of view.

SWITCHABLE CONFIGURATIONS

The most straightforward way to switch radiation of up-

stream and downstream undulators is just to flip the signs

of the correctors that create the triangular orbit bump. The

advantage of this approach is its simplicity and the fact that

the orbit does not change outside of the ID straight section.

This approach, however, has a major deficiency — the po-

sition of the radiation source will be shifted transversely by

several mm after the switching, as shown in Figure 2. The

shift will present challenges in both designing the beamline

front end and the beamline optics. Therefore, it is desirable

to create such an orbit bump that the source position does

not change during the switch.

Figure 2: Diagram showing a position shift during ID

switch in a triangular-bump configuration.

Symmetric Five-Corrector Bump (W-bump)

Using additional SR correctors outside of the ID straight

section, we can make a bump such that source positions

stay on the same line after the switch. Figure 3 illustrates

the idea: when the beam travels along the trajectory shown

in blue, the radiation of the upstream device goes into the

inboard beamline; when the orbit is switched to the one

shown in red, the downstream ID’s radiation goes into the

same inboard beamline. This configuration is strongly pre-

ferred by the users, but it presents difficulties for the storage

ring operation – now the orbit will be changing outside of
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the straight section. Non-zero orbit through sextupoles will

result in optics distortion that needs to be corrected.

Figure 3: Five-kicker bump that allows photon beams to be

sent from both undulators along the same line.

To generate this bump, we simultaneously matched orbit

and beta functions using matching in elegant [3]. Two

correctors on each side of the bump as shown on Figure 3

were used for orbit matching and eight quadrupoles around

the straight section were used to match lattice functions.

Figure 4 shows the resulting orbit and corresponding lat-

tice functions for two sectors around the ID for no bump

configuration and for positive and negative bumps. Lattice

function changes are minimal and should not affect users.

Figure 4: Lattice functions and orbit for two sectors around

the ID straight section for W-bump. Starting from top left

in clockwise order: orbit, horizontal beta function, vertical

beta function, and horizontal dispersion. No bump, posi-

tive, and negative bumps are shown.

We also need to ensure that the nonlinear beam dynam-

ics is not affected by this bump. Figures 5 and 6 show dy-

namic and local momentum apertures for no bump and for

positive bump lattices. No effect on lifetime and injection

efficiency is expected based on these simulations.

When combined with the 1-mrad bending angle re-

quired for the separation of the dipole and ID radiation,

the strength of H1 correctors required to generate the or-

bit bump exceeds the limit. The easiest way to overcome

this problem is to install additional correctors right next to

the existing H1 correctors. However, this may shorten the

length available for ID installation. Another approach is to

involve more correctors in the creation of the orbit bump,

but the upstream bending magnet radiation source can be

slightly affected. From the storage ring operations point of

view, however, all these configurations would work as good

as the one presented here, and the choice is up to the user.

Figure 5: Dynamic aperture for the lattice without orbit

bump (left) and with W-bump (right), color coding is hori-

zontal tune.

Figure 6: Local momentum

aperture for lattice with W-

bump.

Figure 7: Orbit for W-

bump with asymmetrically

located central dipole.

One of the possible options for the APS Upgrade is in-

troduction of several longer ID straight sections [4]. It is

possible that insertion devices in a longer straight section

would have different lengths. In that case, the central dipole

does not have to be in the middle of the straight section.

The same bump configuration would still work, as shown

in Figure 7.

Antisymmetric Four-Corrector Bump

Another option possible in the W-bump configuration is

sending the radiation of both devices down the same beam-

line. To do that, we just need to turn off the central dipole

C:BM (Figure 3). Orbit and lattice functions for this bump

are shown in Figure 8. Since beta function differences are

almost invisible, we don’t expect any effects on the nonlin-

ear dynamics in this bump configuration.

Asymmetric Three-Corrector Bump

Recently, a user expressed interest in a configuration

where most of the time the undulators will be used in

an in-line configuration and only occasionally will the ra-

diation be separated into two beamlines. The two con-

figurations described above would completely satisfy this

request. However, for simplicity of everyday operation

it would be preferable to have the simplest possible in-

line configuration — the straight non-canted configuration.

This, however, would require the beamline front end to

have an opening at 0 mrad angle relative to the line con-

necting closest to the ID dipoles. But the existing canted

front-end design has only two openings at ±0.5 mrad rela-

tive to that line. This design could still be used if the front

end is moved by 0.5 mrad inboard. In the canted mode, this
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Figure 8: Lattice functions and orbit for two sectors around

the ID straight section for an antisymmetric 4-corrector

bump. No bump and negative bumps are shown. The order

of the plot is the same as in Figure 4.

bump would start with C:BM magnet (see Figure 3). Orbit

and lattice functions for this bump are shown in Figure 9.

Figure 9: Lattice functions and orbit for two sectors around

the ID straight section for an asymmetric 3-corrector bump.

No bump and negative bumps are shown. The order of the

plot is the same as in Figure 4.

LATTICE CORRECTION

For every case shown above, we first used matching in

elegant to simultaneously create required orbit bump and

adjust the quadrupoles to correct beta functions on the new

orbit. For some cases, the matching turned out to be not

an easy task and required clever choice and adjustment of

varying parameters. This is a valid approach that we have

used many times. However, in the real world we would

probably just create a required orbit bump, then measure

and correct beta functions. We might also change the

quadrupoles to some pre-calculated values together with

the orbit, but in the end we would still need to measure

and correct beta functions.

We decided to test if we could skip beta function match-

ing in the design of a canted lattice and just do optics cor-

rection on the new orbit. We wrote a script that performs

two steps: runs elegant to match orbit bump and then

runs our standard beta function correction program cal-

culateTwissCorrection that uses SVD inversion of a beta

function response matrix. Since the closed-orbit bump con-

dition breaks after beta function correction, this two-step

process is repeated for several iterations. The program is

bump configuration-independent and can be used for dif-

ferent orbit bumps — it will only require a proper orbit-

matching elegant file; the beta function correction part is

universal. This process usually takes less time than direct

matching, is easy to automate, and actually provides better

corrected optics. Figures 8 and 9 actually show the results

obtained this way.

OTHER ISSUES

To make it out of the vacuum chamber and into the beam-

line, the radiation would have to fit between the two ab-

sorbers that protect the vacuum chamber from dipole radi-

ation and without touching them. Ray tracing shows that

this condition is satisfied for all configurations discussed

here. However, if the sign of the asymmetric 3-corrector

bump is switched to the outboard, then the radiation of the

downstream device will hit the wedge absorber W2. There-

fore, this canting bump can only exist in the inboard con-

figuration.

Another concern is the pollution of the x-ray BPM sig-

nal by the radiation from quadrupoles and sextupoles inside

the orbit bump. We have calculated the magnetic fields that

the electron beam will see along the canted orbit as a func-

tion of the orbit angle. We found that the strongest field

encountered by the beam is in the central C:BM magnet,

which is the same case as in the present triangular canting

configuration.

There are some other issues that would need to be con-

sidered. For example, the good field region of the undula-

tors would need to be about 5 mm wider to satisfy the field

quality requirements on the switching orbit. Also, rf BPMs

on the ID vacuum chamber would need to have an oper-

ational range of about ±2 mm horizontally. This would

require an increased distance between the BPM buttons.

CONCLUSIONS

We have simulated several orbit bump configurations

that allow for dual-switchable undulator operation. For

W-bump and for antisymmetric 4-corrector bump the re-

quired corrector strength exceeds the limit, but relatively

easy solutions exist that slightly degrade the beamline per-

formance. We have also shown that existing optics correc-

tion software can be used to recover lattice functions on the

orbit bumps such that the nonlinear beam dynamics is only

minimally affected.
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NEW CONSIDERATION FOR INSERTION-DEVICE DIPOLE-ERROR

PERTURBATION REQUIREMENTS WHEN INCLUDING THE EFFECTS

OF ORBIT FEEDBACK∗

L. Emery† , V. Sajaev‡ and A. Xiao§ , ANL, Argonne, IL 60439, USA

Abstract

For various reasons insertion devices (IDs) in storage

ring light sources generally produce small dipole pertur-

bations on the stored beam, which is usually compensated

by orbit correction. Tougher orbit stability requirements

for the Advanced Photon Source Upgrade (APS-U) project

have led us to revisit the requirements of these magnetic-

field errors. When including the effect of orbit correction

(slow orbit feedback plus fast orbit feedback), we real-

ized that the field-error requirements change from a limit

in absolute values of magnetic-field error integrals to that

of rates of change in magnetic-field error integrals. Some

modeling of the combined effect of ramping the strength

of an ID with orbit correction will be presented. This new

thinking has the potential of greatly alleviating the tuning

requirements of insertion devices of all types.

INTRODUCTION

In the early stages of APS operation, perturbations from

insertion device (ID) field errors was studied intensively,

resulting in a set of ID field specifications [1]. Since then,

many IDs have been built, measured, and placed into oper-

ation at APS. Their properties and the achievable manufac-

turing limits are by now well known.

The first- and second-field integrals of an ID are not zero,

and also, very importantly, vary with gap. To maintain

the source-point during user operations, these perturbations

must be held within some limits relative to an appropri-

ate short-term “average reference” condition, which is not

necessarily the same as the open-gap condition or starting

conditions.

The undulators are slow-moving devices; the induced

perturbation on the stored beam has a time scale of 1 sec-

onds to 2 to 3 minutes. When a device gap is scanned re-

peatedly near their closed position, the period could be a

few seconds to a few minutes, depending on the experi-

menter’s data collection requirements. At the smallest gap

position a significant beam perturbation could take place

within 1 second. Thus the frequency range of interest is,

say, 0.01 to 1 Hz, the lower limit selected to be approxi-

mately the reciprocal of two minutes.

Given that the stored beam can be subjected to pertur-

bations from general sources of all frequencies, a gen-

∗Work supported by the U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357.
† lemery@aps.anl.gov
‡ sajaev@aps.anl.gov
§ xiaom@aps.anl.gov

eral beam stability requirement for APS-U was recently re-

established (see Table 1). Just like the original APS beam

stability requirement, this requirement is meant as a guide

for setting limits on individual sources of perturbation. One

of the specifications sets limits on all sources in the fre-

quency range 0.01 to 200 Hz (middle column in Table 1).

As discussed previously, conventional undulators are ex-

pected to produce perturbations within a tiny fraction of

that frequency range, while other sources produce pertur-

bations over the whole frequency range. Thus some of the

orbit motion spectrum integrals of Table 1 must be allo-

cated to undulator perturbation limits. In other words, if 3

µm is the maximum allowable rms orbit motion in the x
plane from all sources, then a smaller number, say, 1.0 µm,

would have to be taken as the maximum allowable rms mo-

tion in the 0.01-1 Hz range for undulators.

NEW ALLEVIATING FACTORS

Restricting ID source perturbations to a small amount

like 1 µm may seem impossible at first. However, there

are many alleviating factors not considered until now and

some complicating factors used for years that are no longer

needed:

Previously it was assumed that ID gaps could be mov-

ing together. Actually, independently operated gaps rarely

move together. This will remove a factor
√
NID due to the

number of IDs.

If there are independent IDs whose gaps are scanned

slowly for long periods, the perturbation frequency will be

below the band (below 0.01 Hz), in which case orbit cor-

rection cancels the perturbation with very high (virtually

“infinite”) gain.

Two orbit correction systems are running full-time in dif-

ferent frequency bands and have particularly high gain (i.e.,

correction effectiveness) in the 0.01 - 1 Hz frequency range

of interest. A high gain allows larger tolerances for ID per-

turbation. Figure 1 shows the gain of the orbit correction

as presently configured.

ID gap feedforward on nearby storage ring dipole cor-

rectors can be used to reduce the effort from the feedback

correctors by 90% in DC mode. However, we found that

the EPICS network for communicating gap information is

much slower than the dedicated reflective memory of the

orbit feedback system. Thus a feedforward system for cor-

recting the orbit perturbation would not be needed to im-

prove stability.

The ID perturbation when the gap is moving is not really

a sequence of steps but rather segments of ramp errors of
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Table 1: Main Lattice Parameters and Beam Stability Requirements in rms and in Integrated Power Spectral Density in

the 0.01 - 200 Hz Band

Original

specification

Achieved in APS

Operation1

APS-U

Require-

ments [2]

Allocation

for PM IDs2 Units

Goals or Performance in rms

∆x 16 3.5 3 1.0 µm

∆x′ 1.2 0.57 0.17 µrad

∆y 4.4 1.2 0.42 0.1 µm

∆y′ 0.45 0.22 0.055 µrad

Goals in Integrated Power Spectral Density

∆x 9.0 1.0 µm2

∆x′ 0.32 0.03 µrad2

∆y 0.18 0.01 µm2

∆y′ 0.048 0.003 µrad2

1 0.01 - 100 Hz band.
2 All permanent magnet IDs, including APPLE, planar and revolver undulators.

various rates. An orbit correction will eventually compen-

sate a step error, but will not be able to correct a pertur-

bation that ramps in time. The resulting error, say, e(t) is

equal to the open-loop error orbit rate of change r(t) times

the DC correction time constant τ , i.e., e(t) = r(t)τ . The

time constant for DC orbit correction at APS is 0.25 sec-

onds. (We might be able to reduce the time constant in the

future.) If the ramp doesn’t last too long, say, 10 seconds,

then the AC-coupled fast orbit feedback (otherwise known

as real-time feedback – RTFB) can further reduce the error

because of the higher frequency components in the ramp

perturbation.

Thus we conclude that the values of the field integrals as

a function of gap are not the relevant quantity, rather the

derivative is. This can loosen the requirements quite a lot.

The PSD integral from 0.01 to 200 Hz (and other ranges)

of the BPM readbacks is continuously calculated by the

APS control system with processing that exponentially

averages the result with a 1-minute time constant, thus

smoothing out spikes. The average over the BPMs at the

ID sources will be compared to alarm limits and will be

our criterion for stability during operations.

RAMP ERROR WITH FEEDBACK

The orbit perturbation produced by the first- and second-

field integral errors of an ID is given by:

u(s) =
e

cp

√
βsβo

2 sin(πν)

√

I2
1
+

I2
2

β2
s

× cos (|φ(s)− φs| − πν) , (1)

umax ≈ e

cp

√
βsβo

2 sin(πν)

√

I2
1
+

I2
2

β2
s

, (2)

Figure 1: Correction effectiveness with slow correction

only (“DC only”) and with fast orbit feedback included

(“DC+RT”)

where u is either x or y; βs and βo are the beta functions

at the source and the observation location respectively; I1,2
are the normalized first- and second-field integrals (i.e., an-

gle and position perturbation, respectively); ν is the be-

tatron tune where we will assume values of νx = 0.18
and νy = 0.22; and φ(s) and φs are the phase advances

at longitudinal coordinate s and at the source. The first-

and second-field integrals have values roughly independent

from each other and different limits will be imposed on

each.

Equation (1) obviously indicates that the orbit error in-

duced by a single perturbation is global around the ring,

while Equation (2) gives the maximum expected orbit er-

ror at some other light source point around the ring. These

equations remain valid with integrals and orbit varying

slowly with time, of course.
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Table 2: Requirements for First- and Second-Field Integral Rate of Change.

Field Integral
No orbit

correction1

Orbit correction of

ramp error,

5-second duration

Orbit correction of

ramp error,

indefinite duration

Rate of
∫

Bydz 1.2 G·cm 21 G·cm/s 5.0 G·cm/s

Rate of
∫

Bxdz 1.0 G·cm 16 G·cm/s 4.0 G·cm/s

Rate of
∫

dz
∫

Bydz
′ 2500 G·cm2 43,000 G·cm2/s 10,000 G·cm2/s

Rate of
∫

dz
∫

Bxdz
′ 300 G·cm2 4900 G·cm2/s 1200 G·cm2/s

1 Values in this column are limits on actual field integrals, not their rate.

Most of what follows explains the reduction of the global

orbit due to the global orbit correction system. However,

even for perfect or infinite time response of orbit correction,

there will be remnant local photon beam steering errors be-

cause we don’t have correcting elements in the straight sec-

tion. This spatial-domain limitation, though important, will

be not be discussed here.

A simple frequency-domain model of the global orbit

correction was created using Matlab (building upon scalar-

orbit models written by [3, 4]). Since we are interested in

the low-frequency part of the response, the effect of time

delays and corrector response can be ignored. The results

were shown in Figure 1. The gain is found to vary ap-

proximately as 1/f , which is expected for a system under

integral control, plus some additional help from the AC-

coupled real-time feedback in the important range 0.1 Hz

to 1 Hz. Figure 2 shows the time-domain scalar-model or-

bit response of a unit ramp perturbation (taking orbit and

perturbation as unit-less quantities for simplicity). Without

correction the orbit error would be equal to the perturba-

tion. With integral correction only (slow orbit feedback),

Figure 2: Response to unit-ramp orbit perturbation of our

correction system. The average response within the first 5

seconds determines the ID perturbation specification.

the general error would be given by e(t) = r(t)τ , where

r(t) = 1 s−1 (unit ramp) and τ = 0.25 s in our case. With

the additional AC-coupled correction (fast orbit feedback),

there is a short-term correction within the first 5 to 20 sec-

onds. Taking the average orbit response over the first 5-

second interval, we see that the net orbit response is 0.06

times the ramp rate in both planes. This small factor is re-

flected in the frequency domain plot of Figure 1, where the

average effectiveness in the frequency range 0.1 to 1 Hz is

about 20.

Because of the complex frequency dependence of the

combined DC-AC system correction effectiveness, the ac-

tual orbit “ramp” error from IDs would have to be modeled

on a case-by-case basis with orbit correction simulation for

acceptance (using the present version of orbit correction).

ID INTEGRAL REQUIREMENTS

Finally we arrive at two sets of ID requirements: one

for an arbitrarily long ramp and another (looser) set of

stronger allowed perturbations assuming a 5-second ramp.

The 5-second ramp-error duration was selected because it

matches the worst-case behavior of most planar IDs pertur-

bation.

Table 2 shows the specifications on the first- and second-

field integral rates-of-change for these two ramp conditions

assuming that each of these integrals will contribute to one

half of the ID perturbation allocation of Table 1.

The requirement for the position stability is more severe

than that of the angle coordinate, thus only the requirement

based on position stability is given in the table.

According to this global orbit error analysis, an ID is

allowed to have a somewhat large “peak” in the absolute

value of field integrals as long as the peak is not come

upon too quickly. One way to make a particularly dif-

ficult ID compliant to the rate limit is to make the gap

move slowly in the gap-value range where the field inte-

gral changes quickly.
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OPTICS DESIGN AND BEAM DYNAMICS OPTIMIZATION OF A
FIVE-BEND ACHROMAT LATTICE FOR THE ADVANCED PHOTON

SOURCE UPGRADE∗

Yipeng Sun† and Michael Borland, ANL, Argonne, IL 60439, USA

Abstract
For the proposed future Advanced Photon Source (APS)

upgrade, a multi-bend achromat design with very low emit-
tance has been studied. Such a ring promises to enhance the
photon brightness and transverse coherence by two orders
of magnitude. In this paper, one possible lattice design is
presented, which is composed of five-bend achromat arc
cells. The linear optics design is done for an emittance of
150 pm at a beam energy of 6 GeV. The nonlinear optics
are optimized using the Multi-objective Genetic Algorithm
(MOGA) technique for good injection efficiency and beam
lifetime. Beam dynamics performance is also preliminarily
evaluated.

OVERVIEW
Storage rings based on alternate strong focusing have

been widely used for many years in the design of col-
liders and synchrotron radiation light sources. Several
focusing configurations have been invented and some of
them applied in real ring construction and operation, in-
cluding the separated-function FODO cell, combined func-
tion FD-cell, double-bend achromat (DBA), triple-bend
achromat (TBA), and theoretical minimum emittance lat-
tice (TME) [1].

In simplified form, the natural emittance in a storage ring
scales as [2]

ϵ0 ∼ F · E2

(NdNs)3 · Jx
, (1)

where ϵ0 is the equilibrium emittance in a storage ring, F is
a dimensionless factor depending on the arc cell focusing,
E is the electron energy, Ns is the number of sectors, Nd

is the number of dipoles per sector, and Jx is the horizontal
damping partition number.

To improve the photon brightness and coherence in a
storage-ring-based light source, a low-emittance electron
beam (matched to the photon beam) is needed. In general,
the requirement to achieve very low emittance means em-
ployment of many weaker dipoles (smaller dispersion) and
stronger quadrupoles (focusing). Stronger (or better) fo-
cusing approaches the ideal TME condition, while more
dipole magnets direct us toward a multi-bend achromat
(MBA) lattice where M ≥ 4.

Such a lattice was first studied and proposed in the
1990s [3]. Similar ideas were also discussed for a future
APS upgrade with MBA lattices [4] [5] [6], providing a

∗Work supported by the U.S. Department of Energy, Office of Science,
under Contract No. DE-AC02-06CH11357.

† yisun@aps.anl.gov

lower natural emittance below 200 pm. The MAX-IV stor-
age ring is the first MBA lattice being built and will be com-
missioned in 2015 [7]. It employs 20 seven-bend achromat
(7BA) cells in a 528-m circumference, which provides an
emittance of 330 pm at a beam energy of 3 GeV. ESRF is
also proposing an upgrade using a hybrid multi-bend achro-
mat lattice where larger dispersion is adopted to decrease
sextupole strength [8].

Recently the APS has begun to explore replacing the cur-
rent DBA lattice with a new MBA lattice as part of its ongo-
ing upgrade project. A MAX-IV-like 7BA lattice [9], and
an ESRF-like hybrid-7BA are being studied [5]. In this pa-
per, another MBA design for the APS upgrade is presented,
namely, a five-bend achromat lattice that provides an emit-
tance of 150 pm at 6 GeV.

LINEAR OPTICS DESIGN
It is proposed to enhance the photon brightness and co-

herence by two orders of magnitude in the new APS MBA
lattice. To achieve this goal, and to reuse as much existing
hardware as possible, there are several optics design con-
straints:

• A natural emittance below 150 pm
• Match the existing ID beamline locations
• Maintain the bending-magnet beamlines
• 40 identical cells, each 27.6 m long
• Straight section length longer than 5 m
• Electron beam energy of 6 GeV
• Reuse the existing rf and injector system

Another important design constraint is from the avail-
able magnet technology. It is foreseen to use normal-
conducting magnets with a bore radius around 12 mm. The
drift length between magnets is limited to a minimum of
10 cm. The assumed maximum dipole, quadrupole, and
sextupole strength are listed below.

• Combined dipole: dipole field < 1 T ; quadrupole gra-
dient < 50 T/m

• Quadrupole gradient < 100 T/m
• Sextupole gradient < 10000 T/m2

Based on the above contraints, the linear optics matching
is performed using ELEGANT [10]. The minimum magnet
length is set to be 15 cm, with the magnet strength as low
as possible. The linear optics in one sector is shown in Fig-
ure 1, where the starting and ending points are the insertion
device (ID) center. One observes that the use of a triplet
on either side of the ID straight has allowed tuning the beta
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Figure 1: Twiss parameters in a sector with a length of
27.6 m. Natural emittance is 150 pm at a beam energy of
6 GeV. Black curve denotes horizontal beta function; red
curve, vertical beta function; blue curve, horizontal disper-
sion function.

functions (βx = 2 m, βy = 1.9 m) at the ID to near the
ideal value of Lu/π from the photon beam. In the central
three TME-like cells, there are long dipoles combined with
a quadrupole gradient. There are two quadrupoles in each
dispersion-matching cell at the two ends. The maximum
dipole field is 0.6 T, and the maximum quadrupole gradient
is 65 T/m. The betatron phase advance is matched to be
(2.206, 0.906), which generates a quasi-third-order achro-
mat [11] in a storage ring consisting of 40 such identical
5BA cells.

There is limited space available for dedicated or-
bit/optics correction magnets and beam instrumentation.
That means the correction magnets may need to be inte-
grated into the main magnets. Alternatively, the main mag-
nets could be made stronger and shorter, which would pro-
vide more free space. At a beam energy of 6 GeV, the main
parameters of the storage ring are listed in Table 1.

Table 1: Parameters of the 5BA Storage Ring

Parameter unit value

Circumference m 1104
Phase advance x/y per cell 2π 2.206/0.906
Tune x/y/s 2π 88.2/36.1/0.06
Natural chromaticity x/y -166/-80
Rf voltage MV 3.8
Rf frequency MHz 352.8
Rf bucket height % 3
Harmonic number 1296
Momentum compaction 10−5 9
Natural emittance pm · rad 150
Damping time x/y/s ms 12/20/14
Energy loss per turn MeV 2.2
Energy spread 10−4 9
RMS bunch length mm 15

Figure 2: MOGA optimization plot. Horizontal axis is the
dynamic acceptance area (βx = 2 m, βy = 1.9 m) and verti-
cal axis is the Touschek lifetime.

Figure 3: Horizontal (black curve) and vertical (red curve)
betatron tune as a function of momentum offset ∆E/E,
dominated by second-order chromaticity.

NONLINEAR OPTICS OPTIMIZATION
AND PERFORMANCE

In each 5BA cell, there are four families of focusing
chromaticity sextupoles (SF) and another four families of
defocusing chromaticity sextupoles (SD). The horizontal
dispersion is zero in the straight section where there are
six harmonic sextupoles. As with the linear optics, mirror
symmetry is employed for the sextupole arrangement.

MOGA [12] is adopted to directly optimize both dy-
namic acceptance (DA) and Touschek ifetime from track-
ing simulations. The fractional tune is allowed to change
in a range of (0.05, 0.45) while the linear optics is still
matched. Six families of chromaticity sextupoles and three
families of harmonic sextupoles are used as variables that
may evolve “naturally” via the genetic algorithm. The two
remaining chromaticity sextupoles (SF1 and SD1) are used
to correct the first-order chromaticity to 1. A set of solu-
tions with higher DA and lifetime are used as the parents
for the next generation. The linear chromaticity penalty
function also needs to be small. The MOGA optimization
process is shown in Figure 2. It is observed that the DA
area is increased from 2 × 10−7 mm2 to 4 × 10−6 mm2,
and the Touschek lifetime is increased from 0.05 hours to
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Figure 4: Dynamic acceptance with 50 ensembles of errors
(random, systematic magnetic errors, and tilt errors on all
the quadrupoles and sextupoles). Tracking is performed at
the center of the ID where βx = 2 m, βy = 1.9 m.

above 10 hours.
One of the best MOGA solutions was picked to be an-

alyzed for its beam dynamics performance. The nominal
dynamic acceptance area is 4.2 × 10−6 mm2 and the Tou-
schek lifetime is 10 hours. The sextupole gradient is less
than 6000 T/m2 with a sextupole length of 0.25 m. There
is room to adopt longer sextupoles with lower strength. As
mentioned above, the nonlinear optics aberrations are op-
timized using MOGA. The linear chromaticity is corrected
to be 1, which counters the head-tail instability. Examining
the solution found by MOGA, we find that the higher-order
chromaticities are optimized such that the off-momentum
tune spread is minimized. Given the fractional tune close to
integer, the second order chromaticities are also optimized
to be positive (less than 500), as shown in Figure 3. The
global momentum acceptance is limited by the rf bucket,
which is 3%.

Dynamic acceptance is the maximum stable transverse
amplitude, which is determined by a single-particle numer-
ical tracking simulation. It should ensure efficient accep-
tance of the injected beam with large emittance and energy
spread. It may also impact on the circulating beam lifetime.
As shown in Figure 4, the dynamic acceptance is 2 mm ×
1.5 mm at the center of the ID where βx = 2 m, βy = 1.9 m.
Fifty ensembles of magnetic errors and tilt errors are ap-
plied on the quadrupole and sextupole magnets. Note that
errors are added to give optics beating of around 1%. No
explicit misalignment errors are included, but the effect of
such errors is nominally included by the choice of uncor-
rected optics beating. It is concluded that the DA is enough
for on-axis swap-out injection. It is possible to increase the
beta function in the injection area and reoptimize the DA
for off-axis accumulation, which needs further investiga-
tion.

Scattering effects in the electron bunch change both
transverse and longitudinal momentum of an electron. Lo-
cal momentum acceptance is defined to be the maximum
acceptable momentum change in a specified location. The

Figure 5: Local momentum acceptance with 50 ensembles
of errors (random, systematic magnetic errors and tilt errors
on quadrupoles and sextupoles). Tracking is performed at
locations next to each magnet in two sectors (a total length
of 55 m).

mechanisms causing electrons to lose momentum may be
physical aperture, DA, or rf bucket limitations. The LMA
is determined by tracking and is shown in Figure 5. It is
close to 4%, which ensures a good lifetime. (In this sim-
ulation we increased the rf voltage to reveal the limitation
due solely to beam dynamics.) Collective effects are not
studied yet, but expected to be on a smiliar level with the
7BA design [9].

CONCLUSION
A five-bend achromat lattice was developed for a pos-

sible future APS MBA upgrade. The linear and nonlinear
optics are both optimized to improve the beam dynamic
performance.
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LINEAR SCALING ON CHOOSING A BUNCH COMPRESSION RATIO

FOR AN FEL DRIVER
∗

Yipeng Sun† , ANL, Argonne, IL 60439, USA

Abstract

In this paper, a proper initial bunch length as a function

of the main rf frequency and rf phase is estimated analyti-

cally by several approaches, assuming that no harmonic rf

section is needed to linearize the energy modulation intro-

duced during main rf acceleration. Next the upper limit of

the bunch compression ratio in a single stage is evaluated

analytically. The analytical relations derived on choosing

a proper initial bunch length as a function of main rf fre-

quency are confirmed by numerical simulation. These sim-

ple limits provide rough analytical estimations and may be

beneficial for choosing bunch compression ratios in differ-

ent stages of an FEL driver, especially in a first-stage bunch

compression system where an harmonic rf linearization is

usually applied.

OVERVIEW

A magnetic bunch compression system is normally

adopted during the acceleration process of the electron

beam, usually in several (two) stages. The basic idea is to

first introduce an energy modulation (chirp) along the elec-

tron bunch in its longitudinal direction by an rf acceleration

off-crest, then let the electron beam pass by a dispersive re-

gion where electrons in the head and tail of the bunch all

move relatively towards the bunch center. Chicane- and

wiggler-based bunch compressor designs were proposed

and studied thoroughly in the 1990s, mainly for linear col-

lider projects [1] [2] [3].

Due to the nonlinear nature of the rf sinusoidal wave and

an initially long bunch length, higher-order energy chirps

can not be neglected. Harmonic rf linearization of the lon-

gitudinal phase space of the electron bunch is normally em-

ployed to generate a more uniformly compressed bunch in a

first-stage bunch compression. This paper discusses what is

the limit on the bunch compression ratio in order to achieve

a quasi-linear bunch compression without harmonic rf.

PROPER INITIAL BUNCH LENGTH

WITHOUT HARMONIC RF

In this section, only the main rf acceleration section is

considered, and a proper initial bunch length is derived as a

function of rf frequency and rf phase, given that a quasi-

linear compression is achieved with a reasonable bunch

compression ratio adopted for each stage. There are two

possible ways to quantify a quasi-linear compression. First,

the contribution to final bunch length from nonlinearities

∗Work supported by the U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357. Work also supported by the

U.S. Department of Energy under Contract DE-AC02-76SF00515.
† yisun@aps.anl.gov

(from rf acceleration and bunch compressors) could be

evaluated and limited to a certain percentage. A second

way is to compare the final bunch length calculated as the

root mean square of the distribution with the one derived

from a numerical fit of the final distribution (Gaussian fit if

the initial distribution is Gaussian), and limit the difference

between these two to a certain amount.

Energy Chirp Approach

First let us recall the energy modulation formula. For

any one particle in a bunch, its relative energy offset after

passing by an rf acceleration off-crest can be expressed as

shown below:

δ(z) = δi

Ei0

Ef0

+
eV0 cos(φ + kzi)

Ef0

= a · δi +
eV0 cos(φ + kzi)

Ef0

. (1)

where δi denotes the initial uncorrelated energy offset, Ei0

is the central energy before rf acceleration, Ef0 is the cen-

tral energy after rf acceleration, e is the electron charge,

V0 is the rf voltage, φ is the rf phase, k = 2π
λ

is the rf

wave number, λ is the rf wavelength, zi is the particle’s

longitudinal coordinate relative to the bunch center, and

a = Ei0/Ef0 is the energy damping ratio.

The first- and second-order energy chirp from the main

rf acceleration could be described by the rf wave number,

rf voltage, and rf phase, solved from the same Taylor ex-

pansions discussed above, as shown below:

h1 = −
keV0 sin φ

Ef0

(2)

h2 = −
k2eV0 cosφ

2Ef0

. (3)

Neglecting the energy chirp above the third order, the

overall energy modulation from this main rf section can

then be rewritten as

δ(z) = a · δi + (h1 + h2 · z)z, (4)

where h1 + h2 · z denotes the effective first-order energy

chirp.

One then observes that if z is small enough to make h1+
h2 · z ≈ h1, the overall energy modulation is almost linear;

in that case harmonic rf linearization is no longer necessary.

This condition could be interpreted as |h1| ≫ |h2 · σz | and

further derived to be

c · tanφ

π · frf · σz

≫ 1. (5)
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At this step, a proper initial bunch length can be ex-

pressed as a function of the main rf frequency and rf phase,

as shown below. Here one assumes that a reasonable bunch

compression ratio is adopted, with the detailed require-

ments discussed in the following section.

σz,max = D0

2 tanφ

krf

, (6)

where D0 denotes an empirical constant whichthat is a

small number much less than 1, which could be fitted from

numerical simulation studies employing rf systems with

different frequency (such as from L-band rf to X-band rf).

As illustrated by the numerical simulation results below, in

general D0 should be less than 0.01 in order to maintain a

relatively linear longitudinal phase space and a quasi-linear

bunch compression without harmonic rf assistance. In gen-

eral, the required value of D0 depends on rf frequency, av-

erage rf phase adopted for introducing energy correlation,

total compression ratio in all the stages, and the number of

bunch compression stages. D0 is inversely proportional to

the rf phase and total compression ratio, while it is propor-

tional to the number of bunch compression stages.

To generate a final hard X-ray FEL using normal pho-

toinjector and undulator configurations, usually the elec-

tron bunch length needs to be compressed by 30-200 times

of its initial value. If more stages of bunch compression

are adopted, one only needs a smaller bunch compression

ratio in each stage. This in turn requires only a small rf

phase and small longitudinal dispersion (momentum com-

paction) of the bunch compressor systems. In this case, a

larger constant D0 and a longer initial bunch length can be

tolerated.

Final Bunch Length Approach

A proper initial bunch length can also be evaluated by

examing the expression of a final bunch length after bunch

compression. Under a condition of linear optimal compres-

sion 1 + h1R56 = 0, a similar required relationship is de-

rived, |h1| ≫ |h2σz |. Assuming the electron bunch pre-

serves a Gaussian distribution after passing by the disper-

sive region, the RMS bunch length can then be calculated

as the integral shown below:

σz
2 =

∫ ∫
zf

2(z, δ) · f(z, δ)dzdδ. (7)

Then the expression zf (z, δ) is derived with dispersion

terms of the bunch compressor up to third order. After

passing by the dispersive region, the longitudinal coordi-

nate (relative to the bunch center) of any particle can be

expressed as shown below:

zf (δ) = zi + R56δ + T566δ
2 + U5666δ

3 + . . . . (8)

Take the correlated relative energy offset δ(z) in terms

of energy chirp up to second order, keep the terms up to

second order bunch compressor dispersion, and neglect the

initial uncorrelated energy offset δi in higher-order terms
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Figure 1: Proper initial bunch length as a funcion of rf

frequency, for two given rf phases of 20 and 40 degrees.

No harmonic rf linearization is included. A constant of

D0 = 0.01 is assumed for the 20-degree case, while

D0 = 0.005 is assumed for the 40-degree case.

above δ2. The square of zf(δ) is then calculated to be a

polynomial of z.

One can then find the expression of the final bunch

length by inserting z2

f (z, δi) into the final bunch length for-

mula andcalculate the integral. Here one needs to note

that the integral of all the odd functions is zero, such as∫ ∫
z · f(z, δ)dzdδ = 0 and

∫ ∫
z3 · f(z, δ)dzdδ = 0. The

expression of final bunch length only has entries from the

integral of all the even functions. Under a condition of lin-

ear optimal compression, 1+h1R56 = 0, one finds that the

final bunch length equals

σ2

z,f = a2R2

56
δi

2

+ [2R56aδi(h2R56 + h2

1T566 + h2

2T566σ
2

z)

+ (h2

1
· T566 + h2 · R56)

2 · σ2

z ] · σ2

z . (9)

Again, assuming a normal four-dipole chicane is em-

ployed as the bunch compressor, there is a fixed ratio be-

tween its first-order and second-order dispersion terms R56

and T566, as T566 = −1.5R56. From the expression of fi-

nal bunch length, one observes that the first term a2R2

56δi
2

is from the initial uncorrelated energy spread, and the third

term (h2
1 ·T566+h2 ·R56)

2 ·σ2
z implies that the second-order

chirp h2 always adds on a first-order effect given as T566 =
−1.5R56. However, a larger rf phase (close to on-crest

point) can minimize the contribution from the third term.

It is the second term that could be derived to give a similar

final conclusion as discussed in the last section, with a re-

quired criteria of |h2R56 + h2

1 · T566| ≫ |h2

2T566 · σ
2

z |. To

repeat, the required relationship associated with the maxi-

mum tolerable bunch length is |h1| ≫ |h2σz |.
One could plot the proper initial bunch length as a func-

tion of rf frequency with different rf phase, as shown in

Figure 1. One observes that for a lower rf frequency, the

proper initial bunch length is longer, which is as expected.

Another point is that if a higher rf phase can be employed,

then the tolerable bunch length can be longer. In the next

section, the analytical results derived above are checked
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and confirmed by numerical simulations with multi-stage

bunch acceleration and compression based on rf systems

with different frequencies.

Proper Compression Ratio in One Stage

In this subsection, a proper bunch compression ratio in

one stage is discussed and an upper limit is drawn. Limited

to first order, a compression ratio is approximated as shown

below:

C =
1

1 + h1R56

. (10)

From the final bunch length expression one also observes

that to keep an effectively linear bunch compression, there

should be a limit applied on the bunch compression ratio.

That means a bunch compression ratio can not be too large

in one stage, otherwise the bunch compression is no longer

linear.

Consider a first-order optimal bunch compression case.

One has 1+h1R56 = 0 and then could conclude that in this

case, the final bunch distribution is only dependent on the

nonlinear terms, which obviously breaks the linear com-

pression requirement. So in general, there should be an-

other criterion for a linear bunch compression that can be

derived and shown in the following formula, up to second

order. One needs to note that in the coefficient of term z4,

the relatively small uncorrelated initial energy offset δi and

first-order associated term 4h1h2T566(1 + h1R56) are ne-

glected:

(1 + h1R56)
2 ≫ (h2

1
· T566 + h2 · R56)

2 · σ2

z . (11)

The above requirement in turn gives an upper limit on the

bunch compression ratio in one stage. As there is a large ac-

celeration in beam energy between subsequent stages, the

nonlinear terms in the bunch energy chirp is also damped

during acceleration. That damping effect helps to maintain

a linear energy correlation. Also, as the bunch length be-

comes shorter from one stage to the next, the new contribu-

tion on the nonlinear energy chirp from the following linacs

is smaller. Under this kind of configuration with more than

two stages of bunch compression, a quasi-linear bunch pro-

file should be easily achieved at the linac end. The require-

ment on bunch compression ratio in one stage (especially

the first stage) is then approximated as shown below, which

is a function of dispersion terms, energy chirp terms, and

RMS bunch length:

C ≪
1

σz |h2
1
· T566 + h2 · R56|

. (12)

Combining all the above considerations, a bunch com-

pression ratio between 5 and 10 may be adopted in one

stage. The last point is that in general one should choose

a weak chicane bunch compressor with small dispersion

terms R56 and T566, in order to minimize the contribution

from higher-order terms.

Numerical simulation results [4] [5] are presented here,

for two FEL driver designs based on different rf frequen-

cies; these are the L-band rf (1.3 GHz) and the X-band rf

(12 GHz) [6]. No harmonic rf correction is included here.

The initial bunch length of 300µm and 40µm are adopted

plus the rf frequency and phase. One could observe Fig-

ure 1 and find that 300µm and 40µm are the limited bunch

lengths corresponding to the rf frequency of 1.3 GHz and

12 GHz, respectively. From the simulation results as shown

below, one could conclude that the bunch compression pro-

cess is quasi-linear, and a quasi-Gaussian bunch density

profile is preserved. No spike in density profile is gener-

ated. These numerical simulation results confirm the va-

lidity of the above analytical derivations. It is noted that

if one extends these two-stage bunch compression systems

into three stages or more, the final bunch current profile

could be more uniform, due to the reasons discussed above.

In detail, the bunch compression ratio can be smaller in

each single stage, and the dispersion terms R56 and T566

are also smaller in the bunch compressors. The relative

energy-dependent-damping effect of the nonlinear energy

chirp is also stronger given that more bunch compression

stages are adopted.

CONCLUSION AND DISCUSSION

In this paper, analytical formulae are derived to estimate

an initial proper bunch length as a function of rf frequency

and rf phase in a linac-based FEL driver. These derivations

may be benificial for an FEL driver design that has a mainly

low bunch charge operation mode and that could achieve

an initially short bunch length from the upstream photoin-

jector. It is also noted here that these limits only provide

rough analytical estimations on the required bunch length

and compression ratio, where assumptions have been made

and no collective effects are included. A detailed bunch

compression system design can start with these simple for-

mulae and then be optimized by 3-D simulations with all

effects included.
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SIMULATION OF AN X-BAND HARD X-RAY FEL WITH LCLS

INJECTOR∗

Yipeng Sun† , ANL, Argonne, IL 60439, USA

Tor Raubenheimer, SLAC, Menlo Park, California 94025, USA

Paul Emma, LBNL, Berkeley, California 94720, USA

Abstract

In this paper, the accelerator design and start-to-end

3D macro particle simulation (using ELEGANT and GEN-

ESIS) of an X-band rf-driven hard x-ray FEL with LCLS

injector is briefly discussed. A preliminary design and

LiTrack 1D simulation studies were presented earlier [1].

In numerical simulations this X-band rf-driven hard x-ray

FEL achieves/exceeds LCLS-like performance in a much

shorter overall length of 350 m, compared with 1200 m

in the LCLS. One key feature of this design is that it may

achieve a higher final beam current of 5 kA plus a uniform

energy profile, mainly due to the employment of stronger

longitudinal wakefields in the last X-band rf linac [2].

OVERVIEW AND ACCELERATOR

DESIGN

LCLS is the world’s first hard x-ray FEL in routine oper-

ation, providing soft and hard x-rays to its users with good

spatial coherence at wavelengths from 2.2 nm to 0.12 nm

by varying the bunch energy from 3.5 GeV to 15 GeV [3].

Design and beam dynamic studies are performed for sev-

eral X-band rf-driven hard x-ray FEL drivers [4]. A low-

charge hard x-ray FEL design [5] employs the entire X-

band photoinjector and rf linac, which are optimized for a

very low bunch charge of 10 pC and an average SASE FEL

power of over 10 GW in a pulse length of 5 fs (start-to-end

simulation in a short undulator length of 20 m). Thanks

to the small 3D emittance associated with the low bunch

charge (short initial bunch length from photoinjector, etc.),

a linear bunch compression is achieved in two stages of

bunch compressors without the assistance of harmonic rf

linearization.

A second hard x-ray FEL design also features the en-

tire X-band photoinjector and rf linac, but is dedicated for

a normal bunch charge of 250 pC [6]. The longitudinal

phase space linearization is done in its first-stage bunch

compression with a specially designed bunch compressor

composed of dipole, quadrupole, and sextupole magnets.

From the start-to-end simulation using computer codes AS-

TRA [7], ELEGANT [8], and GENESIS [9], it is shown that

this FEL achieves an average SASE FEL power of over 30

GW in a pulse length of 50 fs.

Both of these two hard X-ray FEL designs described

∗Work at Argonne is supported by the U.S. Department of Energy,

Office of Science, under Contract No. DE-AC02-06CH11357. Work also

supported by the U.S. Department of Energy under Contract DE-AC02-

76SF00515.
† yisun@aps.anl.gov

Figure 2: Beta functions and dispersion functions in the

bunch compressors. Left: bunch compressor one, which is

exactly the same as LCLS BC1; right: bunch compressor

two, which is similar to LCLS BC2.

above achieve a shorter SASE FEL saturation length due to

a shorter undulator period and a weaker undulator field. It

is also noted that the low-charge hard x-ray FEL design [5]

achieves a better final beam quality than the LCLS case.

Analytical and numerical simulation studies show that

the tolerance (charge and timing jitter, transverse misalign-

ment) is acceptable for both of the above two hard X-ray

FEL designs [5], [6].

A sketch of this compact (300 m) hard x-ray FEL driver

using X-band accelerators plus an LCLS injector is shown

in Figure 1. As previously mentioned, it employs an LCLS

injector, which means that to the end of BC1 it is exactly

the same as the LCLS. The only difference is that the S-

band rf in Linac2 and Linac3 is replaced by an X-band rf.

The BC2 design is similar to LCLS, at a beam energy of

4.3 GeV. For a bunch charge of 250 pC, the initial RMS

bunch length is 690 µm from the S-band photoinjector. It

is compressed to a final RMS length of either 6 µm (3-kA

peak current) or 4 µm (5-kA peak current).

OPTICS DESIGN

The optics design of the linac, the bunch compressors,

and the matching sections are done in MAD8 [10] and

then converted to ELEGANT [8]. The TWISS parameters

of bunch compressors one (BC1) and two (BC2), shown in

Figure 2, are similar to the LCLS BC1 and BC2 (transverse

phase-space matching to minimize CSR induced transverse

emittance growth). The start-to-end TWISS parameters of

the overall accelerator are shown in Figure 3. An aver-

age beta function of 10 meters and 20 meters are employed

in Linac2X and Linac3X, respectively, to minimize both

dispersive and wakefield-induced transverse emittance di-

lutions.
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Figure 1: Sketch of a compact (300 m) hard x-ray FEL driver using X-band accelerators plus LCLS injector (up to the

end of BC1). An average ‘real estate’ acceleration gradient of 60 MV/m is assumed in the X-band accelerator structures.

The linac for the hard x-ray FEL achieves a final electron bunch energy of 14 GeV (same as the LCLS case) with a peak

current between 3 kA and 5 kA (by tuning rf phase and then the bunch compression ratio). A final pulse duration length of

40-60 fs is achieved with a bunch charge of 250 pC. The sliced energy spread is between 0.01%− 0.02%, and the sliced

normalized transverse emittance is below 0.6 µm.

Figure 3: Beta functions and dispersion functions of the

overall accelerator, from Linac1S (in Fig. 1) to the end of

Linac3X (in Fig. 1) with a final beam energy of 14 GeV.

Figure 4: Left: RMS bunch length evolution along the

linac, from ELEGANT simulation; right: projected and

linear dispersion subtracted emittance evolution along the

linac, from ELEGANT simulation.

ELEGANT SIMULATION

The beam dynamics simulation in the photoinjector is

performed in ASTRA [7], and then a dumped beam is taken

as the initial beam in the ELEGANT simulation. First-,

second-, and third-order optics effects are included in the

ELEGANT simulation, as well as all the collective effects,

such as space-charge effect, incoherent and coherent syn-

chrotron radiation, and transverse and longitudinal wake-

fields.
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Figure 5: Electron beam properties at the end of Linac3X

of this X-band-driven FEL driver, from ELEGANT simula-

tion. Left top: longitudinal phase space; left bottom: lon-

gitudinally sliced energy spread; right top: current profile;

right bottom: longitudinally sliced emittance.

The RMS bunch length and transverse emittance evolu-

tion along the accelerator are shown in Figure 4. Bunch

compression ratios of 7 and 15 are achieved in a first-

and second-stage bunch compressor. The final RMS bunch

length is around 6-7 µm with a peak current over 3 kA. In

the vertical plane the emittance is almost preserved. The

horizontal emittance growth is mainly contributed from the

coherent synchrotron radiation effects in the bunch com-

pressors. Bunch compression ratios of 14 and 10 (for 5-

kA final beam current case) could be achieved in a first-

and second-stage bunch compression, respectively. The fi-

nal beam current can be pushed to above 5 kA. The higher

peak current at two ends (double horn) is due to compres-

sion with larger energy correlation (chirp) from longitudi-

nal wakefields in Linac2X. There is a similar effect in the

LCLS case.

Proceedings of PAC2013, Pasadena, CA USA MOPHO12

02 Light Sources

A06 - Free Electron Lasers 265 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 6: Electron beam properties at the end of LCLS

Linac3, from ELEGANT simulation. Left top: longitudi-

nal phase space; left bottom: longitudinally sliced energy

spread; right top: current profile; right bottom: longitudi-

nally sliced emittance.

Electron beam properties at the end of Linac3X of this

X-band driven FEL driver are shown in Figure 5 from ELE-

GANT simulation, including longitudinal phase space, lon-

gitudinally sliced energy spread, current profile and longi-

tudinally sliced emittance. A normalized transverse emit-

tance of 0.6 µm is preserved at the core part of the electron

bunch, with a pulse duration length of 40 fs. A peak current

of 5 kA and a longitudinally sliced relative energy spread

less than 2 × 10−4 is achieved. The residual correlated en-

ergy offset established in Linac1 and Linac2X is removed

in Linac3X with the help of a strong X-band rf longitudi-

nal wakefield, and a flat final energy profile is achieved at

a final beam energy of 14 GeV.

A similar plot is shown in Figure 6 for the LCLS case. It

is observed that the final beam current is over 5 kA in this

X-band-driven FEL (3 kA for LCLS), and the sliced trans-

verse emittance is similar for LCLS. A normalized trans-

verse emittance of 0.5-0.6 µm is preserved at the core part

of the electron bunch, with a pulse duration length of 70 fs.

A peak current of 3 kA and a longitudinally sliced relative

energy spread around 1 × 10−4 is achieved. The residual

correlated energy offset established in Linac1 and Linac2

is removed in Linac3 with the help of an S-band rf longi-

tudinal wakefield, and a flat final energy profile is achieved

at a final beam energy of 14 GeV.

GENESIS SIMULATION

The electron bunch distribution generated from ELE-

GANT simulation is then fed into an undulator system, and

the associated FEL performance is simulated and evaluated

within the code GENESIS [9]. The same undulator setup is

adopted for both this X-band-driven FEL and the LCLS,

which is described below. An ideal undulator is designed

to have a short period of λw = 1.5 cm, and the undulator

strength K is chosen to tune the resonant FEL wavelength

of λr = 0.15 nm, given the centroid energy of the electron

bunch chosen at 14 GeV. No nonlinear magnetic field is in-
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Figure 7: Left: FEL power evolution along the undulator;

right: FEL power temporal profile at 50 m into the undula-

tor. Red: LCLS case; black: the X-band-driven FEL.
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Figure 8: FEL power spectrum at 50 m into the undulator.

Red: LCLS case; black: the X-band-driven FEL driver.

cluded for the undulator model. No undulator tapering is

adopted.

A comparison of the simulated FEL performance is

shown in Figure 7 and Figure 8. As expected, this X-band-

driven FEL achieves a shorter FEL gain length, a higher

saturation power, and a higher FEL power at the same un-

dulator length (benefiting from a higher peak current of 5

kA) as the LCLS case.
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ACHIEVING A QUASI-THIRD-ORDER ACHROMAT IN AN APS
UPGRADE LATTICE∗

Yipeng Sun† and Michael Borland, ANL, Argonne, IL 60439, USA

Abstract
The next-generation of storage rings will require

stronger quadrupole focusing to achieve very low emit-
tance. Stronger sextupoles (usually at smaller dispersion
locations) are then necessary to correct the natural chro-
maticity and suppress the head-tail instability. The geomet-
ric and chromatic optics aberrations introduced by these
sextupoles have a large impact on the beam dynamics per-
formance. In this paper, it is discussed how to achieve a
quasi-third-order achromat in a possible Advanced Photon
Source (APS) multi-bend achromat (MBA) lattice. Repet-
itive identical MBA arc cells with specified phase advance
and mirror symmetry are employed. The beam dynamics
performance of such an achromat design is compared with
a normal scheme.

OVERVIEW
The development of optical achromats started in the

1700s when achromatic doublets and triplets were invented
to bring light of different frequencies to the same focal
point. First-order achromats have been applied in particle
accelerators for a long time. In the 1970s, K. Brown de-
veloped a systematic matrix-based approach to designing
second-order achromats [1]. It adopts at least four iden-
tical cells with dipoles, quadrupoles, and sextupoles and
can eliminate all geometric and chromatic aberrations up
to second order. Two strong points being proposed are
the integer phase advance in the entire beamline and the
−I phase separation between non-interleaved sextupoles
to cancel even higher-order geometric aberrations. After
that, similar third-order achromat design approaches were
developed analytically and numerically [2] [3], where the
concept of identical cells and integer phase advance is used
again. Following these studies, W. Wan developed a gen-
eral method with Lie algebra to design achromats to arbi-
trary order, taking advantage of mirror symmetry and using
multipole magnets for each specified order (for example,
octupoles for a third-order achromat) [4].

The latest PEPX design utilizes eight identical seven-
bend achromat (7BA) cells in each arc section, where the
total phase advance is an integer [5]. A third-order geomet-
ric achromat is achieved with the assistance of harmonic
sextupoles [5]. In this paper, first a design similar to the
APS storage ringe is presented. It employs more families
of chromaticity sextupoles and may eliminate all geometric
and chromatic aberrations up to third order. Then there is
a discussion on how to achieve a quasi-third-order achro-

∗Work supported by the U.S. Department of Energy, Office of Science,
under Contract No. DE-AC02-06CH11357.

† yisun@aps.anl.gov

Figure 1: Twiss parameters in a 7BA arc cell with a length
of 27.2 m. Natural emittance is 150 pm at a beam energy
of 6 GeV. The black curve denotes horizontal beta function;
red curve, vertical beta function; blue curve, horizontal dis-
persion function.

mat in the APS upgrade lattices where 40 identical MBA
cells have to be used and no dedicated straight sections are
allowed.

THIRD-ORDER ACHROMAT DESIGN
The current APS storage ring has a circumference of

1104 meters and is divided into 40 identical sectors.
An APS-size ring is designed based on the third-order-
achromat concept. Note that it may not fit in the current
APS tunnel due to geometry, although the circumference is
close to 1104 m. The ring consists of four arc sections plus
short straight sections that are each 4 meters long. Each arc
section has ten identical 7BA cells. The natural emittance
is 150 pm at an electron beam energy of 6 GeV.

The linear and nonlinear optics optimization are per-
formed with ELEGANT [6]. The Twiss parameters in a
7BA arc cell are shown in Figure 1. It is observed that in
the central part there are five TME-like cells. Each cell
consists of one combined function dipole (with defocus-
ing quadrupole gradient), two focusing quadrupoles, and
three sextupoles. The horizontal beta function and disper-
sion achieve a minimum in the center of the dipole mag-
net. The dispersion is matched to zero using two dedicated
quadrupole magnets and an end dipole. A triplet is adopted
outside of the end dipole to bring the beta functions down
to βx = 1.8 m and βy = 3 m at the center of the insertion
device (ID). The maximum dipole field is 0.45 Tesla and
the maximum quadrupole gradient is 66 T/m.

The betatron phase advance of each 7BA cell is (2.1, 1.1)
in units of 2π. The phase advance in each arc section is then
(21, 11), i.e., multiples of 2π in both planes. In the 4-meter-
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Figure 2: Horizontal (black curve) and vertical (red curve)
betatron tune as a function of momentum offset ∆E/E,
dominated by third-order chromaticity.

Figure 3: Dynamic acceptance with 50 ensembles of ran-
dom, systematic, and tilt errors on quadrupoles and sex-
tupoles. Tracking is performed at the center of the short
straight section where βx = 4 m, βy = 1.2 m.

long straight section, which is between two arc sections,
two triplets are placed with mirror symmetry. The linear
optics is matched and the fractional tune of the storage ring
is tunable in a range of (0.1, 0.4).

It is concluded that two families of sextupoles and five
families of octupoles are enough to construct a third-order
achromat [1] [2] [3]. In general, there are two indepen-
dent linear chromaticity terms in the second-order matrix,
and there are five independent terms in the third-order ma-
trix (two second-order chromaticity terms, plus three trans-
verse amplitude detuning terms). It is not realistic to use
an octupoles plus sextupoles scheme due to limited space
and maximum magnet strengths. Here only sextupoles are
adopted to form a third-order achromat. Eight families of
chromaticity sextupoles are placed in the dispersive region,
while four families of harmonic sextupoles are placed be-
tween the end dipole and the ID.

Similar to the PEPX design [5], all third-order (h10200,
h10020...) and most fourth-order (h20200, h40000...) be-
tatron resonance driving terms are naturally cancelled be-
tween the ten identical cells [5]. These 12 families of sex-
tupoles are tunable such that all the chromatic and geo-

Figure 4: Local momentum acceptance with 50 ensem-
bles of errors (random, systematic magnetic errors, and tilt
errors on quadrupoles and sextupoles). Tracking is per-
formed at locations next to each magnet in one 7BA arc
cell (28 m).

metric aberrations may be zero up to third order. In other
words, the linear and second-order chromaticities (dν/dp
and dν/dp2) can be tuned to zero, and the betatron res-
onance driving terms (up to fourth order) plus amplitude
detuning terms (dνx/dJx, dνx/dJy and dνy/dJy) can be
eliminated, too.

As shown in Figure 2, the off-momentum tune variation
is relatively small for a momentum offset up to 3%. The
linear chromaticities are tuned to be 1 and the second-order
chromaticities are close to zero. One observes that the off-
momentum tunes are dominated by third-order chromatici-
ties. We evaluated the lattice with 50 error ensembles, with
1% optics beating plus 1% coupling from strength and tilt
errors in the quadrupoles and sextupoles. The dynamic ac-
ceptance (DA) was calculated by tracking for 400 turns,
giving the results shown in Figure 3. We see that the DA is
3 mm (x) by 1.3 mm (y) at the straight section center where
βx = 4 m, βy = 1.2 m. The shape of the DA curve is uniform
and symmetric. The local momentum acceptance (LMA)
was also evaluated at the exit of each magnet by tracking
simulations. As observed in Figure 4, it is larger than 2%,
which ensures a Touschek lifetime above four hours.

QUASI-THIRD-ORDER ACHROMAT AND
BEAM DYNAMICS PERFORMANCE

“Quasi achromat” means that one wants to mini-
mize/zero terms that are most relevant to the beam dynam-
ics performance. For example, a chromatic achromat is es-
sential in transporting a beam with large energy spread. As
mentioned above, the lattice design described in the previ-
ous section may not fit the APS ring geometry. Alterna-
tively, the following options are proposed and evaluated to
achieve a quasi (or pure) third-order achromat in an APS
MBA lattice. It is assumed to have 40 identical MBA cells.

• True third-order achromat with octupoles, excluded
due to space constraints
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Figure 5: Comparison of dynamic acceptance shows that
the quasi-third-order achromat scheme (right figure) has
better performance.

Figure 6: Comparison of local momentum acceptance
shows that the quasi-third-order achromat scheme (right
figure) has better performance.

• Add three additional quads at the two ends of every
ten cells to change fractional tune, giving a superperi-
odicity of 4

• 40 identical cells, but each cell has phase advance like
(2.104,1.103)

It is interesting to note that the third-order achromat con-
dition is very sensitive to the phase advance. There will be
large deviations of the resonance driving terms and detun-
ing terms if the phase advance changes by 1×10−5 in each
7BA cell. Based on these considerations, option 3 is a good
choice to achieve a quasi-third-order achromat in an APS
MBA lattice. The 7BA cell phase advance is tuned to be
something like (2.104,1.103), so that in ten repetitive cells
the total phase advance is close to a multiple of 2π. The
fractional tune is also naturally far away from integer reso-
nance. Note that this scheme is also good for maintaining a
large superperiodicity, which helps to suppress lower-order
resonances.

A plain 7BA lattice was studied and optimized as one
option for a future APS MBA upgrade [7]. It has a natural
emittance of 150 pm at 6 GeV. The following two schemes
are compared for their beam dynamics performance:

• Normal scheme with arbitrary phase advance in each
7BA cell

• Quasi-third-order achromat scheme, making a quasi-
third-order achromat in ten 7BA cells

The lattice is almost the same for these two schemes.
The arc sextupoles and harmonic sextupoles arrangements
are exactly the same. The major difference is the phase ad-
vance. Both schemes are optimized for nonlinear beam dy-

Figure 7: Comparison of frequency map analysis shows
that the quasi-third-order achromat scheme (right figure)
has better performance.

namics performance, using a Multi-objective Genetic Al-
gorithm [8]. As expected, the quasi-third-order achromat
scheme has much smaller geometric and chromatic aber-
rations than the normal scheme. With the same error set-
tings and tracking setup, the dynamic acceptance and local
momentum acceptance are compared between these two
schemes, as shown in Figure 5 and Figure 6, respectively.
At a location with similar beta functions (roughly βx = βy

= 2 meters), the DA is 3.5×3.5 mm2 for the achromat
scheme, which is roughly a factor of two larger than the
normal scheme. The LMA is also improved from 3% to
4%. As observed in Figure 7, there are fewer resonance
lines showing up in the frequency map of the quasi- achro-
mat scheme.

CONCLUSION
A true third-order achromat without octupoles was stud-

ied for an APS-size storage ring that has 150-pm emittance
at 6 GeV. Quasi-third-order achromat schemes were also
studied and implemented in APS MBA lattices. The effec-
tiveness of the quasi-achromat scheme was confirmed for a
plain 7BA lattice, as well as for a plain 5BA lattice [9] and
a hybrid 7BA lattice.
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ANALYTICAL EVALUATION OF CORRELATED TIMING JITTER

CANCELLATION IN A STAGED BUNCH COMPRESSION SYSTEM∗

Yipeng Sun† , ANL, Argonne, IL 60439, USA

Abstract

In this paper, the wakefield cancellation scheme on the

timing jitter is revisited. The correlated timing jitter effects

between the photoinjector laser and the linac rf phase are

evaluated analytically. It is possible to minimize its impact

on the final bunch length (peak current) variation by em-

ploying a longer linac with a lower acceleration gradient

between bunch compressors one and two.

OVERVIEW

A staged magnetic bunch compression system is widely

adopted in the acceleration process of the electron beam.

It first introduces an energy modulation along the electron

bunch in its longitudinal direction, then lets the electron

beam pass by a dispersive region where electrons in the

head and tail of the bunch all move relatively towards bunch

center. Chicane- and wiggler-based bunch compressor de-

signs were proposed and studied thoroughly in the 1990s,

mainly for linear collider projects [1], [2], [3].

The stability of the final electron beam current depends

on the timing and rf phase jitter, bunch compressor param-

eters, and electron beam charge variations. Gun laser to

linac rf timing jitter (referred to as timing jitter)–the main

timing error to be discussed in this paper–is considered to

be correlated for all the linac sections as the sum of the

uncorrelated (or random) rf phase jitter (different from rf

source-to-source) tends to be small.

The bunch length variation due to jitter effects at the

ends of the staged bunch compressors were studied in (and

before) the LCLS initial design stage, and a longitudinal

wakefield cancellation scheme was proposed with at least

two stages of bunch compressions [4], [5], [6], [7], [8].

This scheme was also applied at the LCLS FEL [5], [7], [8].

A similar scheme is also proposed to reduce the energy

chirp by employing the wake of coherent synchrotron ra-

diation [9].

In this paper, this topic is revisited, while the associated

formulae are rederived and extended analytically. The an-

alytical result is verified by numerical simulations. It is

possible to minimize the correlated timing jitter’s impact

on the final bunch length (peak current) variation by em-

ploying a longer linac with a lower acceleration gradient,

between bunch compressors one and two.

∗Work at Argonne is supported by the U.S. Department of Energy,

Office of Science, under Contract No. DE-AC02-06CH11357. Work also

supported by the U.S. Department of Energy under Contract DE-AC02-

76SF00515.
† yisun@aps.anl.gov

ANALYTICAL DERIVATION

Neglecting the small initial un-correlated energy spread

and considering only linear terms, the RMS bunch length

after bunch compressor one can be expressed as

σz1 = (1 + h1R56(1)) · σz0, (1)

where σz1 denotes the RMS bunch length after bunch com-

pressor one, h1 is the chirp of bunch compressor one,

R56(1) is the first-order longitudinal dispersion in bunch

compressor one, and σz0 is the initial bunch length; and

h1 = −

k1eV0 sin φ

Ef0
≈ −k1 tanφ ≈ −k1φ1, (2)

where k1 = 2π1

λ
denotes the rf wave number in the first rf

section, Ef0 is the central energy after rf acceleration, e is

the electron charge, V0 is the rf voltage, φ1 is the rf phase,

k = 2π
λ

is the rf wave number, and λ is the rf wave length.

Given a timing jitter ∆φ1, the change in the final bunch

length is

∆σz1 = −k1∆φ1R56(1) · σz0. (3)

Neglecting the residual damped energy chirp from the

first rf linac h1 · C1 · E1/E2 (C1 = 1/(1 + h1R56(1)) de-

notes the compression ratio in BC1. Also the longitudinal

wakefield effects in Linac2 only consider an energy chirp

established in Linac2, which is h2. The final RMS bunch

length after the second bunch compressor can be calculated

as

σz2 = (1 + h2R56(2)) · σz1, (4)

h2 ≈ −k2φ2, (5)

where σz2 denotes the RMS bunch length after bunch com-

pressor two, h2 is the chirp of bunch compressor two,

R56(2) is the first-order longitudinal dispersion in bunch

compressor two, and k2 = 2π2

λ
is the rf wave number in

the second rf section.

After inserting the expression σz1 into Eq. (4), one finds

σz2 = (1 + h2R56(2)) · (1 + h1R56(1)) · σz0. (6)

Given a linac rf timing jitter of ∆φ1 and ∆φ2 in the first

and second rf linacs, the final bunch length is

σz2 =
[

1 − k2(φ2 + ∆φ2)R56(2)

]

·

[

1 − k1(φ1 + ∆φ1)R56(1)

]

· σz0. (7)

MOPHO14 Proceedings of PAC2013, Pasadena, CA USA

270C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

02 Light Sources

A06 - Free Electron Lasers



The change of bunch length after the second bunch com-

pressor is

∆σz2 = [−k2∆φ2R56(2)(1 − k1φ1R56(1))

−k1∆φ1R56(1)(1 − k2φ2R56(2))

+k1k2∆φ1∆φ2R56(1)R56(2)] · σz0. (8)

Inserting the bunch compression ratio in the first and sec-

ond stage of bunch compressors, C1 = 1/(1 + h1R56(1))
and C2 = 1/(1 + h2R56(2)), into the above formulae, one

finds

∆σz2 = [−k2∆φ2R56(2)/C1

−k1∆φ1R56(1)/C2

+k1k2∆φ1∆φ2R56(1)R56(2)] · σz0. (9)

Assuming the first and second rf linac have the same

rf frequency k1 = k2 = k (which also means that the

same time jitter introduces the same change in the rf phase,

∆φ1 = ∆φ2 = ∆φ), one finds that the above formula can

be simplified to

∆σz2 = k∆φ[−R56(2)/C1 − R56(1)/C2

+k∆φR56(1)R56(2)] · σz0. (10)

From the above formula, one observes that in order to

minimize the impact from timing jitter on the final bunch

length, one needs to employ a linac with lower frequency rf

(smaller k) and smaller longitudinal dispersion R56 in the

bunch compressors. In order to keep similar compression

ratios C1 and C2, a larger rf phase should be employed,

given a required smaller longitudinal dispersion R56 in the

bunch compressors. Further, assuming the same timing jit-

ter for both the first and second rf linacs, the impact from

both compression stages on the final bunch length always

adds up.

Another effect that could be used to partially compensate

the timing jitter is the longitudinal wakefield in the second

rf linac [4], [5], [6], [7], [8]. The basic idea is that if a

timing jitter in the first rf linac introduces a stronger com-

pression in bunch compressor one, which in turn results in a

shorter bunch length in the second rf linac, the energy chirp

established by the longitudinal wakefield in the second rf

linac is larger. For an under-compression scheme with nor-

mal four-dipole chicane compressor, the rising slope of the

rf wave is employed (electron bunch is ahead of rf crest),

which means that the bunch head has a lower energy than

its tail. As the longitudinal wakefield always makes the

bunch tail lose energy with respect to its head, the energy

chirp from the wakefield has a sign opposite the rf chirp

in the second rf linac. The timing jitter in the second rf

linac is assumed to be the same as the one in the first rf

linac, so this relative change in rf phase also introduces a

stronger compression in bunch compressor two. However,

the wakefield chirp fights the energy chirp established by

the second rf linac and makes the bunch compression ratio

smaller in this second stage, which partially compensates

the timing jitter effects.

With the longitudinal wakefield effects in both the first

and second rf linac included, the final bunch length is

rewritten as

σz2 =
[

1 + (h2 + h2w)R56(2)

]

·

[

1 + (h1 + h1w)R56(1)

]

· σz0, (11)

where h1w denotes the linear energy chirp induced by lon-

gitudinal wakefield in the first rf linac, and h2w is the linear

wakefield energy chirp established in the second rf linac.

Given an electron beam energy of 250 MeV at bunch

compressor one, a short first rf linac is employed, which

means that the wakefield-induced chirp h1w is relatively

small and could be negligible. As discussed above, the

wakefield chirp h2w has a sign opposite the rf chirp h2,

which should be taken into account when the FEL bunch

compression system is designed. Basically, it is the change

in wakefield-generated energy chirp that could compen-

sate a timing jitter between laser (electron bunch genera-

tion) and linac rf. Based on this point, a second rf linac

with longer length should have a stronger relative change

in wakefield-induced chirp when the electron bunch length

is affected in a first-stage bunch compressor by timing jitter

effect. A final electron bunch length at the end of bunch

compressor two is then expressed as shown below, with

timing jitter and wakefield effects considered up to first or-

der. The rf phase φ1 and φ2 denote the ones that already

have wakefield-induced energy chirp subtracted:

σz2 = [1 − k2(φ2 + ∆φ2

−D(σz1, k2) · Llinac2)R56(2)]

·

[

1 − k1(φ1 + ∆φ1)R56(1)

]

· σz0, (12)

where D(σz1, k2) denotes the unit-length change of

wakefield-induced energy chirp in linac2, which is a func-

tion of rf structure (frequency) and electron bunch length

in Linac2; and Llinac2 is the length of Linac2.

In order to keep the same beam energy at BC2, the ac-

celeration gradient in the second rf linac needs to be de-

creased. Another point is that, as the the second rf linac

length is increased, the nominal wake-induced energy chirp

is larger, which means that one has to adopt a larger rf phase

in the second rf linac to cancel the wake effects and provide

the necessary energy chirp. As discussed above, a larger rf

phase also makes the timing jitter effect relatively smaller.

NUMERICAL SIMULATION

ELEGANT [10] simulations of a low-charge X-band hard

x-ray FEL [11] are performed with timing jitter set on all

linac rf phases up to 50 fs, which is successfully achieved

in LCLS operation [12]. This timing jitter of 50 fs changes
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the Linac1 rf phase and in turn changes the electron bunch

length at the end of bunch compressor one. The final rel-

ative RMS bunch length variation is around 20 % with the

35-meter-long Linac2, given a timing jitter of 50 fs between

laser and linac rf.

One then can decrease the acceleration gradient in the

second rf linac and increase the second rf linac length (em-

ploying more rf cavities), keep the same beam energy at

bunch compressor two, and employ a stronger longitudinal

wakefield in the second rf linac to cancel the timing jit-

ter effect. However, a longer total accelerator length and a

higher total cost are accompanied with increasing the sec-

ond rf linac length and employing more rf cavities. A trade-

off needs to be made between the factors mentioned above

and the tolerated timing jitter. Analytical and numerical

studies show that decreasing the average acceleration gra-

dient from 80 MV/m to 65 MV/m in the second rf linac

could drop the final peak current variation to 12% [11].

The timing-jitter-induced peak current variation could be

fully compensated if an average acceleration gradient of 50

MV/m is adopted in the second rf linac [11].

A second example is an X-band rf-driven hard x-ray FEL

design with LCLS injector [13]. Similarly, the length of

the second rf linac is tuned to compensate (or even over-

compensate) the timing jitter impacts. As shown in Figure

1, the LCLS injector plus X-band linac case (blue curve) is

much more sensitive to timing jitter than the normal LCLS

case (red curve). This is due to the higher frequency of

X-band rf. For these nominal cases, an acceleration gra-

dient of 80 MV/m is adopted for X-band rf, while it is 20

MV/m for S-band rf in the LCLS. However, if one doubles

the length of the second rf linac and adopts an accelera-

tion gradient of 40 MV/m in the second X-band rf linac,

the black curve shows that one could possibly cancel the

timing jitter effect. In this specific example, the timing jit-

ter effect on the final bunch length is over-compensated by

the wakefields in the second X-band rf linac. One should

also note that the rf phase in the second X-band rf linac is

increased from 22 degrees to 33 degrees.

CONCLUSION

The longitudinal wakefield cancellation scheme is revis-

ited in this paper. Analytical derivations are presented for

bunch length and its variation in a staged bunch compres-

sion system. Under first-order approximation, the length of

the second rf linac can be calculated analytically, which

compensates the timing-jitter-induced bunch length vari-

ation. Simulation results of two X-band-rf-driven FEL

drivers are presented where these cancellation schemes are

applied.
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bunch compression, as a function of timing jitter, for a

bunch charge of 250 pC.
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X-BAND FEL DRIVER LINAC DESIGN WITH OPTICS LINEARIZATION
∗

Yipeng Sun† , ANL, Argonne, IL 60439, USA

Tor Raubenheimer, Juhao Wu, SLAC, Menlo Park, California 94025, USA

Paul Emma, LBNL, Berkeley, California 94720, USA

Abstract

In this paper, a compact hard x-ray FEL design is pro-

posed with a single bunch charge of 250 pC, which is based

on all X-band rf acceleration and two-stage bunch com-

pression. It eliminates the need for a harmonic rf lineariza-

tion section by employing optics linearization in its first-

stage bunch compression. Emittance growth in the hori-

zontal plane due to coherent synchrotron radiation (CSR)

is investigated and minimized, to be on a similar level with

the LCLS. An electron bunch distribution at the linac end is

taken as the input for an FEL simulation in GENESIS, with

a beam energy of 7 GeV. At an FEL radiation wavelength

of 0.15 nm, a saturation length of roughly 40 meters can be

achieved by employing an undulator with a period of 1.5

cm. Without tapering, an FEL radiation power above 10

GW is achieved with a photon pulse length of 50 fs, which

is LCLS-like performance. The overall length of the accel-

erator plus undulator is around 250 meters, which is much

shorter than the LCLS length of 1230 meters.

OVERVIEW AND ACCELERATOR

DESIGN

In this paper, a very compact FEL driver is proposed

with an accelerator length less than 200 m. An alterna-

tive way to do a linearized bunch compression in a first

stage is proposed. The key point is to eliminate the har-

monic rf section, and to apply an optics linearization in-

stead, with a specially designed bunch compressor that in-

cludes quadrupole and sextupole magnets. Similar schemes

have been proposed and studied preliminarily before, ei-

ther in an analytical manner [1] [2] [3], by numerical

simulations [1] [3] [4] [5], or in experimental measure-

ments [3]. The second-order longitudinal dispersion T566

of this bunch compressor is precisely controlled and used

to compensate the second-order curvature from the main rf

acceleration. Third-order longitudinal dispersion U5666 can

also be tuned to cancel the third-order rf curvature; how-

ever, in most cases this is not necessary as its impact is

relatively small. Compared with a four-dipole chicane, this

bunch compressor has the opposite sign of the linear longi-

tudinal dispersion R56. The main rf system in the first linac

then has to work on the falling slope of the sinusoidal wave,

which is the only way to shorten the bunch length; other-

wise the bunch length is lengthened. In order to do a normal

∗Work at Argonne is supported by the U.S. Department of Energy,

Office of Science, under Contract No. DE-AC02-06CH11357. Work also

supported by the U.S. Department of Energy under Contract DE-AC02-

76SF00515.
† yisun@aps.anl.gov

under-compression in the second stage, and still use longi-

tudinal wakefields to remove the residual chirp in the last

linac, one needs to do an over-compression in the first-stage

bunch compressor. Over-compression may cause larger

transverse emittance growth due to phase smear in the over-

compression process, associated with energy change from

coherent synchrotron radiation (CSR) in a dispersive re-

gion. The optics design of this bunch compressor needs to

be investigated and optimized carefully to minimize these

impacts.

The accelerator of this FEL driver is sketched in Figure

1. Compared with a similar hard x-ray FEL design based

on S-band rf acceleration, this all X-band-based FEL has

several potential advantages. One advantage is its compact

size at the same final beam energy, due to the higher accel-

eration gradient provided by X-band rf cavities. In general

the accelerator length is only one-fourth or one-third of the

S-band-based accelerator. Besides, a shorter wavelength

of X-band rf also makes the establishment of energy mod-

ulation easier, which then makes it possible to run on an

rf phase closer to the crest and so save rf power. Another

possible advantage is that it may be easier to manipulate

the longitudinal phase space, especially in the second and

last linac (for a two-stage bunch compression), mainly due

to a much stronger longitudinal wake field of X-band rf.

One may also benefit from a smaller CSR-induced emit-

tance growth in bunch compressor two, as a larger energy

correlation can be generated in Linac2 and then removed

in Linac3, so the strength of the bunch compressor dipoles

can be decreased.

NUMERICAL SIMULATION

In this section start-to-end ELEGANT [6] 6-D numeri-

cal simulation results are presented. The simulation starts

at a beam energy of 50 MeV, where X-band photoinjec-

tor simulations show that an RMS bunch length of 160 µm

could be achieved along with a normalized transverse emit-

tance of 0.5 µm.rad at a bunch charge of 250 pC, by tuning

the drive laser system, bunching system, and subsequent

acceleration section [7]. Space-charge effect and velocity

bunching are two dominant effects in this section from the

production of the electron bunch and its acceleration to a

beam energy of 50 MeV. The details on the simulation re-

sults of this part are not discussed here.

An electron bunch that consists of one million macro

particles is then generated internally in ELEGANT, employ-

ing an RMS bunch length of 160 µm and a normalized

transverse emittance of 0.5 µm.rad. The beam energy is

50 MeV and the single-bunch charge is 250 pC. The un-
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Figure 1: Sketch of an all X-band-based hard x-ray FEL accelerator design.

Figure 2: Start-to-end TWISS parameters, a beam energy

from 50 MeV to 7 GeV. Black curve denotes horizontal

beta function; red curve, vertical beta function; blue curve,

horizontal dispersion function; and green curve, horizontal

angular dispersion function.

correlated RMS energy spread is 12.5 keV. The distribu-

tion in both longitudinal and transverse planes is assumed

to be a perfect Gaussian distribution. This electron bunch

is transported through a first linac section (Linac1), bunch

compressor one, a second linac section (Linac2), bunch

compressor two, and a third linac section (Linac3). The

start-to-end first order optics is illustrated in Figure 2, from

entrance of Linac1 to the end of Linac3. The optics design

is performed and optimized in an accelerator design code

MAD8 [8] first, then translated into ELEGANT [6] format.

The CSR-induced transverse emittance growth is on

a similar level between this X-band-driven FEL and the

LCLS. In detail, while the vertical emittance is always pre-

served at 0.5 µm.rad during the acceleration and bunch

compression, the horizontal emittance is increased to 0.55

µm.rad in the core part and 0.8-0.9 µm.rad in the bunch

head and tail.

After the two-stage bunch compression, a peak current

over 3 kA is achieved in a pulse length of roughly 50

fs. The vertical normalized emittance is preserved at 0.5

µm.rad, and the horizontal normalized emittance is in-

creased by 20% on average. The residual correlated energy

spread is removed in Linac3, mainly by the strong X-band

rf longitudinal wakefield. The Linac3 runs on-crest with

a total length of 70 meters. A final flat energy profile is

achieved as shown in Figure 3, as well as the current pro-

file, longitudinally sliced transverse emittance, and energy

spread. This final electron beam is injected into the design

undulator for a hard x-ray FEL with a radiation wavelength

as short as 0.15 nm. The detailed FEL simulation and per-

formance is presented below.

FEL SIMULATION

FEL performance is preliminarily studied, with the GEN-

ESIS simulation results presented in this section. In the fol-

lowing parts, we show a concrete example of FEL lasing

at 0.15-nm wavelength, which is the same as achieved at

LCLS. The undulator is designed to have a shorter period

λw = 1.5 cm than the LCLS value of 3 cm, as the beam

energy of 7 GeV is lower than the LCLS beam energy of 14

GeV. The undulator strength K is chosen so that the reso-

nant FEL wavelength is λr = 0.15 nm according to Eq. 64

for θ = 0 and E = 7 GeV. The electron bunch distribution

generated from the ELEGANT simulation is then fed into an

undulator system, and the associated FEL performance is

simulated and evaluated within the code GENESIS [9]. The

electron bunch transverse profile is matched into the undu-

lator beamline where the average beta function is roughly

20 meters. No undulator tapering is adopted here to further
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Figure 3: Beam properties at the end of Linac3, which is

also the entrance of the undulator. Left top: longitudinally

sliced emittance; left bottom: current profile along longi-

tudinal direction; right top: longitudinally sliced energy

spread; right bottom: longitudinal phase space.

increase the FEL saturation power.
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Figure 4: FEL power evolution along the undulator.
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Figure 5: FEL power temporal profile at 40-m undulator.

Given a high peak current of 3 kA, plus a small sliced

transverse emittance and energy spread, within a 40-m-

long undulator the FEL radiation power can saturate at an

average power of Psat ∼ 10 GW as shown in Figure 4.

In comparison, LCLS achieves roughly 6 GW in 60 me-

ters without tapering. An overall undulator length of 50 m

is chosen to guarantee saturation. The temporal and spec-

trum profile of the FEL at 40 m of undulator is shown in

Figure 5 and Figure 6, respectively.
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Figure 6: FEL power spectrum at 40-m undulator.

CONCLUSION

Start-to-end optics design and 6-D macro particle simu-

lations are presented for an electron beam energy from 50

MeV to 7 GeV. The electron bunch is successfully com-

pressed to a peak current above 3 kA, while its bright-

ness is well preserved in both the transverse and longitudi-

nal planes. The CSR-induced transverse emittance growth

is at a similar level in both this X-band-driven FEL and

the LCLS. This all X-band rf-based hard x-ray FEL could

achieve LCLS-like performance in a shorter overall length

of 250 meters.
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Abstract 
NSLS-II is a state-of-the-art third-generation light 

source under construction at BNL. As many facilities 
worldwide, NSLS II uses the EPICS control system to 
monitor and control all accelerator hardware. CSS is used 
for simple tasks such as monitoring, display, setting of 
PVs and browsing the historical data. For more complex 
accelerator physics applications, a collection of scripts are 
mainly written in Python. The controls group developed 
the services, such as channel finder, machine snapshot, 
data archiving, twiss server, unit conversion etc. This 
paper will present the tools that we have been using for 
commissioning. 

INTRODUCTION 
The NSLS-II [1] is a state of the art 3 GeV synchrotron 

light source under construction at Brookhaven National 
Laboratory. It consists of a 200 MeV linac, a booster ring 
accelerating beam from 200 MeV to 3 GeV, a 3 GeV 
Storage ring and transport lines in between them.  

As many other facilities [2,3], NSLS II chose the 
Experimental Physics and Industrial Control System 
(EPICS) as its control system to monitor and control the 
accelerator hardware. It interfaces to the accelerator 
instruments and devices (such as Power supply, digitizer, 
and motor) with IOC (Input Output Controllers). Channel 
Access is used as the interface to the machine process 
variables (PVs).  

The typical control applications include two types, 
simple monitor/control device and complex accelerator 
physics application for studies and machine optimization 
(measurements, data analyses and applying correction). 
Mainly, we use cothread to access the process variables 
(PVs) in Python script for complex accelerator physics 
applications and the CSS (BOY) [4] panel for simple 
tasks such as monitoring, displaying and setting of the 
machine Process Variables (PVs). Besides, MATLAB is 
also available for programming and EDM panels are used 
for Linac control system from the linac vendor Research 
Instruments, GmbH. All source codes including panel 
configurations are controlled and managed by mercurial 
version in the control system.  

To keep the beam commissioning time efficient, 

various tools were developed for data displaying, 
collecting and processing. Besides machine status and 
physics applications, we also developed the daily used 
operation tools, such as save/compare/restore tool, data 
archive, alarm and warning monitor, elog, eticket, channel 
finder service and applications.  

Prior the beam commissioning, we have two stages test 
with above tools, subsystem integration testing (IT: the 
hardware system level function verification) and machine 
extended integration test (EIT: mimic the beam 
commissioning and tune the machine). These verifications 
require time and look boring and redundant, but it is 
necessary as it may take weeks of commissioning time to 
fix different technical problem.  

MACHINE STATUS APPLICATION 

All of the monitor and control panels are created with 
software tools in Control System Studio (CSS), which is 
an Eclipse-based collection of tools to monitor and 
operate large scale control systems. The interface allows 
the operators to edit the desired ramp/soak profiles and 
provides the option to use predefined recipes.  

The NSLS-II operation panels [5] include the user 
panels and the expert panels. They display the device 
status and parameters (setpoint and readback) and show 
the device performance. A user panel shows only 
information that user is required, such as the magnet 
current setpoint and readback. The expert panel shows all 
the information that expert can fully control the device or 
diagnose the device, such as power supply operation 
mode and magnet temperature.  

HIGH LEVEL APPLICATION 
Besides the devices status and control, we also develop 

high level applications to realize the accelerator physics 
application tools. It is to translate the raw/processed data 
from PV to the “physics” parameters, such as from the 
beam size reading from flags for beam emittance or beam 
energy measurement. The code was programmed with 
Python. Although we programmed the high level 
applications with Python, some of their GUIs (depending 
on operation needs) are implemented in the CSS, as part 
of operator panels, so that the operators have consistent 
live information and interface environment. The user can 
set parameters and monitor the progress in GUI as regular 
device PV set and monitor. This feature is realized 
through soft IOCs. 

 ___________________________________________  
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A screenshot of beam energy and energy spread 
measurement with flag VF2 is shown in Figure 1. It is in 
continuous mode, which means whenever the beam image 
updates, the beam energy and energy spread is updated 
correspondingly. It shows the beam image, horizontal 
beam profile, beam energy, beam energy spread, and the 
charge ratio in every 0.5% energy deviation.  

 
Figure 1: Screenshot of beam energy and energy spread 
measurement with flag VF2 in LTB transport line. 

COMMISSIONING TOOLS 

MASAR  
The MASAR (MAchine Snapshot, Archiving, and 

Retrieve) [6] is an important tool used during the 
commissioning, which is developed by the NSLS-II 
Controls group for machine save/compare/restore 
function.  MASAR is an EPICS V4 service, and it is a 
server-client based tool-set. The server and client are 
implemented in C++ and Python. The server takes 
machine snapshots, archives data in a relational database, 
and retrieves data from the database. The client provides a 
GUI that retrieves snapshot data, compares the data with 
the live machine, compare multiple snapshots, and 
restores the machine with given snapshot data.  

The user creates a list of channels, which can be any 
record data type, such as scalar values, arrays or strings, 
that are important for the system in a configuration file 
and, then, MASAR saves the current configuration. To 
take a snapshot, the client specifies the name of the 
snapshot configuration and a name for this snapshot 
event. When the server receives a command to take a 
machine snapshot, the server retrieves the list of channel 
names in the configuration from the database. It then gets 
the current value of all the channels from IOC, and saves 
the data as a snapshot event into the database.  

Channel Finder Service and Applications 
The High level applications tend to prefer a hierarchical 

view of the control system where they can group channels 
by type (such as BPM, horizontal corrector) or location. 
These applications require retrieving a large set of 
channels’ value or alarm state. Channel finder 
applications have simplified user interaction by requiring 
the user to providing only the channels’ criteria that they 
are interested in, such as element type BPM or element 
Name ICT1, instead of the complete set of channels 
name. 

User provides a list of channel names (PVs) with given 
properties and tags and channel finder service (CFS) [7] 
stores these information for different applications. The 
Properties are keyword-value pair data, where the 
keywords are predefined, such as element name with 
value P1, element type with value BPM, s Position with 
value P1 0.5 et. al, whereas the tags are plain strings, such 
as aphla.sys.LTB, aphla.sys.SR. The channel finder 
applications use CFS plugin, to query the service for a 
group of channels based on the set of criteria, which is 
based on one or any combination of channel name, 
properties and tags. The channel finder applications client 
are supported by CSS (such as channel viewer to show a 
group of PVs with their name, properties and tags, 
Channel line plot viewer to plot a group of PVs live data, 
waterfall plot to show time plot of all queried channels ) 
or python (APHLA: accelerator physics high level 
application).  

Channel Archiver  
An EPICS Channel Archiver is installed to record the 

values of many interesting PVs over time (such as ICT 
charge, power supply readback, vacuum pressure, which 
are predefined by PVs’ owner). This data is then available 
for online queries, for plotting with the CSS Data 
browser, and may be exported in several formats (such as 
spreadsheet, Matlab, h5) for analysis. 

Figure 2 shows the historical view of the charge 
reading after linac from one ICT and two Faraday Cups 
with data browser.  

 
Figure 2: History view of charge reading.  
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SUB-SYSTEM INTEGRATION TEST  
The purpose of the sub-system integration test [8] is to 

verify the device function along with utilities, timing 
system and control system in control room environment. 
Meanwhile, we do the diagnostics system calibration and 
develop more functions to improve the control system 
features for users. The subsystem testing include all 
diagnostics (such as ICT, FCT, FC, Flags, BPMs) 
devices, power supplies and RF system. We developed 
the test procedure, which includes the system interface 
block diagram, the system physics parameters and ranges, 
the control parameters and procedures on 
mechanical/controls testing, calibration and check points. 
During the process, we use external “known” signal to 
simulate the real beam in various situations, such as 1 
Hz/2 Hz/ stacking mode with low/high bunch charge at 
single bunch mode/long pulse mode.  

Most of the technical issues are solved during the 
integration test. But this test cannot fix some possible 
problems, such as magnet polarity error, which could only 
be revealed by beam.  

For example, during the BPM system integration 
testing [9], a number of hardware issues has been found 
out and fixed (such as cable loose connection on a patch 
panel). Some BPMs four buttons’ signal shows different 
behaviour and noisy frequency up to a few kHz were 
observed. This is solved by modifying the oscillator and 
installing a microwave absorber. The BPM position noise 
level is now improved down to 1μm. During the BR flags 
test, a parasitic background was observed on the screen 
images, which will also affect the beam image. To fix this 
problem, A set of the absorbers has been produced by 
BINP and installed into the flag tubes. During the ICT 
test, the beam signal source is 'replaced' by a pulse 
generator. We found LTB-ICT2 connection issues and 
four ICTs exhibit the readback difference, which is larger 
than 5% due to calibration. After repeating the 
calibration, the four ICTs readback difference came down 
to be less than 1% and the charge readback noise reduced 
below 10 pC. 

EXTENDED INTEGRATION TEST 

Prior to the Booster (BR) beam commissioning, we 
carried out the beam commissioning with simulated beam 
signals, called extended integrated testing (EIT) to 
prepare for the booster ring commissioning by operating 
the whole system as during the actual beam 
commissioning. The beam signals are simulated and 
generated by a computer program, ELEGANT. Then they 
are transported by the same data channel as the real beam 
signal would travel.  

We developed shift schedule, daily shift plans and shift 
summaries, closely corresponding to the actual beam 
commissioning. The EIT activities consist of 4 hour shifts 
per day with shift team from BNL and BINP. The short 
and long term shift plans are based on real beam 
commissioning steps. The whole test lasts 10 weeks.  

During this process, we tested and optimized all the 
operation screens, the high level applications and 
upgraded the operation tools. With readbacks from the 
power supply and RF systems, commissioning activities 
such as injection, first turn steering, achieving circulating 
beam, RF capture, closed orbit, acceleration ramp 
optimization and extraction can be set up and optimized. 
This proved itself to be an efficient way of debugging the 
controls- and the correction systems, as the applications 
bug can be quickly revealed with the known ‘beam’ 
signal. Many small issues and bugs, which would have us 
slowed down during the commissioning, have already 
been discovered and fixed during the test. For example, 
the large dipole BD1 IGBT fail caused the PS broken, 
which takes power supply group ~1 month to find and fix 
the problems. The feedforward function in quads is 
implemented as the error is larger than specification. The 
MASAR function is upgraded to accommodate the 
waveform channels. The ramp manager application is 
upgraded so that RF control with sequence and limitation 
is included and RF voltage waveform setting can be easily 
correlated with PS setpoint. 

Moreover, the testing is carried out from the control 
room in a way which is almost identical to the 
commissioning with real beam. The operations 
procedures, the shift routines, the use of the logbook and 
much more were practiced and improved during EIT. For 
example, the online shift summary service was developed 
for easy search.  
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�������� 
Short (subpicosecond) pulses are central to many of the 

next generation light source initiatives that are based on 
linear accelerators. Beam compression is performed by 
means of a chicane utilizing a correlated linear energy 
chirp. A small energy chirp is kept as the beam goes 
through the remaining accelerating stage to compensate 
for wakefield effects. It is necessary to compensate the 
residual energy spread before the beam enters the 
undulator stage. We present here a concept for a passive 
wakefield device - chirp corrector or dechirper, to 
perform this compensation. We have recently 
demonstrated a passive energy chirp correction by self-
wakefield at the Brookhaven ATF facility. In this paper 
we present a progress report on development of these 
tunable chirp correction devices.  

INTRODUCTION 
Free Electron Laser (FEL) operation requires a high 

current beam. To reach high current, typically kA � level, 
the electron beam is compressed. Compression is 
performed by a chicane, a set of four dipole magnets 
arranged in a + - - + pattern. For the beam to be 
compressed by a chicane it has to have an energy chirp, a 
linear correlation between the energy and longitudinal 
coordinate. This correlation can be obtained by running 
beam off-crest in the accelerating section. A natural 
parameter to characterize the chirp is derived from the 
slope: the energy difference over the longitudinal 
coordinate difference in MeV/mm or equivalent. For 
compression in chicane a positive chirp required, i.e. the 
head of the beam has lower energy than the tail. In this 
case the lower energy particles (the head) have a longer 
path than the high energy particles in the tail. Hence the 
beam is compressed as the tail catches up with the head. 
After the compression the beam typically has a residual 
chirp on the order of 40 MeV/mm [1]. Prior to injection in 
the undulator this chirp has to be removed as it 
compromises the FEL lasing. In principle, this can be 
done by running the bunch off-crest in the accelerating 
section. Alternatively a passive wakefield device can be 
used by utilizing the self-acting wakefield induced by the 
electron bunch on itself [2]. In the original proposal such 

a device was called a ������	�
�� 	
�������� Similar 
proposals were also put forward in [3-5]. A new name 
�����	������ ��� ���	��� ����������� was used in [5] and 
adopted here as a generic name for the passive wake-
inducing device whose sole purpose is to remove (or 
create) the energy chirp. Since the impact of the dechirper 
linearly scales with the length of the device and the 
charge of the electron bunch, it is convenient to 
characterize the dechirper strength in units of 
MeV/mm/m/nC. The experimental demonstration of the 
idea of the dechirper was first reported in [4] where a set 
of dielectric lined cylindrical waveguides with different 
apertures were used to produce wakefields with variable 
strengths. Although the use of different apertures in a 
cylindrical geometry gives a reasonable flexibility in 
adjusting the dechirper strength, a continuously tunable 
dechirper is nevertheless preferred. This device has been 
tested recently and in this paper we present some recent 
experimental results obtained using a tunable dechirper. 

 
Figure 1: Tunable dechirper: two 10 cm long metallized 

�
��	��� �������� ��rs, 12 mm wide and 6.35 mm thick 
with 1 � 6 mm variable gap. 

 While propagating through the dechirper each electron 
emits Cherenkov radiation. For a particular structure this 
field can be simulated and in some cases calculated 
theoretically [6]. Integrating over the current distribution 
one can get the total wakefield inside the electron bunch. 
For dechirper operation we are interested in the self-
wakefield, the fields inside the bunch. For a linear chirp 
correction the self-wakefield has to be quasi-linear. This 
can be obtained in a number of ways, using a single mode 
structure or a multimode structure. Naturally, a wake 

 ___________________________________________  

*Work supported by the Department of Energy SBIR program under 
Contract #DE-SC0006299.  
#s.antipov@euclidtechlabs.com 

Proceedings of PAC2013, Pasadena, CA USA MOPHO19

02 Light Sources

A06 - Free Electron Lasers 279 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



generated by a beam can be represented by a set of modes 
excited in a structure. The dielectric-loaded waveguide 
can be made to support only one primary mode (with 
others having a weak coupling to the beam). This is 
typically done by using a thin layer of dielectric. If the 
wavelength of this mode is much larger than the length of 
the beam, then the self-wake is quasi-linear. This is 
obvious for a flattop beam as we convolve the constant 
current with the cosine wake to obtain a sine self-wake 
which is further approximated for short beams by a linear 
function of axial position. Similarly, a multimode 
structure would work in the case when most of the excited 
modes have wavelengths longer than the beam. We prefer 
working with a multimode structure as it is much simpler 
to handle in the experiment. 
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Figure 2: Principle of tunable dechirper: short range 

wakefields calculated for a Gaussian beam for four values 
of the dechirper gaps indicated on the plot. There is a 
linear part of the short range wake with amplitude 
changing as we change the dechirper gap. 

 
The wake amplitude ~ �����2, where � is the waveguide 

form factor, q is the charge and a is the characteristic size 
of the aperture. Hence tuning the transverse size of the 
aperture allows a corresponding adjustment of the 
strength of the chirp corrector (Fig. 2). 

A chirp corrector also can be made using a corrugated 
structure [5]. Such structures typically operate as a single 
mode dechirpers. A multimode operation can be achieved 
by using deep corrugations, however, theoretical analysis 
in this case becomes complicated. 

Defining the linear fit to the wakefield as illustrated in 
Fig. 3, we obtain for the dechirper strengths for a gaussian 
beam SD = 45, 87, and 215 MeV/mm/m/nC using 
dechirper gaps = 2.8, 1.9 and 1 mm. It is important to 
point out that dechirper strength does depend on the beam 
distribution as illustrated in Figure 3. The self-wakefield 
slope differs slightly for gaussian and flattop beams. 

 

 
Figure 3: Illustration of the definition of the dechirper 

strength using the linear fit of the wakefield between 
points A and B (the case with a 1.9 mm dechirper gap is 
shown here). The red curve shows the profile of the 
electron charge distribution, NGLS-� ��� !"#� $�� �
������
beam (not to scale). 

EXPERIMENTAL RESULTS 
The experimental testing of a tunable dechirper was 

performed at the Accelerator Test Facility in the 
Brookhaven National Laboratory. We by accelerating 
electron bunch off-crest in the linac and obtaining an 
energy of 60 MeV and a positive 0.33 MeV/mm energy 
chirp. We had a longitudinal shaping setup for the beam 
that was part of another experiment and produced a quasi-
triangular beam, 500 $�� long with 54 pC charge. This 
was accomplished by a mask located at a point with a 
large energy dispersion between the two opposite sign 
dipole magnets [7]. The electron bunch length was 
measured with the interferometer using coherent 
transition radiation (CTR) from a foil located downstream 
of the second magnet.  

The electron beam energy chirp was then manipulated 
by passing the electron bunch through a dechirper shown 
in Figure 1. After that, the electron bunch was sent into 
the spectrometer.  

We measured the energy spread using a magnetic 
spectrometer. It was observed that the energy spread 
decreased as we closed the chirp corrector gap from 5.8 
mm to 1 mm. Fig. 4 shows our experimental data: the 
beam is detected by a phosphor screen and imaged by a 
camera. On this image the horizontal dimension 
represents the particle energy, and the vertical dimension 
represents the vertical beam size. Due to the initial energy 
chirp one can see the correlation of the chirp value and 
the longitudinal projection of the beam on the 
spectrometer. Because the beam was quasi-triangular 
longitudinally and had an energy chirp, a linear 
correlation between the longitudinal coordinate and 
energy, the image on the spectrometer repeats the 
longitudinal beam profile, and we observe a triangular 
spot on the screen. 
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Figure 4: Experimental measurement: calibrated energy 

spectra of the beam passing through a chirp corrector with 
various gap sizes: 5.8, 2.8, 1.9 and 1 mm. The energy 
spread of the beam can be seen to decrease as the 
optimum gap size (1 mm) is approached. 

When the dechirper gap was closed down to 1 mm we 
no longer observed any correlation and the energy spread 
was at a minimum. The energy chirp was calculated to be 
0.33 MeV/mm (165 keV over a ~500 micron long 
triangular beam). This 0.33 MeV/mm was compensated in 
the 10 cm long dechirper. Since the total beam charge was 
54 pC, the value of the dechirper strength in this case is 
61±6 MeV/mm/m/nC.  

In summary, our work has demonstrated a tunable 
dechirper, a passive wakefield device for reduction of the 
correlated energy spread. With this device, the 0.33 
MeV/mm correlated energy spread of a 60 MeV, 54 pC 
electron bunch at the BNL Accelerator Test Facility 
(ATF) was completely removed by adjusting the gap 
between metallized alumina bars [8] (forming a planar 
dielectric structure) from 5.8 mm down to 1 mm. 
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THz LIGHT SOURCE AT THE IDAHO ACCELERATOR CENTER
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Abstract
The Idaho Accelerator Center (IAC) has been operat-

ing nine low energy accelerators for THz and X-ray light
sources, nuclear physics, and medical isotope productions.
In November 2012, the IAC and RadiaBeam collaborated
to upgrade an IAC 44 MeV L-band RF linac with a chi-
cane bunch compressor and a THz radiator with numerous
periodic gratings for the resonant Cherenkov radiation. By
using the THz radiator and the re-optimized L-band linac
with a new operational energy of 5 MeV, we could demon-
strate a THz resonant Cherenkov radiation with a high aver-
age power of about 17 W in an RF macropulse without us-
ing any sub-ps laser or undulator. In this paper, we describe
our upgrades and accelerator optimization experiences to
perform the proof-of-principle experiments at the IAC.

INTRODUCTION
As various user applications such as diagnosis of early

stage cancers, 3D imaging of teeth, security and weapon
scanning, and quality control of commercial products have
been developing, recently, THz users strongly request co-
herent THz light source which can supply a high aver-
age power (≥ 1 mW). Jefferson Lab and several other
laboratories have demonstrated accelerator-based high av-
erage power THz light sources by using the Continuous
Wave (CW) or Energy Recovery Linac (ERL) technology.
However, we need a big budget to construct such an ERL
based THz light source facility. To realize a compact and
cheap high average THz light source facility, we have de-
veloped a resonant Cherenkov radiation based THz radia-
tor [1–3], and performed its proof-of-principle experiments
at the Idaho Accelerator Center (IAC) by upgrading an IAC
44 MeV L-band RF linac [4–6]. The parameters of the
44 MeV linac and the THz radiator are summarized in Ta-
ble 1, and the layout of the upgraded IAC 44 MeV L-band
linac is shown in Fig. 1. The upgraded linac has a 85 kV
DC gun instead of an RF photoinjector and a THz radiator
instead of a undulator as shown in Fig. 1. To perform the
proof-of-principle experiments of narrow-bandwidth reso-
nant Cherenkov radiation with a specially designed THz ra-
diator, RF phases and gradients of the 44 MeV linac struc-
tures were re-optimized to have a new operational beam
energy of 5 MeV and to have the shortest bunch length of

∗Mail: yjkim@isu.edu

Table 1: Parameters of Linac and THz Radiator
Parameter Value Unit
Maximum beam energy 44 MeV
Minimum beam energy 5 MeV
RF frequency 1300 MHz
Repetition rate of RF macropulse 30 Hz
Length of RF macropulse 2 µs
Bunches in a macropulse 2600 ·
Single bunch charge 30 pC
R56 of bunch compressor 13.7 mm
Minimum rms bunch length 500 fs
Resonance frequency of radiator 0.316 THz
Grating period 234 µm
Grating groove depth 80.86 µm
Grating structure length 30.4 mm
Grating structure width 6.3 mm
Grating structure gap 1.256 mm
Phase advance per period 88 deg
Quality factor 2150 ·
Gap-averaged shunt impedance 4.3 MΩ/m
Nomalized group velocity 0.8 ·
Average THz power per macropulse 17 W
Bandwidth of THz radiation 10 %

about 500 fs (rms). It is well confirmed that the multi-
bunch beam loading effects or the long-range longitudi-
nal wakefields can be used to generate coherent narrow-
bandwidth resonant Cherenkov radiation [1, 2, 7, 8]. In our
experiments, we used a 85 kV DC gun to generate a long
bunch train with 2600 short single bunches in a 2 µs long
RF macropulse. By sending the 2600 short bunches with
a single bunch charge of about 30 pC into the THz ra-
diator, we could get strong multi-bunch beam loading ef-
fects to generate a high average power THz radiation at
0.316 THz. In this paper, we describe upgrades of the IAC
L-band linac, the THz radiator, and linac optimization ex-
periences to generate a high average power THz radiation
at 0.316 THz with the compact THz radiator.

UPGRADES FOR EXPERIMENTS
For the THz experiments, as shown in Fig. 1, we in-

stalled a THz radiator, which had been fabricated with
the conventional CNC milling, a chicane bunch com-
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Figure 1: Layout of the IAC 44 MeV linac for the IAC-RadiaBeam THz project.

Figure 2: THz radiator: (first) entire THz radiator, (second) disassembled molybdenum collimator with a 1.2 mm wide
gap, (third) copper side-open planar horn antenna with numorous gratings, (fourth) 3D images of the planar horn antenna.

Figure 3: Upgraded beamline of the IAC 44 MeV linac for
the IAC-RadiaBeam THz project.

pressor to compress electron bunch length, a quadrupole
triplet (QMs) to change beam shape and to adjust focus-
ing strength at the THz radiator, four horizontal and verti-
cal steering magnets (STs) to adjust beam orbit along the
beamline, a Coherent Transition Radiation (CTR) based in-
terferometer to measure femtosecond long electron bunch
length after the bunch compressor, an OTR screen to check
the beam position and shape in front of the chicane bunch
compressor, a YAG screen to check beam position and
beam shape in front of the THz radiator, two Prosilica GigE
CCD cameras to acquire beam shapes and positions at the
OTR and YAG screens, a Faraday cup at the end of the
beamline to measure electron beam charge going through
the THz radiator [1, 5, 6]. In addition, as shown in Figs. 2
and 3, we had installed a homemade THz antenna in front
of the left output-coupling Sapphire window of the THz
radiator, and a GenTec QS-I-TEST SDX-1065 pyrodetec-
tor was installed in front of the right output-coupling Sap-
phire window of the THz radiator [1]. To acquire weak
signals from the homemade antenna, we connected a Tek-
tronix MSO72004 fast oscilloscope to the antenna with a

1.0 m long low loss copper coaxial cable. Since the cable
length is only 1.0 m, we had to leave the oscilloscope in
the linac tunnel with sufficient lead shielding. To control
the oscilloscope from the linac control room, we used the
remote desktop function of Windows XP. Since the cable
is short and low loss one, it was very effective to find ini-
tial signals from the radiator [1]. The GenTec SDX-1065
pyrodetector was connected to a Tektronix TDS2014 slow
oscilloscope with a 50 m long coaxial cable. Since the ca-
ble is long enough, the oscilloscope could be controlled at
the control room directly.

To control newly installed magnets and Prosilica GigE
CCD cameras remotely, we had installed EPICS acceler-
ator control system. More details on the EPICS accelera-
tor control system, the dipole magnets for the chicane and
three quadrupoles for the triplet, and the Prosilica GigE
CCD camera based beam imaging system can be found
from references [4–6]. As shown in Fig. 1, the new 4.3 m
long beamline for the THz experiments starts from the sec-
ond 90 degree bending magnet (BM), which is located at
right before the first 7 degree dipole magnet for the chi-
cane bunch compressor. After installation of all compo-
nents, the upgraded beamline is busy as shown in Fig 3.
The 0.3 m long THz radiator consists of a molybdenum
collimator set, cooling channels, two connecting flanges,
and a pair of planar, side-open, copper gratings with sym-
metrical meander profile as shown in Fig. 2. Since the col-
limator has a 1.2 mm wide gap, good beam orbit steering is
required to send electron beams through the THz radiator.
Detailed design concepts of our THz radiator can be found
from references [1, 2] and its parameters and performance
are summarized in Table 1.

EXPERIMENTAL RESULTS
To detect THz signals from the THz radiator, first of all,

we optimized the beam shape and orbit with steering mag-
nets and the quadrupole triplet to get a weak transmission
down to the Faraday cup. Then, we adjusted bunch length
by optimizing RF phases of linac structures and chicane

Proceedings of PAC2013, Pasadena, CA USA MOPHO20

02 Light Sources

A05 - Synchrotron Radiation Facilities 283 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



strength. After the bunch length optimization, we tried to
improve beam transmission down to the Faraday cup with
steering magnets and the quadrupole triplet. However, we
could not get any THz signal from the GenTec SDX-1065
pyrodetector with 8 MeV electron beam, and the single
bunch charge at the Faraday cup is much smaller than 1 pC.
To overcome the high RF background noises, we installed a
homemade THz antenna in front of the left output-coupling
Sapphire window, and a Tektronix MSO72004 fast oscil-
loscope was connected to the antenna with a 1.0 m long
low loss copper coaxial cable. Then, to improve the veloc-
ity bunching of the electron beam, we reduced beam en-
ergy from 8 MeV to 5 MeV. However, we could not get
any signal from both the pyrodetector and the antenna ei-
ther. In addition, the beam transmission to the Faraday cup
was dramatically dropped at 5 MeV due to strong space
charge forces at the THz radiator region when the beam
was horizontally focused and longitudinally compressed at
5 MeV [1,6]. Therefore, we had to modify transverse beam
shape from horizontally focused strip like one into uni-
formly distributed round one to reduce the beam spreading
due to strong space charge forces in the THz radiator [1].

After the transverse beam shape modification, we could
improve the beam transmission, and we could detect a
weak cm-wavelength signal from the homemade THz an-
tenna as shown in Fig. 4. The longer cm-wavelength radia-
tion is generated by the wakefield induced at the 2 cm long
horn antenna openings when the bunch length is longer
than the grating period of 234 µm [1]. By adjusting RF
phases for the velocity bunching, chicane strength for the
magnetic compression, beam orbit, and beam uniformity
against strong space charge forces, we could get good
beam transmission down to the Faraday cup as well as the
strong cm-wavelength signal from the homemade antenna
as shown in Fig. 4. In that case, the single bunch charge
at the Faraday cup was increased up to 30 pC. By com-
pressing bunch length down to the grating period range, we
could get a strong cm-wavelength signal from the home-
made antenna and a strong THz signal from the pyrodetec-
tor as shown in Figs. 4 and 5. By analyzing signals from the
pyrodetector, we found the fact that the average THz power
of the RF macropulse with 2600 single bunches is about
17 W in the radiator [1]. We also got a similar power level
by analyzing cm-wavelength signals from the homemade
antenna. This is about two orders of magnitude higher av-
erage power than that was obtained with RF photoinjector
based THz sources at low beam energies [8].

SUMMARY
Successfully, at 5 MeV, without any gun driving laser or

undulator, we have demonstrated that a high average power
THz radiation can be generated with a compact and cheap
resonant Cherenkov radiation based THz radiator. The av-
erage THz power of an RF macropulse is about 17 W,
which is is about two orders of magnitude higher aver-
age power than that was obtained with RF photoinjector
based THz sources at low beam energies. We expect that

Figure 4: Tektronix MSO72004 oscilloscope signals at
5 MeV with a round beam shape: (top and green) signal
from a Faraday cup, (bottom and yellow) signal from a THz
antenna.

Figure 5: Tektronix TDS2014 oscilloscope signals from a
GenTec pyrodetector at 5 MeV with a round beam shape:
(left) when beam was off and (right) when the single bunch
charge at the Faraday cup was about 30 pC, and the signal
from THz antenna was strong as shown in Fig. 4.

the average power can be further increased by improving
electron beam quality and by increasing RF macropulse
length. By directly connecting the THz radiator to a multi-
cell thermionic RF gun and an alpha magnet, we expect that
the total length of the THz facility can be reduced down
to several meters. By measuring average THz power from
the THz radiator, hence the form factor of electron beam,
we can also use the radiator to measure the femtosecond
long bunch length of electron beams [1]. This work was
supported by the U.S. Department of Energy (award No.
DE-SC-FOA-0000760 and DE-FG02-07ER84877).
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PSEUDO SINGLE BUNCH WITH ADJUSTABLE FREQUENCY∗

C. Sun† , M. Hertlein, J. Kirz, M. A. Marcus, G. Portmann, D.S. Robin and C. Steier
Lawrence Berkeley National Laboratory (LBNL), Berkeley, CA 94720, USA

Abstract
We present the concept and results of pseudo-single

bunch (PSB) operation - a new operational mode at the
Advanced Light Source (ALS) - that can greatly expand
the capabilities of synchrotron light sources to carry out
dynamics and time-of-flight experiments. In PSB opera-
tion, a single electron bunch is displaced transversely from
the other electron bunches using a short pulse, high rep-
etition rate kicker magnet. Experiments that require light
emitted only from a single bunch can stop the light emitted
from the other bunches using a collimator. Other beamlines
will only see a small reduction in flux due to the displaced
bunch. As a result, PSB eliminates the need to schedule
multi-bunch and timing experiments during different run-
ning periods. Furthermore, the time spacing of PSB pulses
can be adjusted from milliseconds to microseconds with a
novel “kick-and-cancel” scheme, which can significantly
alleviate complications of using high power choppers and
substantially reduce the rate of sample damage.

INTRODUCTION
A major limitation of synchrotron light sources is the

ability to easily serve two classes of experiments simul-
taneously, namely, brightness or flux limited experiments
and timing experiments. High brightness experiments re-
quire filling most of the rf buckets with electrons, thus
maximizing the total current while minimizing the current
per bunch. In such a multibunch filling pattern, the bunch
spacing is typically only a few nanoseconds between elec-
tron bunches. On the other hand, timing experiments re-
quire longer times between x-ray pulses. For example, in
the case of laser-pump x-ray-probe timing experiments, it
is desirable to have only one x-ray pulse per laser pulse.
Since such lasers operate between kHz and MHz rates, this
implies a distance between pulses of ms to µs.

At the Advanced Light Source (ALS) facility, we have
been exploring a new mode of operation that we call
pseudo-single-bunch (PSB) operation, the goals of which
are to allow multibunch and timing experiments to run si-
multaneously [1, 2, 3]. The idea behind PSB operation is
to use a high-repetition (MHz)-rate, short-pulse (<100 ns)
kicker [4] to vertically displace a single camshaft bunch
relative to the bunch train. Experiments that require light
emitted only from a single bunch can block the light emit-
ted from the other bunches using a collimator with only
light from the camshaft bunch reaching the experiment.
The PSB timing could be at the orbital period (656 ns) or

∗Work supported by the Director Office of Science of the U.S. Depart-
ment of Energy under Contract No. DE-AC02-05CH11231.
† ccsun@lbl.gov

longer, depending upon how frequently the bunch is dis-
placed.

Here we discuss the results of our studies on the PSB
operational mode, especially the novel kick-and-cancel
(KAC) scheme that can deliver a single pulse with ad-
justable frequency [3]. A similar idea was previously sug-
gested [5], but to our knowledge this is the first time that it
has been realized.

KICK-AND-CANCEL SCHEME
The idea of the KAC scheme is that by adjusting the

ring tune and the PSB kick pattern, the camshaft bunch can
first be displaced to a different orbit and then kicked back
to its original one within a few turns. This KAC process
can be repeated at will to create a PSB pulse with an ad-
justable repetition rate. Mathematically, the KAC scheme
can be shown as follows. Assuming that a camshaft bunch
is kicked at the ith turn with a kick angle of θy , the orbit
offset and angle at the nth turn due to this kick are given
by

yin = θyβy sin[2π(n− i)νy],
y′in = θy{cos[2π(n− i)νy]− αy sin[2π(n− i)νy]}. (1)

To restore the orbit after the nth turn, the superpositions of
orbit offsets and angles from each kick need to be zero, i.e.,

n∑
i=0

yin = 0,

n∑
i=0

y′in = 0. (2)

Using the two equations above, we can solve the re-
quired vertical tune for given number of kicks and orbit
turns. There are many possible solutions to Eq. (2). Just
one example is presented here. In this example we wish to
restore the orbit after two turns within two kicks. The orbit
offsets and angles are created by these two kicks at the 2th

turn are

y02 = θ0yβy sin 4πνy, y
′0
2 = θy(cos 4πνy − αy sin 4πνy)

y22 = 0, y′22 = θ0y. (3)

Applying Eq. (2), we can solve the vertical tune νy = 0.25.
To test this scheme at the ALS, the vertical tune of the

storage ring needs to be adjusted to 9.25 from the nomi-
nal tune of 9.20. Figure 1 shows simulated beam orbits for
this KAC scheme with the kick angle of 73 µrad. We can
see that the beam orbit is displaced for two turns and then
kicked back to the nominal one. For example, at the un-
dulator beam line 6.0.1 as indicated in Fig. 1(c), the two
orbits are displaced on both sides of the unkicked one, and
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Figure 1: Orbits of the camshaft bunch for kick-and-cancel
PSB operation mode at vertical tune 9.25 and kick angle
θy=73 µrad: (a) Full 12 sectors; (b) close-up of sectors 2
and 3, where the kicker and beam line 3.1 are located. At
the source point of beam line 3.1, the beam is displaced by
-560 µm on the 1st turn and 395 µm on the 2nd turn; (c)
close-up of straight 6. In the center of the insertion device
the beam is displaced by -113 µm on the 1st turn and 188
µm on the 2nd turn; (d) close-up of beam line 10.3 source
point. The beam is displaced by 10 µm on the 1st turn and
-154 µm on the 2nd turn.

the maximum separation between them is about 250 µm at
the center of the 6.0.1 insertion device.

It should be pointed out that the KAC may affect beam
orbit stability through fluctuations of the kick amplitude,
and affect the beam size by chromaticity and tune shift with
amplitude. The reproducibility of the kick amplitude de-
pends on the stability of the power supply. Measurements
using an analog oscilloscope show that the relative fluctua-
tions are approximately 2x10−3, which gives rise to about
0.5 µm orbit motion (about 4% of the beam size). We have
also carried out simulations using our accelerator modeling
code to estimate the effects of chromaticity and tune shift
with amplitude. The results show that beam size growth
due to these effects is about 0.5 µm (rms) which is the same
as the one caused by the fluctuations of the kick ampli-
tude. These estimates indicate that for the ALS parameters
beam orbit motion and beam size increase due to the KAC
scheme should be acceptably small.

EXPERIMENTAL TESTS
We first tested this novel operation mode at our syn-

chrotron diagnostic beam line 3.1. At this beam line, the
x-ray pulse emitted from the bend magnet is first converted
to visible light by a BGO crystal, and then imaged on a
CCD camera. Figure 2 shows the measured beam image
when the kicker is turned on. Clearly, there are three beam
spots, the central one corresponding the un-kicked orbit
and the other two the kicked orbits. The separation be-
tween the two kicked orbits is about 950 µm, which is con-
sistent with the simulation. For this measurement, the stor-
age ring was filled with a 5 mA single camshaft bunch, and
the beam was kicked at the maximum kick-and-cancel fre-
quency, i.e., there is no waiting period between each KAC

Figure 2: Beam image measurement at synchrotron diag-
nostic beam line 3.1. For this measurement, the storage
ring was filled with a 5 mA single camshaft bunch, and
the beam was kicked at the maximum kick-and-cancel fre-
quency.

process. Therefore, the three orbits have the same repeti-
tion rate of 500 kHz and the same current of 5/3 mA.

We tested this KAC operation mode at the bend mag-
net beam line 10.3.2. For this beam line, a side-deflecting
toroid mirror forms a 1:1 image of the x-ray beam on a slit.
The time-averaged x-ray intensity is measured using a YAG
scintillator after the slit, the light from which is detected by
a PIN diode. Figure 3 shows the x-ray signals by vertically
scanning the slit when the kicker is turned on and off. For
these measurements, the storage ring was filled with a 350
mA multibunch train and a 4 mA camshaft bunch. In the
figure, the signal from the kicked camshaft is clearly seen
on the shoulder of the main bunch background when the
kicker is turned on. The signal to background ratio is about
10:1. Compared to the normal operation mode, the back-
ground from the main bunch train is suppressed by a factor
of about 2500. The separation between the kicked camshaft
signal and the main bunch peak is about 150 µm, which is
consistent with the simulation.

We tested the KAC scheme at beam line 6.0.1 using a
gated detector. The setup of the experiment is shown in
Fig. 4(Top). For this test, the storage ring was filled with
a 276 mA multibunch train and a 5 mA camshaft bunch.
The x-ray pulse emitted from the undulator was measured
using a gated avalanche photodiode at an end station of the
beam line. Two measurements were carried out, one with a
50 µm slit centered on axis, and the other with the slit cen-
tered 190 µm off axis. For the on-axis measurement, the
x-ray signals from the bunch train and unkicked camshaft
bunches are clearly seen in Fig. 4(Middle); however, the
pulses from the kicked camshaft bunch are missing for two
turns since the camshaft bunch is displaced to different or-
bits during these two turns and the radiation from them is
blocked by the slit. When the slit is moved off axis (up),
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Figure 3: X-ray pulse measurements at a bend magnet
beam line 10.3.2 with the kicker on and off. For these
measurements, the storage ring was filled with a 350 mA
multibunch train and a 4 mA camshaft bunch.

only the radiation from the displaced bunch at the second
turn can pass through the slit. Therefore, we only see one
pulse in Fig. 4(Bottom).

Finally, we tested this KAC scheme using an integrat-
ing (nongated) photodiode at beam line 6.0.1. For this test,
the storage ring was filled with the same fill pattern as for
the previous test, and the slit was moved off axis to a po-
sition where it would optimally transmit the light of the
kicked bunch. At this slit position the background signal
due to the unkicked bunches was suppressed by 3 orders of
magnitude. This large suppression in the signal from the
unkicked bunches directly translates to a substantial reduc-
tion in the sample damage rate.

CONCLUSIONS AND OUTLOOK
Our results show that with a relatively simple, inexpen-

sive pulsed kicker magnet, it is possible to achieve both
single-bunch and multibunch operations at the same time.
With the proposed kick-and-cancel scheme, the pulse repe-
tition rate of the PSB photon beam can be adjusted from Hz
to MHz, which can significantly alleviate complications of
using high-power choppers, substantially reduce the rate of
sample damage, and greatly increase the variety and qual-
ity of experiments that can be done without using gated
detectors.

Recently, ALS has successfully finished brightness up-
grade [6]. The nominal working point of the storage ring
lattice has been adjusted from the past (14.25, 9.20) to the
current (16.25, 9.20). To make this KAC scheme available
for beam users, we are planning to increase the vertical tune
to 9.25. Horizontal tune scan has been carried out. The lat-
tice with the tune of (16.18, 9.25) seems to be a very good
candidate in terms of lifetime, injection efficiency and non-
linear beam dynamics. Further studies are undergoing to
test this lattice and results look very promising. At this new
working point, we could operate this KAC scheme during
the normal operation, which would eventually allow to run

Figure 4: X-ray pulse measurements at an undulator beam
line 6.0.1. (Top) Experiment setup; (Middle) On-axis mea-
surement. The 50 µm slit is centered on axis. (Bottom)
Off-axis measurement. The slit is off axis by 190 µm.

brightness and timing experiments simultaneously.
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INITIAL LATTICE DESIGN STUDIES FOR A DIFFRACTION LIMITED 

UPGRADE OF THE ADVANCED LIGHT SOURCE 

H. Tarawneh , C. Steier, D. Robin, H. Nishimura, C. Sun, W. Wan #

Abstract 

    The Advanced Light Source (ALS) at Berkeley Lab has 

seen many upgrades over the years, keeping it one of the 

brightest sources for soft x-rays worldwide. Recent 

developments in magnet technology and lattice design 

appear to open the door for very large further increases in 

brightness [1], particularly by reducing the horizontal 

emittance, even within the space constraints of the 

existing tunnel. We are investigating the possibility of a 

new storage ring lattice that could approach the soft x-ray 

diffraction limit around 2 keV in both planes within the 

ALS footprint. 

This note presents an overview of a candidate lattice for 

diffraction limited ALS and describes the optimization of 

the dynamical performance of the lattice. In addition on-

axis injection scheme is foreseen for this ring and a 

candidate lattice for an accumulator ring, which will be 

built and housed either in the ALS storage ring tunnel or 

the booster tunnel, is also presented. 

INTRODUCTION 

    A new compact lattice based on Multiple Bend Achro- 
mat [2] that is going to replace the existing ALS Triple 

Bend Achromat is being investigated. This design 

study of diffraction limited ALS (ALS-II) lattice has 

a goal of  achieving a natural emittance of about 100 

pm.rad and beam energy around 2 GeV. 

     This candidate lattice takes advantage of the fact that the 

ring admittance is defined by the small gap insertion 

devices and hence the use of small aperture magnets. This 

leads to the introduction of high magnetic strength where 

very low emittance with short circumference can be 

achieved. 

    The small emittance achieved by the candidate ALS-II 

lattice requires the usage of double RF system to lengthen 

the bunch and to operate with round beam to mitigate the 

effect of Intra Beam Scattering (IBS) and for lifetime 

considerations [3]. Bunch lengthening will also have large 

impact on mitigating the effect of beam interaction with 

the resistive metallic chamber and the chamber geometric 

discontinuities due small momentum compaction factor.  

     The ALS-II lattice strong focusing limits the dynamic 

aperture to few millimetres which requires an on-axis 

injection scheme based on swap-out [4]. A relatively 

small emittance ring, Accumulator ring, is proposed to 

inject into the ALS-II ring as the current ALS booster has 

a large emittance and will not deliver full charge in a 

single bunch needed by the swap-out injection scheme. 

     In the following sections, the choice of the ALS-II lattice 

and characterization of its dynamical properties and 

performance are discussed. The bunch lengthening with 

double RF system and the implications on emittance, 

lifetime will be discussed.

Also a candidate lattice for the accumulator ring and 

achieved dynamic performance will be presented. 

 CANDIDATE ALS-II LATTICE  

A study has been performed for a lattice that could 

approach the soft x-ray diffraction limit around 2 keV in 

both planes within the ALS footprint. This lattice, while 

not fully optimized, demonstrates the feasibility of the 

ALS-II concept. The new lattice is based on a Nine Bend 

Achromat replacing the existing ALS Triple Bend 

Achromat, see Figure 1. The lattice preserves the 12-fold 

symmetry and the circumference of the present ALS 

while ultimately achieving a natural emittance of about 

100 pm.rad at 2 GeV beam energy. The proposed lattice 

follows the hybrid configuration of the ESRF upgrade 

design that takes advantage of a large number of 

combined function bending magnets to reduce the 

horizontal emittance [5]. The matched cell structure 

serves two goals, matching the dispersion to zero in the 

straight section since the lattice is optimized for high 

brightness production and to create a large horizontal 

dispersion bump and large beta function for efficient 

natural chromaticity correction. Figure 2 shows the layout 

of one arc of the candidate lattice. 

Figure 1: ALS-II candidate lattice Twiss functions. 

Figure 2: Layout of one arc of ALS-II lattice. 

     Multi-Objective Genetic Algorithm (MOGA) has been 

used to give an optimal solution based on the lattice 

elements [6]. The selected lattice provide identical optical 

functions in all straight sections with natural emittance of 

100 pm.rad and horizontal and vertical beta functions of 
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about 4 meters and zero dispersion. The choice is a 

compromise between matching the electron-photon phase 

spaces to maximize brightness at high photon energies 

and low natural chromaticities and hence adequate 

dynamic aperture needed for injection process. Table 1 

summarizes the main parameters of the ALS-II lattice.

Table 1: Parameters of Candidate ALS-II Lattice

Parameter Value 

Beam energy [GeV]          2 

Natural emittance [pm.rad] 100 

Tune x/ y  41.13/26.21 

Natural x, y  -68/-64 

Energy spread 8.13×10-4
 

αc 2.54×10-4
 

NONLINEAR DYNAMICS 

     The proposed scheme for the chromaticity correction in 

the ALS-II lattice is based on compactness and flexibility. 

The small apertures in the sextupole magnets are used to 

introduce very strong sextupole fields. We avoided the 

introduction of these fields in the pole shape of the 

bending and quadrupole magnets where the flexibility of 

the lattice would have been compromised. The 

configuration of the matching cell which has relatively 

higher values of βx, βy and ηx functions is used to house 

four sextupole magnets families, two focusing and two 

defocusing ones, to correct the chromaticity. 

     The nonlinear effects driven by the strong sextupoles 

result in reduced dynamic aperture which hampers 

injection and reduces the Touschek lifetime. To overcome 

this, the ALS-II lattice will be operated at full coupling, 

i.e. with a round beam and an on-axis injection scheme. 

The dynamic aperture and momentum aperture of the 

candidate lattice is sufficient even when introducing 

errors (> 200σx,y) to allow high efficiency on-axis 

injection and provide decent beam lifetime (see Fig. 3). 

The off-momentum frequency map for the ALS-II lattice 

is shown in Fig. 4.  

     Mitigation of the impact of the IBS effect on the 

equilibrium emittance of the ALS-II lattice will be 

achieved by operating the lattice with full coupling where 

the vertical emittance is given entirely by betatron 

coupling and by bunch lengthening using a 3rd harmonic 

RF system. This leads to smaller electron density and 

hence less IBS growth rates in emittance. A factor of 4 

lengthening, as shown in Fig. 5, gives an emittance 

growth of less than 20% using passive 3rd harmonic cavity 

at 500 MHz fundamental RF system and 500 mA beam 

current [7]. 

     The momentum acceptance of the ALS-II lattice is 

dominated by dynamic aperture which will result in small 

Touschek lifetime. On the other hand, bunch lengthening 

is powerful mean to combat this effect where the particles 

loss due to Touschek scattering events is less with less 

dense bunches. Touschek lifetime for the ALS-II ring of 

1.2 hour has been achieved with 100% coupling, i.e round 

beam and long bunches at 500 mA beam current [8]. 

Figure 3: ALS-II lattice dynamic aperture with errors. 

Figure 4: Dynamic momentum aperture of ALS-II 

candidate lattice. 

Figure 5: The bunch length of the standard and double RF 

system. 

ON-AXIS INJECTION 

The on-axis injection scheme is currently under study 

and it will be based on the swap-out scheme. A 

new accumulator ring will be built and housed either in 

the ALS  storage ring  tunnel  or  the  booster tunnel.  The 
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accumulator ring will act as a damping ring where its 

lattice will allow for off-axis injection from the current 

ALS booster and the extracted low emittance beam is 

injected on-axis into the small dynamic aperture of the 

ALS-II ring. Figure 6 shows a candidate lattice for the 

accumulator ring that fits into the current booster tunnel 

with 78 m circumference and provides an emittance of 2 

nm.rad at 2 GeV with sufficient dynamic aperture to 

allow for off-axis injection from the ALS booster, see Fig. 

7. A partial swap-out injection into ALS-II ring is 

foreseen as a compromise between how fast the pulsed 

magnets systems for injection and extraction from the 

ALS-II ring and the accumulator ring vacuum and RF 

systems to accumulate the full current of the main ring in 

case of full swap-out option.  

     The partial swap-out option relaxes these requirements on 

the accumulator ring in terms of collective effects, RF 

power need and safety envelope of the current ALS 

shielding wall. Also partial swap-out helps to minimize 

the impact of injection transients. This is because only the 

fraction (say 10-20% of the full current) being swapped 

will have a larger emittance and thus a smaller brightness. 

Thus the brightness will decrease by the same factor and 

then recover in a few damping times (~20 ms). This small 

drop in brightness for a relatively short time compared 

with the time between swap-outs (~1 minute) makes 

swap-out virtually transparent to most of the users.

Figure 6: ALS Booster-size Accumulator ring lattice 

functions. 

Figure 7: Accumulator ring dynamic aperture.

SUMMARY 

     The proposed baseline lattice for the ALS upgrade 

provides diffraction limited photon source up to 2 keV 

and fulfills the main constraints imposed by the fact that 

this upgrade is a replacement of the existing ALS storage 

ring. The lattice nonlinear effects are minimized by the 

proper configuration of the sextupole magnet families 

which results in a dynamic aperture sufficient for on-axis 

injection and lifetime with such strong focusing 

arrangement in one arc. 

     The use of double RF system to lengthen the bunches is 

powerful mean to mitigate IBS as a result strong focusing 

lattice and raise beam current threshold with decent 

Touschek lifetime. 

     Future work on achieving full coupling operation of the 

lattice and further optimization of the lattice momentum 

acceptance will be investigated. In addition studies of the 

injection process, fill pattern and accumulator ring choice 

need to be investigated to solidify the concept. 
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REMOVAL OF RESIDUAL CHIRP IN COMPRESSED BEAMS USING A
PASSIVE WAKEFIELD TECHNIQUE

M. Harrison , G. Andonian, T. Campese, A. Murokh, F. H. O’Shea, M. Ruelas,∗

RadiaBeam Technologies, Santa Monica, CA 90404, USA
P. Frigola, RadiaBeam Systems, Santa Monica, CA 90404, USA
M. Fedurin, Brookhaven National Laboratory, NY 11961, USA

Abstract
The removal of residual chirp in XFELs is of paramount

importance for efficient lasing. Although current S-band
XFELs remove the unwanted residual chirp using off-crest
acceleration after the final bunch compressor, this tech-
nique is not possible for XFELs with soft X-ray lines as
there are no further accelerating structures. The off-crest
dechirping technique is also expensive for future supercon-
ducting XFELs. In response, RadiaBeam Systems presents
its work, building upon the theoretical work of Bane and
Stupakov [1], in RF-free residual chirp mitigation using
only passive techniques. Beam-induced longitudinal wake-
fields are produced with opposing corrugated plates which
allow for an entirely RF-free chirp removal. Theory, engi-
neering, and experimental results are presented.

INTRODUCTION
Beam dechirping is crucial for current and future

XFELs. Accelerating and compressing sections of beam-
lines leave beam bunches with a residual chirp that must
be removed for lasing. In the SLAC LCLS, dechirping re-
quires hundreds of meters of off-crest accelerating struc-
tures. This is costly both in terms of accelerating cavity
efficiency and beamline space [2].

RadiaBeam Systems has designed and manufactured a
compact, low-cost corrugated plate system with an ad-
justable gap for tunable beam dechirping. Its dechirping
characteristics were measured at the Brookhaven National
Laboratory (BNL) Accelerator Test Facility (ATF).

THEORY
The driving theory for designing the passive dechirper

system has been presented in papers by Bane, Stupakov,
and Emma [2] [3]. The longitudinal wakefield generated
by a single electron passing between the corrugated plates
is given by

w(z) =

(
π2

16

)
Z0c

πa2
H(z)cos

(
2πz

λ

)
, (1)

where Z0 =
√
µ0/ε0 is the impedance of free space, H(z)

is the unit step function, c is the speed of light, z is the
coordinate along the beam path, and λ is the wavelength of

∗harrison@radiabeam.com

Figure 1: Bunch current profile and generated longitudinal
wakefield.

the dominant mode of the wakefield given by

λ = 2π

√
aδg

2p
. (2)

The remaining variables describe the dimensions of the cor-
rugated plates. a is the distance of the plates from the
beamline (half the plate separation); δ is the depth of the
corrugations; g is the gap between corrugations; p is the
period of the corrugations. These dimensions are listed in
Table 1 and pictured in Figure 2. For compliance with the
derivation assumptions, p, d� a and δ & p [2]. The trans-
verse dimension of the plates is taken to be infinite.

The π2/16 factor comes from the differing geometry be-
tween parallel plates and the circular pipe that was used in
Stupakov and Bane’s original derivation [4]. The wakefield
produced by the bunch is found by convolving the single
particle wakefield (Equation 1) with the longitudinal beam
bunch charge density profile. For rectangular longitudinal
profiles, the wakefield is linear in the region of the beam
bunch as shown in Figure 1. For plates that satisfy the con-
straints above, the dechirping strength, h, is given by the
slope of the linear region and can be calculated by

h =

(
π2

16

)
Z0cQL

πa2l
, (3)

where Q is the bunch charge, L is the length of the
dechirper, and l is the bunch length.

CORRUGATED PLATE DIMENSIONS
AND MANUFACTURE

The dimensions of the corrugated plates used in this ex-
periment are listed in Table 1. The plates were fabricated
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Figure 2: Diagram of corrugated plates.

Table 1: Corrugated Plate Dimensions

Dechirper dimensions

Length L 181 mm
Width 38.1 mm
Period p 1.15 mm
Depth δ 1.15 mm
Gap g 0.77 mm
Plate separation a 1–30 mm
Material Aluminum

from aluminum for its light weight and ease of machining.
Note that the conductivity of the plates does not affect the
function of the dechirper as long as the fundamental mode
of the wakefield is dominant [5].

The plates were actuated by stepper motor-driven linear
motion feedthroughs–one at each end of each plate. This
allows for control of the plates’ vertical position, separa-
tion, longitudinal angle, and alignment with the beam. Fig-
ure 3 shows the corrugated plates and the attachments to
the linear actuators above. Figure 4 shows a close-up of the
plates after alignment.

PROCEDURE
The plates were installed in a box chamber on Beam-

line 2 at the BNL ATF and were aligned to the beam using
an alignment laser. The beam parameters for the experi-
ment are given in Table 2.

The measured dechirping strength (h in Equation 3) of
a configuration is defined as the change in energy spread
divided by the bunch length. A beam with a known bunch
length and energy spread was passed between the plates.
As the plate separation was varied, the change in energy
spread was measured by a downstream energy spectrome-
ter. Photographs of the plates (e.g., Figure 4) taken with
a calibrated camera are used to measure the separation.

Figure 3: Full view of dechirper as installed. The red arrow
indicates the electron beam path.

Table 2: BNL ATF Beam Properties

BNL ATF beam parameters

Beam energy E 57.6 MeV
Bunch charge Q 340 pC
Initial chirp 400 keV/mm
Transverse beam size 100 microns
Pulse length (full width) l 3.4 psec
Longitudinal profile Rectangular

Figure 4: Side view of corrugated plates. Beam travels
left to right. Note the corrugations are longitudinally mis-
aligned by about a quarter of a period.

Bunch charge is measured by a downstream Faraday cup.
In a second round of measurements, the bunch charge

was scanned at a fixed plate separation of 3.90 mm.

RESULTS
A selection of energy spectrum measurements at vari-

ous plate separations can be seen in Figure 5. Figure 6
shows the dechirping strength of the corrugated plates
as a function of plate separation. The blue line show-
ing the dechirping strength was calculated by adding the
wakefield-induced energy change (Equation 1 convolved
with the bunch charge distribution and multiplied by the
length of the dechirper) to the initial chirped beam. As the
plate separation closes past a certain point, the theoretical
dechirping strength peaks before reversing sign. This hap-
pens for two reasons. First, the beam gets over-dechirped
and gains an increasing and oppositely-signed chirp. Sec-
ond, the wavelength of the wakefield (Equation 1) shrinks
to the extent that the wakefield is no longer linear. If the
wakefield wavelength is sufficiently short, the bunch sees
alternating positive and negative kicks along its length.

It can also be seen in Figure 6 that the measured dechirp-
ing power has the same behavior as the theoretical, but is
weaker by about half. There are several possibilities for
this that warrant further investigation:

• To what extent does the misalignment of the corru-
gations of the two plates reduce the strength of the
dechirping wakefield? It was observed that the plates
oscillated longitudinally by as much as half a corru-
gation period as they were actuated vertically (offset
observable in Figure 4).

• Is the π2/16 factor in Equations 1 and 3 sufficient to
account for the different geometries (pipe vs. plates)?
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Figure 5: Energy spectrum plots at various plate separa-
tions. Note that closing the gap too much (smaller than
∼3.4 mm) results in a larger energy spread. The vertical
lines designate the width where the intensity falls to 20%
of the maximum height over the background.

Figure 6: Dechirping Strength of parallel plates vs. Plate
Separation, showing the measured dechirping strength at
about half of theoretical predictions.

Figure 7: Dechirping Strength vs. bunch charge.

• How much of the measured energy spread is due to
chirp, and how much is uncorrelated energy spread?
The uncorrelated energy spread would result in an
overestimation of the beam’s initial chirp.

The result of the bunch charge variation experiment is
shown in Figure 7. As expected, the relationship is linear.

FUTURE WORK
A second passive dechirping system is being planned

that will involve a much longer corrugated plate section
(>1 m) and an actuation system less prone to alignment
errors. A longer dechirper is desirable because larger plate
separations can be used, leading to longer wakefield wave-
lengths and a wider range of accepted bunch lengths. These
are also more easily tuned by varying the plate separation
for producing beams with near-zero chirp.

Furthermore, future experiments will make measure-
ments with a deflecting cavity in addition to a dipole spec-
trometer to directly measure the beam’s chirp. Transverse
effects, especially any emittance blowup, will also be char-
acterized.
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Abstract 

A free-electron laser (FEL) may be obtained by 

interaction of an electron bunch and a nearly copropa-

gating laser pulse, where the laser pulse is sheared to 

extend the interaction length.  When the angle between 

the electron beam axis and the propagation direction of 

the laser pulse greatly exceeds the reciprocal of the 

relativistic factor, the output radiation is nearly on the 

axis, and the FEL may be approximated by an axially 

aligned magnetostatic undulator.  For a feasible laser-

undulator FEL, we calculate gain using a one-dimensional 

model, as well as a three-dimensional model that includes 

degradation from diffraction and electron velocity spread. 

INTRODUCTION 

An electromagnetic plane wave that collides head-on 

with an ultrarelativistic electron bunch may create an FEL 

[1] that amplifies xrays whose frequency is ~4γ
2
 times 

that of the incident “pump” wave [2], where γ is the 

electron bunch’s relativistic factor.  To obtain softer xrays, 

one can propagate a pump wave in nearly the same 

direction as the electron beam.  By using a sheared laser 

pulse [3, 4], the electromagnetic field affecting the bunch 

is similar to a plane wave over an extended interaction 

length [5–8]. 

For the case where the propagation directions of the 

electron beam and the pump wave differ by an angle 

>> 1/γ, a one-dimensional (1D) FEL model predicts 

maximum gain for xrays whose propagation direction 

differs from that of the electron beam by an angle << 1/γ, 

and nearly identical gain for xrays that propagate on the 

electron beam axis.  For this practical case, a 

magnetostatic undulator that is aligned with the electron 

beam approximates the laser undulator. 

For a circularly polarized laser-undulator FEL with 

output wavelength of 2.5 nm described in Ref. [8], we use 

this magnetostatic undulator to calculate gain using the 

1D model as well as a three-dimensional (3D) model [9]. 

ONE-DIMENSIONAL MODEL 

The 1D model describes a uniform density of cold 

electrons interacting with a plane electromagnetic pump 

wave.  In this model, maximum gain occurs for the 

electromagnetic wave that is a 180º reflection of the pump 

wave, when viewed in the beam frame of reference where 

the average electron velocity is zero [10]. 

In the laboratory frame, consider a uniform density of 

cold electrons drifting with average velocity β*c, where c 

is the speed of light, interacting with a pump wave.  Let 

the z-axis describe the direction of the average electron 

motion while interacting with the pump laser, which 

propagates at an angle of θpump w.r.t the z-axis.  A head-on 

collision is described by θpump = 180º. 

For small laser intensity, the forced electron 

oscillations in the beam frame are nonrelativistic, and the 

average axial velocity of the electrons in the lab frame is 

given by β* ≈ β = (1–1/γ
2
)

1/2
.  In this case, the Lorentz-

invariant undulator parameter K is << 1, where [2, 5, 8]  

)(/2
32

pump
2

mcIrK e πλ= ,                   (1a) 

)(/
32

pump
2

mcIrK e πλ= .                     (1b)                      

Equation (1a) describes a planar undulator created by a 

linearly polarized pump wave, while eq. (1b) describes a 

helical undulator created by circular polarization.  Here, re 

is the classical radius of the electron, I is the pump laser 

intensity, λpump is the pump wavelength and m is the 

electron mass.  For larger values of K, the forced electron 

oscillations are relativistic in the beam frame.  In the lab 

frame, (K/γ)c is the maximum transverse electron velocity 

driven by the pump wave.   

In the laboratory frame, the angular 4-frequency 

(c times the 4-vector) of the pump wave is 

)cos,0,sin,( pumppumppumppumppumppump θωθωω=ω .   (2) 

A Lorentz transform gives the angular 4-frequency in 

the beam frame, which is moving at the velocity β*c  [11] 

,*))(cos*,0

,sin),cos*1(*(

pumppump

pumppumppumppumppump

β−θωγ

θωθβ−ωγ=ω′
   (3) 

where the axial relativistic factor is defined by γ* = (1–

β*
2
)

–1/2
.  In the beam frame, the pump wave has angular 

frequency 

)cos*1(* pumppumppump θβ−ωγ=ω′ ,                  (4) 

and direction of propagation obeying 

pump

pump

pump
cos*1

*cos
cos

θβ−

β−θ
=θ′  .                       (5) 

For many cycles of interaction, the maximum FEL gain 

occurs for the wave given in the beam frame by a 180º 

reflection of the pump wave [10].  This wave is given in 

the beam frame by the same frequency as the pump 

________________________ 
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)cos*1(* pumppumppumpxray θβ−ωγ=ω′=ω′ ,           (6) 

and opposite direction of propagation as the pump 

pump

pump

pumpxray
cos*1

*cos
coscos

θβ−

β−θ
−=θ′−=θ′ .         (7) 

The 4-frequency of this wave, in the beam frame, is given 

by multiplying the spatial components of pumpω′  by  –1: 

*)).(cos*,0

,sin),cos*1(*(

pumppump

pumppumppumppumpxray

β−θωγ−

θω−θβ−ωγ=ω′
  (8) 

A Lorentz transformation gives the 4-frequency for 

maximum FEL gain in the laboratory frame 

]).cos)*1(*2[*,0,sin

],cos*2*1[*(

pump
2

pump
2

pumppump

pump
2

pump
2

xray

θβ+−βωγθω−

θβ−β+ωγ=ω
(9) 

In the laboratory frame, the wave with maximum FEL 

gain has angular frequency 

)cos*2*1(* pump
2

pump
2

xray θβ−β+ωγ=ω ,        (10) 

and propagation angle w.r.t. the z-axis of θxray, where  

pump
2

pump
2

xray
cos*2*1

cos)*1(*2
cos

θβ−β+

θβ+−β
=θ .                   (11) 

MODELING BY AN AXIALLY ALIGNED 

MAGNETOSTATIC UNDULATOR 

Consider the practical case where the pump 

propagation direction differs sufficiently from that of the 

bunch so that θpump >> 1/γ.  In this case 2/pump π>>θ′  and 

2/xray π<<θ′ , while the output angle obeys θxray << 1/γ.  

Provided that the undulator strength K does not greatly 

exceed one, Kθxray << 1/γ is obeyed, so that the FEL gain 

for a wave propagating in the z-direction nearly equals the 

maximum gain occurring in the direction θxray [12].  We 

approximate the FEL with a magnetostatic undulator 

aligned to the z-axis, whose xray wavelength and K equal 

those of the laser undulator.  For magnetostatic undulator 

period λu and electron oscillation frequency ωu = 

2πβ*c/λu, the xray wavelength and frequency obey [1] 

*/*2,)*2/(
2

xray
2

xray βωγ=ωγλ=λ uu  ,    (12) 

Thus, the axially aligned magnetostatic undulator has 

period 

pump

pump
pump

pump
2 cos*1cos*2*1

2

θβ−

λ
≈λ

θβ−β+
=λu

,  (13) 

and electron oscillation angular frequency  

.)cos*1(

)cos*2*1)(2/*(

pumppump

pumppump
2

ωθβ−≈

ωθβ−β+β=ωu
          (14) 

For head-on laser interaction, ωu ≈ 2ωpump [2]. 

For a general value of K, the average axial electron 

velocity in the undulator is β*c, where [1] 

22 /)2/1(1* γ+−=β K ,                       (15a) 

22 /)1(1* γ+−=β K .                           (15b) 

Equation (15a) describes a planar undulator, while eq. 

(15b) describes a helical undulator. 

In the 1D model, the FEL gain is parameterized by the 

Pierce parameter ρ which obeys [1] 

)32/()][( 3
0

22223 γεω=ρ mJJKen ue ,            (16a) 

)16/()( 3
0

2223 γεω=ρ mKen ue ,                     (16b) 

where eq. (16a) describes a planar undulator while eq. 

(16b) describes a helical undulator.  Here, e is the electron 

charge, ne is the electron density, and ε0 is the permittivity 

of free space.  The term [JJ] is a Bessel function factor 

])24/[(])24/[(][ 22
1

22
0 KKJKKJJJ +−+≡ ,     (17) 

which is nearly equal to 1 for K << 1. 

For low gain G << 1, the energy gain for a laser 

undulator with N cycles is [1] 

]/)sincos22[()4(2 3333 φφφ−φ−ρπ= NG ,        (18) 

where φ  ≡ 2πN – 2πNrad is the phase slippage through the 

undulator, in which Nrad is the number of cycles of 

amplified radiation which overtake an average electron 

while passing through the undulator.  For this low-gain 

case, an evaluation of the laser-undulator gain in the 

electron beam frame [10] confirms that it equals that of 

the axially aligned magnetostatic undulator.  The largest 

gain occurs for a slippage of 2.61 radians [10] 

333
max )4(27.0 NG ρπ= .                           (19) 

In the high gain limit, the xray radiation power grows 

exponentially in a gain length [1, 2] 

)34/( ρπλ= uGL .                                (20) 

 In principle, a crab cavity can be used to tilt the bunch 

so that the gain medium provided by the electrons is 

aligned in the direction of maximum gain. 

Without a crab cavity, the gain medium extends farthest 

in the axial direction, and the gain in the axial direction 

nearly equals the maximum in the direction θxray [12].  

The self-amplified stimulated emission (SASE) is 

expected to propagate at a small angle equal to or smaller 

than that given by eq. (11), with gain nearly equal to that 

of the axially aligned magnetostatic undulator.  For a 

seeded FEL, amplification of an axially propagating xray 

is nearly the same as in the axially aligned magnetostatic 

undulator. 

THREE-DIMENSIONAL MODELING 

In Ref. [8], a 300-period circularly polarized laser 

undulator with K = 0.4336, produced by a 750-nm pump 
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laser propagating at an angle of θpump = 0.0572 radian 

w.r.t. a 168.65-MeV electron beam, produces output at 

λxray = 2.5 nm.  Equation (11) predicts maximum gain for 

θxray = 0.19 mrad << 1/γ, in agreement with eqs. (5.42) 

and (5.43) of Ref. [6].  We approximate the laser 

undulator with an axially aligned helical magnetostatic 

undulator with period of 0.458 mm and length of 0.137 m. 

 In Ref. [9], M. Xie uses numerical fits to simulations 

to provide a 3D model for the degradation of high-gain 

FEL performance from diffraction and the electron axial 

velocity spread due to slice emittance and slice energy 

spread.  Using 1D and 3D models, we evaluated gain for 

the ideal case where a cylindrically symmetric electron 

beam is focused in the center of a magnetostatic undulator 

where the horizontal and vertical beta functions equal 

one-half of the undulator length.  The average beam size 

in the undulator is given by horizontal and vertical beta 

functions equal to 66% of the undulator length.  Table 1 

lists the parameters that were modeled. 

Table 2 shows calculated FEL properties—the Pierce 

parameter, exponential gain length, gain saturation length, 

and saturation power—for the 1D and 3D models.  

Comparing the models shows that the gain length is 

increased 50% by diffraction and the bunch’s axial 

velocity spread.  According to the 3D model, the FEL 

gain is e
9.2

 =10,000 within the 0.137-m interaction length.  

SASE saturation, which requires interaction over 19 gain 

lengths, is not achieved.  Effects from nonuniformity of 

the laser undulator are not included in these models. 

The FEL properties depend smoothly upon the beam 

parameters and K-value, indicating that a small deficiency 

in one parameter can be compensated by improving a 

different parameter.  The 1D Pierce parameter of 0.00215 

is comparable to the relative slice energy spread of 0.001, 

so that the 3D gain length increases substantially if the 

energy spread is increased, as shown in Fig. 1(a).  Figure 

1(b) shows that increasing the normalized emittance to 

0.2 mm-mrad doubles the 3D gain length. 

SUMMARY 

For a 300-period laser-undulator FEL created by 

interaction of an electron bunch with a nearly 

copropagating laser pulse, the FEL gain and saturation 

have been calculated by approximating the laser undulator 

with an axially aligned magnetostatic undulator.   Xrays 

with a wavelength of 2.5 nm are predicted to by amplified 

by e
9.2

 = 10,000 within the 0.137-m interaction length. 
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Table 1: Electron Beam and Undulator Properties 

Beam energy 168.65 MeV 

Slice energy spread 168.65 keV 

Slice emittance (normalized) 0.06 mm-mrad 

Peak current 800 A 

β-function (βx = βy) 0.09 m 

Undulator K value 0.4336 

Output xray wavelength 2.5 nm 

Table 2: Calculated FEL Properties 

Calculated parameter 1D model 3D model 

Pierce parameter (ρ) 0.00215 0.00143 

Gain length [mm] 9.78 14.8 

Gain saturation length [m] 0.186 0.275 

Saturation power [GW] 0.29 0.204 

0.000 0.001 0.002 0.003

relative energy spread

0

20

40

60

80

g
ai

n
 l

en
g
th

 [
m

m
]

1D

3D

(a)

 

0.0 0.1 0.2 0.3 0.4 0.5

normalized emittance [mm-mrad]

0

25

50

75

100

g
ai

n
 l

en
g

th
 [

m
m

]

1D

3D

(b)

 

Figure 1: (a) Gain length vs. slice energy spread.

(b) Gain length vs. normalized slice emittance. 
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STUDIES ON SHORT-BUNCH EXTRACTION AT CSNS RCS 
Ye Zou, Jingyu Tang, Jinfang Chen 

Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049

Abstract 
White neutron application requires short proton pulse 

length to obtain high time resolution for nuclear data 
measurements. Back-streaming neutron beam at the 
CSNS spallation target is to be exploited as a white 
neutron source. The available high RF voltage in the high 
intensity rapid cycling synchrotron (RCS) of the CSNS 
makes it possible to extract very short bunches by using 
the bunch rotation method. Special attentions have been 
paid to the bunch rotation during the slow acceleration, 
space charge effect and beam loading effect in the high-
intensity RCS. Different extraction scenarios together 
with the changes in the injection have been studied. 
Together with the calculations, multi-particle simulations 
have been carried out to show the effectiveness of the 
method. With a sacrifice of about two-third beam power, 
the rms bunch length of the extracted beam can be 
reduced to about one eighth of the one in the nominal 
operation mode. Other scenarios also show the 
improvement in the bunch length.  

INTRODUCTION 
Back-streaming neutrons from the spallation target of 

CSNS (China Spallation Neutron Source) are very 
strong and harmful to the proton beam transport line if 
they are not well treated [1]. The studies found that the 
neutron beam has excellent properties of wide energy 
spectrum and time structure, and has been proposed to 
build a white neutron source for nuclear data 
measurement [2, 3]. The neutron pulse length is critical in 
defining the neutrons’ energy by the time-of-flight 
method, and should be reduced as short as possible. The 
time structure of the back-streaming neutrons is jointly 
determined by the pulse length of the impinging proton 
beam and the thickness of the spallation target. 
Simulations show that the target thickness dominates the 
time resolution for the lower energy part of the wide-
range energy neutrons, while the proton pulse length 
dominates the higher energy part. As the target length 
cannot be changed for this parasitic application, it would 
be interesting to shorten the proton pulse length by 
designing a special dedicated working mode for the 
CSNS accelerators. This paper presents the study about 
using the bunch rotation method in the RCS (Rapid 
Cycling Synchrotron of CSNS) to obtain very short 
proton beam bunches.  

CSNS is a multi-disciplinary research facility under 
construction [4], which is to be built in two or three 
phases. In the first phase, the RCS is to accelerate beam 
from 80 MeV to 1.6 GeV in a repetition rate of 25 Hz, 

and the extracted beam power is 100 kW. Figure 1 and 
Table 1 show the layout and some parameters of the RCS. 

  
Figure 1: Layout of the CSNS RCS. 

Table 1: Some Parameters of the CSNS RCS 

Circumference (m) 227.92 

Injection energy (GeV) 0.08 

Extraction energy (GeV) 1.6 

Maximum RF voltage (kV) 165 

Betatron tunes (h/v) 4.82/4.80

RF harmonics 2 

Transverse acceptance (�mm.mrad) 540 

Collimation acceptance (�mm.mrad) ~350 

SHORT-BUNCH EXTRACTION 
METHODS 

There are two bunches per pulse in the extracted proton 
beam in the normal operation mode. The bunch length is 
determined by the RF voltage pattern and the longitudinal 
painting. The longitudinal painting is optimized to 
alleviate the space charge effects in such a high-intensity 
synchrotron. Compared with the simple method by  
designing a high RF voltage at the extraction, the bunch 
rotation method is more effective in shortening the bunch 
length for the extracted beam [5, 6]. The principle of the 
bunch rotation method is as follows: the RF voltage is 
adiabatically decreased from the normal extraction 
voltage to a low one, during which the bunch becomes 
gradually flat to follow the change of the RF bucket as 
long as the bucket still contain the beam with some 
margin. Then the RF voltage is quickly or non-

 ___________________________________________  
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adiabatically increased to a high value. The mis-matched 
bunch will rotate in the enlarged RF bucket. After a 
quarter of synchrotron period, the bunch will reach the 
minimum length and then the single-turn extraction can 
be applied.  

In small-amplitude or linear synchrotron motion 
approximation, the rms bunch length and height στ and σδ 
in a matched RF bucket are expressed by  

     ,                       (1) 

               ,                          (2) 

where Arms, �0, �, h and φs denote the invariant rms 
phase space area in eV-s, revolution frequency of the 
reference particles, phase-slip factor, harmonic number 
and synchronous phase, respectively. Suppose the RF 
voltage changes from the nominal setting Vi to V1 
adiabatically, and then to the maximum available value V2 
non-adiabatically. According to Eq. (1), the bunch 
extension ratio of the rms bunch length is equal to 

                           (3) 

where στ,i and στ,m denote the initial bunch length and the 
medium-stage bunch length, respectively.  

After the non-adiabatic RF voltage change from V1 to 
V2, the bunch performs rigid quadrupole mode 
oscillations. After 1/4 of synchrotron period, the rms 
bunch length reaches the minimum, and can be expressed 
by 

      ,              (4) 

where στ,f denotes the final bunch length. The 
compression ratio of the rms bunch length from V1 to V2 
can be expressed by 

     ,                            (5) 

The total compression ratio of the rms bunch length 
from the initial voltage (Vi) to the low voltage (V1) then to 
the final voltage (V2) can be expressed as 

       ,               (6) 

The bunch compression ratio depends only on the RF 
voltage ratio according to Eq. (6).  

However, in practice, there are limitations to apply the 
bunch rotation method. In a high-intensity RCS, one has 
to consider the space charge effects during the bunch 

rotation process and the beam loading effect. The space 
charge effect may become strong when the bunch 
shortens during the bunch rotation. The initial beam 
emittance is also determined by the beam dynamics at the 
lower energy of the acceleration cycle, due to the space 
charge effects and the longitudinal microwave instability. 
The beam loading effect means that the circulating beam 
current detunes the RF cavities and becomes very 
important when the RF voltage is very low. To avoid the 
instability in the low-level RF control system, the ratio of 
the circulating beam current and the driving current from 
the RF amplifier should be controlled below a certain 
value, e.g. 6. This also limits the lowest RF voltage for V1.  
The accumulated particles should be decreased to ease the 
above problems, and this leads to the reduction of the 
extracted beam power. 

Different from its usual applications in compressor 
rings [7, 8] or slow cycling synchrotrons [9], in a high-
intensity RCS, another important issue which should be 
considered seriously is the slow acceleration during the 
bunch rotation when the magnetic field is still ramping. 
The asymmetric RF bucket will deform the bunch shape 
and increase the final bunch length. The bunch rotation 
process should be started close to the maximum magnetic 
field, and this will delay the extraction moment slightly.  

SIMULATION RESULTS 
Multi-particle simulations with space charge with the 

ORBIT code [10] have been carried to show how 
effective the method in realistic cases is. Different 
injection scenarios and beam powers are studied in the 
simulations. The simulations are performed only in 1D 
longitudinal, while the transverse motion is kept in mind 
only by maintaining reasonable tune shifts with bunching 
factor because the transverse motion has no influence on 
the longitudinal one. In most cases, the chopping factor of 
50% (defined as beam duty in the ring RF frequency) 
which is the one in the nominal working mode is used. 
With a reduced beam power or less accumulated particles, 
the RF voltage during the injection is reduced to obtain a 
small longitudinal emittance. In the nominal operation 
mode with full beam power, the RF voltage at injection is 
29 kV. In a dedicated mode with 30% beam power, the 
RF voltage is decreased to 8.7 kV to keep the similar 
beam loading effect. Both chopping factors 50% and 30% 
are studied with the second giving smaller longitudinal 
emittance. The minimum and maximum RF voltage (V1, 
V2) before the bunch rotation are taken as 8.7 kV and 160 
kV, respectively. During the last few turns of the bunch 
rotation which lasts about 0.2 ms or 200 turns, the Laslett 
tune shift reaches about -0.066, which is considered quite 
safe in a high-intensity RCS. 

Figs. 2 and 3 show the longitudinal beam distributions 
just before the extraction in the nominal operation mode 
and in the dedicated operation mode, respectively. From 
the figures, one can see that a much shorter bunch length 
can be obtained in the dedicated operation mode. Fig. 4 
shows the phase distribution of the extracted beam. For 
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comparison, the rms bunch lengths for the extracted beam 
with different scenarios on injection and beam power 
reduction are shown in Table 2. With 30% chopping 
factor and 30% beam power together with the bunch 
rotation method, the rms bunch length of the extracted 
beam can be reduced to about one eighth of the one in the  

 
Figure 2: Longitudinal beam distribution just before the 
extraction in the nominal operation mode. 

 
Figure 3: Longitudinal beam distribution just before the 
extraction in the dedicated operation mode with 30% 
chopping and 30% beam power. 
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Figure 4: Phase distribution of the extracted beam. (Left: 
in the nominal operation mode; right: 30% beam 
chopping factor and 30% beam power). 

nominal operation mode. This can improve the time 
resolution of back-streaming neutrons almost by an order 
of magnitude at higher energy.  

Table 2: Rms Bunch Length with Different Chopping 
Factors and Beam Powers 

Chopping 
factor 
(%) 

Beam power 
remained  

(%) 

rms length 
without 
rotation 

(ns) 

rms length 
with rotation 

(ns) 

50 100 13.0 7.5 

50 50 11.0 3.5 

50 30 9.3 3.3 

30 30 7.2 1.7 

CONCLUSIONS 
The simulation studies show that the bunch rotation 

method by RF voltage manipulations is an effective one 
in short-bunch extraction in CSNS/RCS. In dedicated 
cases when the white neutron applications with high 
resolution are stressed, one can obtain a very short bunch 
length of about one eighth of the one in the nominal 
operation mode with a sacrifice of about two third beam 
power. Although the studies have been carried out with 
the CSNS parameters, the method should be applicable to 
other high-intensity proton synchrotrons with high 
available RF voltage. 
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DESIGN CONSIDERATIONS FOR THE ESS ACCELERATOR-TO-
TARGET REGION

Thomas J. Shea, Eric J. Pitcher, Ken Andersen, Phillip Bentley, Paul Henry,
Pascal Sabbagh, Alan Takibayev, ESS, Lund, Sweden

Heine Dølrath Thomsen, Søren Pape Møller, ISA, Aarhus, Denmark

Abstract
When the European Spallation Source (ESS) is com-

pleted in Lund, Sweden, a superconducting linac will de-
liver a 5 MW proton beam to a rotating tungsten target.
Moderated neutrons from this target will be delivered to a
suite of 22 neutron instruments. In the accelerator-to-target
region, design choices must balance the demands of the ac-
celerator, the target, and the neutron instruments. For ex-
ample, the transport line upstream of the target station ex-
pands and shapes the small, low emittance linac beam into a
large beam that is safe for the target components. It must do
this with low loss in order to reduce activation of the beam
line and minimize a potential source of background in the
neutron instruments. To meet availability goals, beam-
induced damage to critical components must be avoided
by instrumenting beamline components, deploying a suite
of beam instrumentation within the target monolith, and in-
terfacing some of these devices to the machine protection
system. This paper will describe recent design changes in
this region, highlighting considerations that are applicable
to most high power facilities and also those that are unique
to a long-pulse source like the ESS.

GOALS
The accelerator-to-target region serves three primary

stakeholders: Neutron Science, Target, and Accelerator.
Because the long pulse concept couples these stakeholders,
the design must balance the needs of all three.

Neutron Science
Neutron instrumentation at a long-pulse source requires

a reproducible pulse, both in terms of the time structure and
the brightness. Most long pulse instruments under devel-
opment for ESS use a combination of choppers and the in-
strument’s total flight path length to tailor the neutron pulse
and the available wavelength band to the desired character-
istics. For example, a truncated pulse will lead to a hole
in the wavelength band at the sample position during the
time-frame. Therefore, during neutron production, the fa-
cility should provide full length pulses with reproducible
structure.

The long pulse places additional unique requirements
on the neutron instrumentation in terms of dimensions
and background. The optimal arrangement of the instru-
ment geometry to exploit the long pulse requires measure-
ment across a frame boundary. In other words, the in-

struments will perform measurements with slow-moving,
meV-energy neutrons at the same time that the proton pulse
hits the target for the next pulse. Any contamination from
MeV particles emitted by the accelerator and target that can
be picked up by the instrument appear as a time-dependent
background superimposed on the weak meV signals of in-
terest. This background manifests itself as a systematic er-
ror that is correlated with the measurement time (e.g. [5]),
and is most efficiently mitigated at its source.

Target
To survive between reasonably long replacement inter-

vals, target components that intercept the proton beam core
impose restrictions on the beam’s density. These compo-
nents include the rotating tungsten target, and the proton
beam window that separates this target’s atmosphere from
the accelerator’s vacuum. In addition, surrounding compo-
nents can only receive a limited volumetric power density,
and this imposes a limit on beam outside of the core foot-
print.

Neutron moderator and reflector assemblies also reside
within the target system. Because neutron intensity can
depend on proton beam position and current, the time to
moderate neutrons from the spallation spectrum down to
desired energies will determine that timescale for allowable
fluctuations in proton beam position and current.

Accelerator
To meet the target requirements above, the transport line

leading to the target must expand the bright beam from the
linac into an acceptable footprint. To meet the requirements
for the neutron pulse, fluctuations in beam position and
current must be repeatable and also limited in magnitude
and/or characteristic timescale. The transport line should
also allow hands-on maintenance by limiting beam loss to
well under 1 W/m and by enabling isolation of the compo-
nents from target back shine.

PROTON BEAM TRANSPORT
Table 1 summarizes the proton beam parameters at the

output of the ESS linac. The accelerator-to-target line re-
ceives the beam with these parameters and transform it into
a beam with the parameters at the proton beam window
(PBW) and target (Tgt) listed in Table 2. It accomplishes
this by scanning or rastering an expanded beamlet across
the target surface.
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Table 1: Proton Beam Parameters at the End of the Linac
Parameter Value

Nominal Power 5 MW
Energy 0.5 to 2 GeV
Pulse current 6.2 to 62.5 mA
Pulse Length 5 to 2860 µs
Repetition rate 14 Hz
Bunching frequency 352 MHz
RMS width in linac 2 mm

Table 2: Beam Parameters at the Target Station, Horizontal
(H) and Vertical (V)

Parameter Location H V

RMS size CO 0.2 mm 0.4 mm
PBW 10.0 mm 5.00 mm
Tgt 12.6 mm 6.32 mm

Max. deflection PBW 55.4 mm 12.7 mm
Tgt 70.0 mm 16.0 mm

Avg. current density PBW 88 µA/cm2

Tgt 56 µA/cm2

Transport line optics are shown in Figure 1. The design
proposal for the LANL MTS line [1] inspired this concept.
The upstream matching quads, Q1–Q4, set the beamlet size
on the target and provide a beam waist at the crossover
(CO), where the beam deflections are minimized by de-
sign. Eight raster magnet dipoles (RMs) scan the beam-
let, and they are centered on the action point (AP) with 4
acting in each plane. Downstream of the raster magnets,
a quadrupole doublet, Q5+Q6, not only ensures the final
beam size expansion, but imposes a transverse phase ad-
vance of π between the AP and the CO which becomes
a pivot point for the deflections. In the presented optics,
the peak integrated field per raster magnet is

∫
BydL =

2.2 mT.m or
∫
BxdL = 3.8 mT.m. To reduce modulation

of the neutron intensity, the a rather high raster frequency
of up to 40 kHz is specified.

As the location of the beamlet waist and also the pivot
point for deflections, the CO becomes a suitable location
for a small-aperture shield that absorbs most of the back-
streaming neutrons. TraceWin [2] simulations including
3D space charge, demonstrate transport of 5 × 106 multi-
particles through a . 0.4 mm RMS waist with no loss in
the line or the aperture. This is an improvement over the
previous design that was based upon nonlinear magnets [3].
Due to the limited magnification of the linac beamlet and
the raster pattern’s smearing of the beamlet, any transverse
halo generated by the linac has a limited effect on the ac-
cumulated beam footprint at the target.

A suite of beam instrumentation supports tuning of the
beam line [4]. During high power operations, a subset of
this instrumentation also provides inputs to an interlock
system that can suppress beam production upon detection
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Figure 1: The final 45 m of the HEBT before the target
surface. The optics are shown at maximum deflection.

of potentially damaging conditions.

TARGET
Rastering the beam the provides benefits described

above, and with normal beam conditions, calculations show
that the proton beam window, most delicate interceptive
component, should provide the desired lifetime of about
one year. However, off-normal situations must be consid-
ered and one of the most dramatic would be the simultane-
ous, undetected failure of all 8 raster magnet systems. In
this case, a stationary beamlet with the parameters listed in
Table 2 remains on the window. Beam instrumentation de-
tects this condition and suppresses beam production before
the arrival of the next pulse, but the window must survive
the original errant pulse.

Finite element analysis has been used to analyse this sit-
uation. The calculations were performed using ANSYS
and results were then post-processed using the RCC-MRx
design standard, considering a dose up to 10 DPA. The cal-
culation has been performed for a PBW made either from
Al6061T6 or Ti6Al4V. The goal is indeed to fulfill RCC-
MRx criteria from level A, meaning that the PBW can be
used without inspection or replacement. The start values
for this transient thermal analysis are those of a window
subjected to nominal beam. A full unrastered pulse then in-
duces a new temperature profile that is coupled one way to
a transient structural analysis used for the RCC-MRx post-
processing. The results summarized in Table 3 show that an
aluminum window would require a replacement whereas a
titanium window would not.

NEUTRONICS
As discussed above, the beam transport line employs a

dynamic rastering system that scans a beamlet across the
target surface. The impact on neutron beam character-
istics has been assessed by incorporating time-dependent
raster beams into a full MCNPX model of the target sta-
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Table 3: Usage Factors According to the RCC-MRx

Al 6061T6 Ti6Al4V
Criteria A D A D

Pm 0.39 0.19 0.21 0.10
PL 0.26 0.12 0.14 0.07
PL + Pb 0.31 0.15 0.15 0.07
Pm +Qm 1.28 0.69 0.27 0.14
PL + Pb +Q+ F 1.06 0.12 0.17 0.09

unirr. irr. unirr. irr.
J 4.8 4.8 9.4e-3 8.5e-2

tion monolith. Each moderator-reflector assembly in the
ESS target station contains 3 moderators: a cold para-
hydrogen moderator, an upstream thermal water modera-
tor, and a downstream thermal water moderator. Time-
dependent brightness was tallied for all 3 moderators. With
a horizontal rastering frequency of about 40 kHz and a ver-
tical rastering frequency of 29 kHz, fluctuations for cold
neutrons (i.e. 2.5 Å) are very small - less than a few
percent. Maximum fluctuations were observed out of the
downstream thermal moderator, about 6% RMS at 0.8 Å.

Figure 2: One example of an alternative scanning scenario.
The beam is rastered vertically at 29 kHz and swept once
horizontally during the 2.86 ms pulse. Thermal neutron
pulses (0.8 Å) from upstream (red) and downstream (black)
moderators are shown with the reference output from a
square proton pulse shown in grey.

This effect on downstream thermal moderators can be
exploited by using raster patterns like, for example, slow
painting of the proton beam over the target in a horizontal
direction while maintaining the rapid scanning in the ver-
tical direction. In this case, high frequency deviations due
to horizontal rastering are eliminated, while neutron pulse
shapes exhibit rather interesting temporal features as de-
picted in Figure 2. Additionally, the study of the impact
of beam rastering on updated conceptual designs of ESS

moderators is underway.

NEUTRON INSTRUMENTS
The variations in the pulse structure as a result of the

rastering of the proton beam onto the target offers sev-
eral opportunities, particularly for thermal instruments, as
the effect is most pronounced for short wavelength neu-
trons. By siting thermal instruments in the correct sec-
tor, the enhanced brightness of short wavelength neutrons
at the end of the pulse can be harnessed by, for example,
high-resolution diffraction instruments or a thermal chop-
per spectrometer. For example, through the use of a pulse-
shaping chopper at 6-7m from the moderator surface, a
wavelength band and wavelength uncertainty (∆λ/λ) is se-
lected by a diffraction instrument. At the sample position,
within the time-frame given by the 14 Hz repetition rate,
the short wavelength neutrons (with a higher velocity) are
selected from the end of the initial pulse, with enhanced in-
tensity as shown in Figure 2. These neutrons give access to
high Q at close to backscattering from the sample, which
reveal the subtle structural details. As a general remark,
boosting the neutron brightness for the short wavelengths
will be very useful for all thermal instruments that employ
pulse-shaping.

Delivery of the proton beam to the target with lower loss
could also benefit neutron instruments. Reducing the po-
tential for beam losses in this region by orders of magnitude
could bring a proportional reduction in that contribution to
the background. Other sources are now being investigated,
with a focus on emission of particles from the accelera-
tor berm that are transported as sky shine, and mechanisms
of illumination of the instruments directly from the target,
both external and internal to the neutron beamlines. Par-
ticular attention is being paid to the types of materials that
can be used and the energies of the particles that illuminate
them, and the physics processes that convert these transport
mechanisms into measurable signals for detectors that are
typically only sensitive up to 100s keV.

CONCLUSION
Particularly in a long pulse neutron source such as the

ESS, the optimisation of the accelerator to target region can
significantly enhance neutron source performance. Recent
updates to the design, including the addition of raster scan-
ning appear to provide performance benefits. This work is
ongoing. In the near future, we plan to model updated mod-
erator designs, and improve our understanding of neutron
background with additional beam loss simulations.
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Abstract 

The Front End Test Stand Project (FETS) at RAL is 
being built to demonstrate fast beam chopping. This is 
required to create precisely defined gaps in the bunched 
H- beam which is essential in order to minimise beam 
losses in a synchrotron during injection. The gaps are 
created in the Medium Energy Beam Transport (MEBT) 
section of the FETS beam-line using a ‘fast-slow’ 
chopping scheme. This scheme uses two choppers, one 
fast and one slow, each kicks a portion of beam into its 
corresponding downstream beam dump. The challenge for 
the beam dump design is that it must occupy a limited 
longitudinal space to ensure that the beam transport is 
preserved and must absorb a beam power that is close to 
the sustainable stress limit of common engineering 
materials. This paper will describe the simulations made 
to study the cooling scheme required to absorb the power 
deposited in the dump plates for the fast and slow 
choppers. 

INTRODUCTION 
The FETS project requires two chopper beam dumps to 

withstand and safely dissipate power from the incident 
beam. The beam parameters, listed in Table 1, thus form 
the design criteria for these dumps [1].   

Table 1: Parameters for the FETS Beam 
Parameter     Value            
Particle H- 
Beam Energy  3 MeV 
Beam Current 60 mA 
Pulse Length  20 ms 
Duty Cycle 0.1 
Maximum Power 180 kW 
Average Power 18 kW 
 
The beam is on for a 2 ms pulse in each 20 ms period. 

During this time, it is broken by choppers into a repeated 
cycle of ON/OFF states. The two choppers in the FETS 
project are denoted ‘fast’ and ‘slow’, based on their 
respective response times. During each ON stage of a 
chopper, it deflects beam particles to its corresponding 
downstream dump. The chopper timings have been 
designed in accordance with the ISIS synchrotron 
frequency of 1.5 MHz. The FETS beam has a frequency 
of 324 MHz, resulting in 216 periods of ON/OFF cycles, 
or beam bunches for each ISIS period [2]. Table 2 
describes how these 216 beam bunches are broken by the 
fast and slow choppers.  

Table 2: Sequenced Timing for the Fast / Slow Choppers  
Number of 
bunches 

Fast Chopper    
State       

Slow Chopper 
State 

4 ON OFF 
57  OFF ON 
4 ON OFF 
151  OFF OFF 
 
During an ON period of a chopper, its corresponding 

dump sees the full 180 kW of incident power. However, 
each chopper deflects only a certain proportion of the 
total 216 bunches, and the dump is required to dissipate 
power according to this proportion, as presented in 
Table 2. The sequence of states can be expressed in terms 
of the average power seen by the two dumps, shown in 
Table 3.  
Table 3: Summary of Power Incident on Chopper Dumps 

Number of 
bunches 

Fast 
Chopper    
Dump 

Slow 
Chopper 
Dump 

Main 
FETS 
Dump 

Percentage of 
total power 
dissipated 

3.70% 26.39% 69.91% 

Average power 
over 2 ms beam 
pulse   

6.67 kW 47.50 kW 125.83 kW 

Average power 
over 20 ms 
period  

0.667 kW 4.750 kW 12.583 kW 

PRELIMINARY DESIGN 
This section describes the initial design decisions that 

have been taken for the chopper dumps. A rectangular 
plate-geometry was selected, with dimensions 
incorporating space constraints imposed by the FETS set-
up. In this configuration, the deflected beam hits the 
plates at a shallow incident angle, with the power 
effectively distributed over a larger area, minimising the 
surface heat flux. Heat dissipates through the plate 
material, and is absorbed in water-cooled channels along 
the length of the plates.  

The beam power must be safely dissipated by the plate 
and water cooling, and the material selection must be 
carried out accordingly. In order to select the material, 
existing beam dumps of similar specifications were first 
identified, and the materials used for these beam dumps 
were considered. Copper was then selected for the initial 
thermal analysis, with the possibility of using Nickel-
coated copper in future simulations, should the radiation 
study deem this necessary. The subsequent analyses have 
all been carried out on a copper plate.  

 ____________________________________________ 

*Supported by STFC 

§ p.savage@imperial.ac.uk 
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THERMAL ANALYSIS  
Thermal analysis has been performed using General 

Particle Tracer (GPT), MATLAB and ANSYS software 
to support the design for the chopper dump plates, and 
identify points for refinement of the preliminary design 
[3-5].  

Particle Distribution 
The beam is characterised by a Gaussian-like energy 

spread. In order to determine the power distribution on 
the chopper dump plates, GPT simulations were carried 
out to determine the distribution of particles hitting the 
plates. Each simulation was conducted using 95,200 
macro-particles, with each particle carrying an equal 
proportion of the total beam power. For each dump plate, 
the output of the simulation was the co-ordinate location 
of the beam particles, in the plane of the plate. The 
particle distribution is shown in Figure 1.  

 
Figure 1: Particle distribution on the fast (top) and slow 
(bottom) chopper dump plates. 

Finite Element Analysis Set Up 
Finite element analysis (FEA) was conducted on the 

beam dump plate using the geometry described in the 
previous section. The boundary condition was a heat 
transfer from the beam on one surface, as obtained from 
the GPT simulations. For the transient and steady state 
analyses, the total power was distributed in proportion to 

the particle distribution described in Figure 1 for the fast 
and slow chopper dumps. The water-cooled channels 
were modelled using a convective heat transfer 
coefficient, with scope to extend to a full CFD analysis in 
future studies. The remaining plate surfaces were 
represented by a conservative zero heat flux model.  

Steady State Analysis 
The steady state temperature distribution for the two 

water-cooled plates under the influence of the time-
averaged beam power of 0.666 kW and 4.75 kW to the 
fast and slow chopper dump plates respectively is 
presented in Figure 2. 

 
Figure 2: Steady state temperature distributions for the 
fast (top) and slow (bottom) chopper dump plates.  

The maximum temperature obtained for the fast 
chopper dump, 45.0 °C is well below the creep 
temperature of copper, and the option of radiative cooling 
will be explored in future designs. The slow chopper 
dump has a maximum steady state temperature of 217 °C 
under active cooling by water. It is unlikely that radiative 
cooling alone will keep the maximum temperature below 
the creep temperature of copper. 
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 Figure 3: Graph of the maximum temperature as a function of time for the fast (top) and slow (bottom) chopper dump 
plates. 

Transient Analysis 
In the transient analysis, the beam power was applied 

for a period of 2 ms and then turned off for the next 
18 ms, over consecutive cycles, in accordance with the 
data presented in Table 3. Time-averaged power over the 
2 ms ON period of 6.67 kW and 47.5 kW were used for 
the fast and slow chopper dumps respectively, using the 
power distribution indicated in Figure 1.  

Figure 3 illustrates the time history of maximum global 
temperatures of the two chopper dumps for the first 500 
periods of these ON-OFF cycles. The difference in the 
vertical scale between the fast and slow chopper dumps 
should be noted; the slow chopper dump has a much 
larger ripple within each cycle. This represents the 
difference in heat flux applied to these dumps.  Between 
subsequent cycles, it is seen that the temperature 
approaches the maximum steady state temperature for 
each dump, closely approximating an exponentially 
decaying trend. Within each cycle, the increase in 
temperature during the 2 ms period, followed by the 
decrease during the next 18 ms also follows similar 
kinetics.  

CONCLUSION  
The transient and steady state thermal effects of the 

incident beam on the two chopper dumps proposed for the 
FETS project have been investigated. The fast chopper 
dump has a maximum steady state temperature of 
44.9 °C, and the slow chopper dump has a maximum 
steady state temperature of 217 °C. These results show 
that for the two chopper dumps, the material selected and 
geometry proposed are both thermally feasible. 

The simulations done so far thus provide necessary 
groundwork for future analyses required in refining the 

design for the chopper dumps. Where approximations 
have been made to simplify the simulations, they have 
been conservative. There remains scope to incorporate a 
full computational fluid dynamics analysis to determine 
the variations in convective heat transfer coefficient along 
the water channels.  

Additionally, it is necessary to translate the thermal 
analysis to determine the stress distribution, based on the 
plate mounting method. During the transient phase, 
temperatures vary by up to 30 °C in each pulse. This 
could lead to fatigue life problems if the stress levels are 
high. Subsequent work should also incorporate the effect 
of radiation on the material, to determine whether copper 
is feasible, or the copper bulk requires coating to enable 
the dumps to withstand the full beam power.  
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PROPOSAL FOR SIMULTANEOUS ACCELERATION OF STABLE AND 
UNSTABLE IONS IN ATLAS 

A. Perry, ANL, Argonne, IL, 60439, USA; IIT, Chicago, IL, 60616, USA  
B. Mustapha, P.N. Ostroumov, ANL, Argonne, IL, 60439, USA

Abstract 
The Argonne Tandem Linac Accelerator System 

(ATLAS) is the only national user facility for low-energy 
stable heavy ion beams. With the recent commissioning 
of the Californium Rare Isotope Breeder Upgrade 
(CARIBU), ATLAS will also be used to accelerate 
radioactive beams. We here propose to convert ATLAS 
into a multi-user facility by simultaneously accelerating 
stable beams from the ECR ion source and radioactive 
beams from an Electron Beam Ion Source (EBIS) charge 
breeder under development for CARIBU. Radioactive 
beams produced from EBIS will contain several charge 
states of the same isotope, and could be injected into 
ATLAS in short (~10µs) pulses. We propose 
modifications of the existing ATLAS low energy beam 
transport line that will allow the simultaneous injection 
and acceleration of one or more charge states from EBIS 
and a stable ion beam from the ECR. Beam dynamics 
simulations using the code TRACK confirmed the 
feasibility of these modifications. The realization of this 
concept will increase the available beam time, the 
intensity of radioactive beams and improve the quality of 
the delivered beams as well

†

. 

INTRODUCTION 
The Argonne Tandem Linac Accelerator System 

(ATLAS) is the only national user facility for low-energy 
stable heavy ion beams. On a yearly basis ATLAS 
provides beam time in excess of 5000 hours to domestic 
and international users. 

Recently, the californium rare isotope breeder upgrade 
(CARIBU) had been successfully commissioned at 
ATLAS [1]. CARIBU will produce, at full capacity, 
beams of ~80-160 amu fission fragments from a 1 Curie 
252Cf source. After thermal stabilization and mass 
separation, the fragments will be charge bred in a charge 
breeder based on an electron beam ion source (EBIS) [2]. 
This type of charge breeders yield higher breeding 
efficiencies with fewer contaminations and shorter 
breeding times compared to electron cyclotron resonance 
(ECR) based charge breeders. After charge breeding in 
EBIS, the radioactive beams will be injected into ATLAS, 
used as a post accelerator. 

When radioactive beams from CARIBU become 
available, the already high demand for ATLAS beam time 
is expected to further increase. It may therefore be 

                                                           
† This work was supported by the U.S. Department of Energy, Office of 
Nuclear Physics, under Contract No. DE-AC02-06CH11357. 

necessary to upgrade ATLAS into a multi-user facility - 
capable of simultaneously accelerating multiple beams 
and delivering them to different experiments. The 
feasibility of the proposed upgrade project relies heavily 
on two features:  

a. The accelerator structure of ATLAS, consisting of 
individually-phased superconducting cavities, is 
extremely versatile, as was best demonstrated in 
the simultaneous acceleration of 8 charge states of 
Uranium through the booster linac section [3]. This 
enables the acceleration of stable and radioactive 
beams with charge to mass ratios differing by as 
much as 5%. Amongst the beams available for 
injection into ATLAS are numerous examples that 
meet this criterion, as shown in Table 1 below.   

b. The radioactive beam from CARIBU EBIS will be 
pulsed with a pulse repetition rate of ~30Hz and a 
pulse length of ~10μs for a duty cycle of 0.03%. 
During the remaining time it will be possible to 
feed the accelerator with the appropriate stable 
beam.  

Table 1: Some Beams with Similar Charge-to-Mass 
Ratios which can be Accelerated Simultaneously in  ATLAS  

Nominal 
Charge/mass 

Stable Beams  
from ECR2  

Radioactive beams 
from EBIS  

0.15 20Ne3+, 86Kr13+ 

238U36+,133Cs20+ 
 86As13+, 106Nb16+  

93Kr14+, 93Rb14+    

0.16 208Pb33+, 56Fe9+ 100Y16+, 87Br14+ 

0.18 128Xe23+, 84Kr15+ 111Tc20+, 138Te25+ 

0.20 20Ne4+, 90Zr18+ 131Sn26+, 124Cd25+ 

0.23 56Fe13+ 105Ru24+, 101Mo23+ 

91Sr21+,83Se19+ 
 

In order to achieve multi-user capability, 3 main points 
were identified:  

- Injection of beams from two sources into the 
ATLAS Low Energy Beam Transport (LEBT).  

- Modification of the ATLAS LEBT, which 
contains a 180 degrees bend, to accommodate 
for the transport of two beams with slightly 
different charge-to-mass ratios while introducing 
minimal emittance growth.  
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- Extraction of the beams after acceleration in 
ATLAS and their delivery to the designated 
experimental areas. 

The primary challenge presented would be addressing 
the above points in a cost effective way and within the 
constraints of the available infrastructure.  

LEBT MODIFICATION 
A general layout of the proposed ATLAS LEBT is 

depicted in Figure 1. The orientation of the EBIS charge 
breeder platform with respect to the ATLAS accelerator 
beam line dictates a total 180° bend of the radioactive 
beam. In order to accommodate the transport of multiple 
beams with different charge-to-mass ratios 
simultaneously, it is necessary to make the transport line 
achromat. This may be accomplished by using the Double 
Bend Achromat (DBA, also known as the Chasman Green 

lattice) [4]. In the DBA, each 90° bend is composed of 
two 45° bending magnets and an intermediate quadrupole 
lens. Using the mirror symmetry with respect to a plane 
through the middle of the quadrupole, it can be shown 
that the lattice is doubly achromatic in first order if the 
quadrupole strength    satisfies the equation:  

 

where Q is the quadrupole length and  the distance 
from the bending magnet to the quadrupole.  
are the bending magnet’s radius, bend angle and exit edge 
angle respectively. 

 

Figure 1: General layout of the proposed ATLAS low energy beam transport (LEBT) beam line. Arrows indicate the 
beam directions of the stable beam produced by ECR2, and the radioactive beam from EBIS. 

 

  

 
Figure 2: TRACK simulation results for the simultaneous transport of 132Sn27+   from EBIS and 48Ca10+ from ECR2. The 
RMS emittance growth in the 180° achromat bend is 1%.    
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Furthermore, double focusing can be achieved by the 

appropriate choice of  and u. 
In addition to creating the achromat lattice, we also 

propose to replace all the magnetic focusing elements in 
the LEBT with electrostatic lenses. The latter are more 
compact and hence preferable to magnetic lenses in the 
low energy regime. The maximum of the dispersion 
function is obtained inside the intermediate quadrupole 
lens and is given by: 

 

Hence these quadrupoles will have a 5 cm aperture 
radius which is larger than the standard used until now. 

The code COSY Infinity [5] was used to evaluate the 
transfer matrix of the lattice and confirm its achromaticity 
in linear order, as well as the effects due to nonlinear 
terms. The beam dynamics code TRACK [6] was then 
used to simulate the simultaneous acceleration of 132Sn27+ 

ions available from EBIS charge breeder and 48Ca10+ ions 
available from ECR-2. The beams were first transported 
in the modified LEBT (Figure 2) and then injected into 
the ATLAS Radio Frequency Quadrupole (RFQ) 
accelerator and subsequent superconducting accelerator.   

INJECTION AND EXTRACTION 
The EBIS charge breeder will output approximately 30 
batches of particles every second, each approximately 
10µs long. In order to inject these batches and the batches 
produced from the ECR ion source into the same beam 
line, an electrostatic deflector (switch) will be used (as 
shown in Figure 1. The electrostatic deflector is to deflect 
the stable beam into the downstream beam line, but it will 
be synchronized to switch off with the arrival of the EBIS 
beam batches, so they continue downstream without 
deflection.  

The design of the deflector will rely on the CARIBU 
EBIS electrostatic deflector and its ‘diagonal cut’ design. 
As shown in [2] this deflector design produces minimal 
emittance growth. However, due to the higher energy of 
the particles a higher deflecting voltage (evaluated at 
~50kV) will be used for our purpose. If a total switching 
time (rise and fall) of 2ms is allowed then the 
requirements from the power supply are relatively 
relaxed, and a 94% duty cycle of the stable beam is still 
possible.        

The Extraction of one of the beams and its subsequent 
delivery to the designated experimental hall is more 
complex due to the higher energy after acceleration and 
limited space available. The extraction will take place 
after acceleration in the Positive Ion Injector (PII) and the 
Booster, where the particles reach energies greater than 
5.5MeV/u. A combination of a kicker magnet and a 
septum magnet will be used for the extraction.  

SUMMARY  
We propose a cost effective redesign of the ATLAS 

LEBT to accommodate the transport of multiple beams 
simultaneously. TRACK simulations show that with a 
modified LEBT, based on the Double Bend Achromat 
lattice, multiple beams with a charge-to-mass ratios 
differing by up to ~3% can be transported from two 
sources and accelerated in ATLAS. This will make 
ATLAS capable of multi-user operation, a capability 
which is important in light of the high demand for beam 
time, which is expected to further increase once 
radioactive beams from the EBIS CARIBU become 
available.  

In addition to that, the radioactive beams from 
CARIBU EBIS will contain a range of charge states. If 
the LEBT is modified in accordance to our proposal, two 
of these charge states can be transported simultaneously 
and injected into different RF buckets in the RFQ. This 
will increase the intensity of the radioactive beams 
delivered to users.    

Lastly, TRACK simulations indicate that transporting 
the CARIBU EBIS beam in the present LEBT may result 
in significant beam quality degradation. This is due to the 
high dispersion in the current layout and the energy 
spread of the beams produced by EBIS.  

Further work on the injection, extraction and 
acceleration of multiple beams is still required.   
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The relative alignment of consecutive components in 
the line is better than 250 microns with the exception of 
some of the benders. 
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�� ,���-��Using CSS to scale the energy of 
the line, to change the beam origin or destination or to 
complete mass scans is quick and convenient. However, 
at this time, different software is used to tune the lines 
and some additional work remains to integrate this 
capability in CSS. 
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Equipment Commissioning 
The several hundred HV power supplies used in the 

line, their cables and connectors were tested during 
installation to confirm that none of them were damaged 
and that their polarity was correct.  Several problems 
were identified and corrected during those tests. 

The low-level controls and the interlock logic of the 
diagnostic drives were tested. The cables and electronics 
of the Faraday cups were checked using a calibrated 
current source and their electron suppressor biases were 
measured. Most of the decay counters and their data 
acquisition hardware and software were also tested using 
a Sr-90 radioactive source before installation.  The low-
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level controls of the vacuum stations and the interlock 
logic of the gate valves were also checked. 

Stable Beam Commissioning 
Most of the segments of the D-line were commissioned 

using the off-line stable ion source upstream of the beam 
line. A ~2 mm misalignment in one of the doublets in the 
line was identified and tracked down to a faulty alignment 
monument. At the beginning of the commissioning with 
stable beam, 20-30 % of the beam was lost along the line 
and very strong non-linearities were observed in the MCP 
viewers. The problem was solved when the gas pressure 
in the ion extraction guide upstream of the D-line was 
increased. Originally, the beam was not cooled enough 
transversely and its emittance was larger than the 
acceptance of the line. Using the higher pressure now 
allows for only a few percent beam loss.  

We have empirically found that the optimal settings of 
the last optical elements for injection into the 
experimental stations differ to a limited extent from those 
in the COSY model prediction. Also, slow beam jitter 
(with a period of several minutes) has been observed 
when the beam was injected into LEBIT. The sources of 
these problems have not been identified yet. 

 

 
Figure 5: Image of two beams (corresponding to masses 
76 and 77) as seen in the MCP viewer after the mass 
separator during one of the commissioning runs. 

 
Figure 6: Mass scan during one of the Ga-76 
commissioning runs. The different peaks correspond to 
different contaminant molecular beams produced in the 
gas cell as the high energy beam is slowed down and 
interacts with the residual gas. The two highest peaks 
correspond to mass 37 [H5O2]

+ and mass 55 [H7O3]
+. 

Radioactive 	eam 
ommissioning 
Several commissioning runs with radioactive beams 

have been conducted during the last year. During these 
runs, the resolving power of the separator has been found 
sufficient (Figure 5) and the CSS-based mass scanning 
software developed for the separator has been tested 
(Figure 6). 

 In addition, the decay counters and their DAQ have 
been tested (Figure 7). The diagnostic team is working to 
improve their performance by reducing some of the EM 
noise observed. 

 
Figure 7: Decay curve for K-37 measured in the decay 
counter of the diagnostics station after the mass separator. 
The measured half-life is 1.21 s which is compatible with 
the expected value of 1.23 s. 

CONCLUSION 
The D-line project has been completed. All the 

segments of the line have been commissioned and the 
transport efficiency in all of them approaches 100 %. The 
line has been reliable at delivering hundreds of hours of 
stable and radioactive beams to both the low-energy 
experimental hall and to the charge breeder before the 
ReA3 reaccelerator.   

ACKNOWLEDGMENT 
Many people at the NSCL have worked together to 

complete this project. In particular, the authors would like 
to thank the machine shop, the controls, electrical 
engineering and mechanical design departments as well as 
the assembly, vacuum and alignment groups for their 
invaluable contribution to the project. 

REFERENCES 
[1] D. Leitner et al., “Status of the ReAccelerator 

Facility ReA for Rare Isotopes”, NA-PAC’13 Proc. 
[2] K. Cooper et al., “Status of the Beam Thermalization 

Area at the NSCL”, APS-DNP fall 2013. 
[3] A. Lapierre et al. “First Charge Breeding of a Rare-

Isotope Beam with the Electron-Beam Ion Trap of 
the ReA Post-Accelerator at the NSCL”, ICIS’13. 

[4]  W. Wittmer et al., “Results from the Linac 
Commissioning of the Rare Isotope Reaccelerator - 
ReA”, NA-PAC’13 Proc. 

[5]  R. Ringle et al., “Penning trap mass spectrometry of 
rare isotopes produced via projectile fragmentation at 
the LEBIT facility” International Journal of Mass 
Spectrometry, 2013. 

[6]  K. Minamisono et al. “Commissioning of the 
collinear laser spectroscopy system in the BECOLA 
facility at NSCL”, Nuclear Instrumentation and 
Methods in Physics Research A 709, 85 (2013). 

[7]  S.J. Williams et al., “Thermalized and Reaccelerated 
Beams at the National Superconducting Cyclotron 
Laboratory”, IBIC’13. 

Proceedings of PAC2013, Pasadena, CA USA MOPMA07

04 Hadron Accelerators

A07 - Electrostatic Accelerators 311 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



SYSTEMS ENGINEERING AND INTEGRATION ON THE FRIB PROJECT* 

D. Stout#, T. Borden, N. Bultman, R. Frazee, M. Leitner, P. Nguyen, T. Russo, E. Tanke, C. 
Thronson, Facility for Rare Isotope Beams, Michigan State University, East Lansing MI, 48824 

USA  
Abstract 

The Facility for Rare Isotope Beams (FRIB) will be a 

world-leading, DOE Office of Science national user 

facility for the study of nuclear structure, reactions, and 

astrophysics on the campus of Michigan State University 

(MSU). 

Systems Engineering and Integration has been 

implemented at the outset to ensure that a requirements-

driven design process is followed, and to ensure intra and 

inter-system compatibility. Top-level requirements have 

been allocated and subsequently elaborated between the 

Accelerator Systems, Experimental Systems, and 

Conventional Facilities. FRIB has developed a number of 

methods and tools to track requirements, establish 

interfaces, monitor design progress, and ensure overall 

system integration. These will be described in the paper. 

 FRIB PROJECT INTEGRATION 

A superconducting, heavy-ion, driver linac will be used 

to provide stable beams of >200 MeV/u at beam powers 

up to 400 kW (~650 electrical micro-amps for uranium). 

The stable beams will be used to produce rare isotopes by 

in flight fragment separation. After fragment selection, 

the rare isotopes will be used at velocity (~0.5c), stopped, 

or reaccelerated. The MSU-led design and construction 

effort is supported by collaborations with many National 

Laboratories and other scientific institutions [1]. 

FRIB is integrated both vertically and horizontally. The 
vertical integration is achieved by the Systems 
Engineering methods discussed in the next section. 
Horizontal integration is achieved by the project 
organizational structure and by adherence to a consistent 
design process. 

Project Engineers are identified within the three main 
FRIB Divisions, Accelerator, Conventional Facilities, and 
Experimental, and are responsible for integration within 
their Division. 

The overall project design process is shown in Figure 1. 

At each significant project design phase, the key design 

products and expectations are defined with respect to the 

major design aspects: requirements, interfaces, drawings 

and specifications, manufacturing, and project manage-

ment. At the beginning of each major design phase (i.e. 

preliminary or final design) deliverables for each sub-

system are identified. These include specific analyses, 

tests, and prototypes that must be completed to 

demonstrate readiness for the next design phase, or for 

construction. 

Defining the deliverables for each sub-system ensures 
coherence between the sub-systems, either by keeping  

their efforts on a similar schedule, or by clearly defining 
the interface points between sub-systems on different 
development schedules. This latter point is important 
since most projects usually cannot complete all design 
work simultaneously due to cost and design resource 
limitations. The other main advantage of clearly defining 
the deliverables and design expectations is that each sub-

system manager then has a clear work plan for design. On 
FRIB these deliverables are used as part of the Earned 
Value Management System to measure and quantify 
design progress. 

SYSTEMS ENGINEERING AND 
INTEGRATION OVERVIEW 

Systems Engineering, as defined by the International 

Council on Systems Engineering [2], is an inter-

disciplinary approach and means to enable the realization 

of successful systems. It focuses on defining customer 

needs and required functionality early in the development 

cycle, documenting requirements, then proceeding with 

design synthesis and system validation while considering 

the complete problem: Performance; Operations; Cost & 

Schedule; Training & Support; Test; Manufacturing and 

Disposal. Systems Engineering integrates all the 

disciplines and specialty groups into a team effort 

forming a structured development process that proceeds 

from concept to production to operation. Systems 

Engineering considers both the business and the technical 

needs of all customers with the goal of providing a quality 

product that meets the user needs. 

Implementation of Systems Engineering can be tailored 
for a specific industry or laboratory. Many industries can 
amortize software, staffing, training, and set-up expenses 
over multiple platforms or projects. For one-off projects 
like FRIB, the same methods can be used, but off the 
shelf software and a leaner System Engineering staff are 
more appropriate. 

Irrespective of the scale of the implementation, the “V” 
model is at the core of the Systems Engineering approach, 
and has been fully implemented for FRIB. This model 
breaks a system into sub-systems, equipment, and 
components, with specific requirements and interfaces at 
each level of decomposition. The right hand side of the 
“V” model is the subsequent aggregation of components, 
equipment, and sub-systems into a fully functioning 
system. This aggregation is accomplished by increasingly 
sophisticated levels of testing and integration. A 
requirements-based design is fundamental to the use of 
this model. By starting from a limited number of top-level 
system requirements, one can define the overall 
architecture and decompose the project into essential sub- 
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Figure 1: FRIB System Design Process Summary showing deliverables by phase and design aspect. 

systems. Most sub-systems for FRIB are based on well-
known accelerator technology. 

REQUIREMENTS AND INTERFACE 
DEFINITION 

 Overall FRIB requirements were finalized during the 
conceptual design phase of the project. These 
requirements were captured in a draft Project Execution 
Plan, Project Requirements Document, and a Parameter 
list. The first two documents capture all requirements, and 
the Parameters list identifies the relevant sub-systems and 
some of their features. During preliminary design, these 
requirements were further divided into several “System 
Requirements Documents” for the accelerator, 
conventional facilities, experimental systems, personnel 
protection system, cryogenic plant and others. Because 
these are high level requirements, they were assigned to 
the specific sub-systems responsible for achieving them. 
The project captured these in a “Requirements Tracker”, a 
spreadsheet capable of ensuring all requirements were 
assigned to a responsible system/sub-system. The tool 
also allows for selecting the requirements specific to a 
certain sub-system for verification at design reviews or 
during testing. Another important feature is that the 
tracker captures emerging safety requirements, assigns 
these requirements to a specific work element, and 

verifies their accomplishment. For example, radiation 
shielding and oxygen-deficiency hazard requirements are 
developed through calculations and analyses as the design 
progresses. The tracker facilitates capturing such evolving 
requirements. 

Another essential area that requires definition and 
monitoring are interfaces, such as physical locations / 
connections, utility requirements, beam-handoff 
parameters, instrumentation and data interchanges, etc. 
FRIB developed an “Interface Tracker”, an excerpt of 
which is shown in Figure 2, to identify interfaces and to 
retrieve the relevant information for a specific interface. 
Initial interface assignments, between magnets and power 
supplies for example, were identified. The appropriate 
interface documents were prepared, approved, and 
submitted to the FRIB document control center. The 
interface tracker visually identifies the interface and 
provides a hyperlink to the associated documents. It also 
quantifies the progress made in defining interfaces, so the 
project can ensure that interfaces are frozen before 
detailed design is started. 

DESIGN VALIDATION 

Initial design validation is the responsibility of the 

cognizant team. FRIB also conducts project-level reviews 

of all major sub-systems at the 30%, 60%, and 90% 
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Figure 2: Excerpt from “FRIB Interface Tracker”. 
 

completion points. The 30% review corresponds to the 

completion of the Preliminary Design Phase in Figure 1, 

and the 60% and 90% reviews are conducted during the 

Final Design Phase. 

Currently the project is conducting 60% and 90% 

reviews. The purpose of the 60% review is to ensure all 

requirements and interfaces are finalized, all engineering 

analyses have been completed and support final detailed 

design, and the design addresses quality, manufacturing, 

and environmental, safety and health requirements. The 

90% review is conducted to confirm the design is 

complete and ready for procurement. 

External expert reviewers are essential for effective 

reviews, and FRIB policy requires independent review of 

high level of care systems, such as personnel protection 

systems. 

DESIGN MANAGEMENT 

FRIB uses key performance indicators to summarize 

the engineering progress over time. Progress is based on 

completion of interfaces, completion of 60% and 90% 

reviews, and final drawing/specification completion. A 

excerpt of a Design Progress Dashboard is shown in 

Figure 3. 

 

 
 

Figure 3: “FRIB Design Dashboard” showing progress. 

Progress is plotted monthly to make sure FRIB is on 
track for major milestones. A sample graph is shown in 
Figure 4. 
 

 

Figure  4:   Sample    Monthly   Design    Progress   Report 
indicating progress and targets. 

COMPONENT AND SUB-SYSTEM 
VALIDATION 

The Project uses formal Acceptance Criteria checklists 

to identify the criteria that must be satisfied and to 

document the actual verification that the criteria is met. 

These lists are used for fabrication, testing, and will be 

used for installation and integrated testing. The 

Requirements Tracker previously mentioned supports 

criteria development, and it also captures the actual 

verification. 

SUMMARY 

FRIB has implemented an effective Systems 

Engineering and Integration Process:  Tools are in place and used to manage requirements 
and interfaces; metrics provide managers current 
status of the design effort  Review and validation processes will ensure designs 

meet requirements, including fabrication, installation 

and testing requirements. 
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Overall Design Progress (%)

Division Average: 68 41 17 10 45

Target Area Utilities T.4.02.01 75 100 90 90 83

Target Area Remote Handling T.4.02.02 50 0 10 10 41

Target Area Non-Conv. Utilities T.4.02.03 25 100 10 10 52

Diagnostics T.4.03.02 50 0 0 0 38

Magnets T.4.03.03 78 50 30 0 54

Preseparator Mechanical Syst. T.4.03.04 43 0 0 0 36

A1900 Reconfiguration T.4.03.05 75 0 0 0 41

Power Supplies T.4.03.06 100 100 50 0 68

Vacuum Systems T.4.03.07 100 100 0 0 60

Low Level Controls T.4.03.08 60 0 0 0 39

Machine Protection System T.4.06.01 100 0 0 0 45

Personnel Protection Systems T.4.06.02 88 100 10 0 61
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STATUS AND OPPORTUNITIES AT PROJECT X: A MULTI-MW 

FACILITY FOR INTENSITY FRONTIER RESEARCH* 

S. D. Holmes, M. Kaducak, R. Kephart, I.Kourbanis, V. Lebedev, S. Mishra, S. Nagaitsev, N. 

Solyak, R. Tschirhart, Fermilab, Batavia, IL  60510, USA

Abstract 
Project X is a multi-megawatt proton facility being 

developed to support a world-leading program in Intensity 

Frontier physics at Fermilab. The facility will support 

programs in elementary particle and nuclear physics, with 

the potential for broader applications in materials and 

energy research. Project X is in the development stage 

with an R&D program focused on front end and 

superconducting rf acceleration technologies, and with 

design concepts for a staged implementation. This paper 

will review the status of the Project X conceptual 

development and the associated R&D programs. 

PROJECT X MISSION AND GOALS 

Project X is a high intensity proton facility that will 
support a world-leading U.S. program in Intensity 

Frontier physics over the next several decades. Project X 

is currently under development by Fermilab in 

collaboration with national and international partners. 

Project X will be unique in its ability to deliver, 

simultaneously, up to 6 MW of site-wide beam power to 

multiple experiments, at energies ranging from 235 MeV 

to 120 GeV, and with flexible and independently 

controlled beam time patterns. Project X will support a 

wide range of experiments utilizing neutrino, muon, kaon, 

nucleon, and atomic probes [1,2]. In addition, Project X 

will lay the foundation for the long-term development of a 

Neutrino Factory and/or Muon Collider. 

PROJECT X REFERENCE DESIGN 

A complete design concept, designated the Project X 

Reference Design [3], has been established supporting the 

above-described mission in an innovative and flexible 

manner. The Reference Design is based on a 3-GeV 

superconducting (SC) continuous wave (CW) linac, 

followed by an 8-GeV superconducting pulsed linac, and 

improvements to the Main Injector complex at Fermilab. 
The primary elements of the Reference Design are:  An H- front end based on a 162.5 MHz RFQ 

delivering 5 mA of beam current at 2.1 MeV into  a 
medium energy beam transport (MEBT) line 
containing a wideband, bunch-by-bunch, chopper 
capable of accepting or rejecting bunches in arbitrary 
patterns and leaving 1 mA average (averaged over ~1 sec) current for further acceleration; 

 A 3-GeV SC linac operating in CW mode and 
capable of accelerating an average beam current of 1 mA; 

 A 3 to 8-GeV pulsed SC linac capable of accelerating 
a peak current of 1 mA with a duty factor of 4.3%;

 

 Rf splitters that can deliver beams at 1 and 3 GeV to 
at least three experimental areas; 

 Experimental facilities to support experiments at 1 
and 3 GeV; 

 Modifications to the Main Injector (MI) and 
Recycler complex required to support 2-MW 
operations in the energy range of 60-to-120 GeV; 

 All interconnecting beam lines. 

STAGING STRATEGY 

Fiscal considerations have motivated development of a 

staging plan for Project X, consistent with the following 

principles:  

 The plan should provide compelling physics 
opportunities at each stage; 

 Each stage should cost substantially less than $1B; 
 Each stage should utilize existing infrastructure to 

the extent possible; 
 The construction of each stage should minimize 

interruptions to the on-going research program; 
 The full Reference Design capabilities should be 

achieved at end of the final stage. 

The Reference Design has been developed consistent 

with these principles – the associated layout on the 

Fermilab site is shown in Fig. 1.  

 

Figure 1: Project X Reference Design Stages. 

Stage 1 is based on the 1-GeV CW linac. The 1-mA 
beam can be directed either to the existing 8-GeV 
Booster, the Muon Campus (currently under 
construction), or to a newly constructed High Power 
Spallation Campus. Stage 1 retires the existing 400-MeV 
linac and raises the Booster injection energy to 1 GeV, 

 ___________________________________________  

* Work supported by the Fermi Research Alliance under U.S. 

Department of Energy contract number DE-AC02-07CH11359 
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allowing a 50% increase in beam intensity. Stage 1 can 
simultaneously provide 1.2 MW to the long baseline 
neutrino target at 120 GeV, 80 kW to the Mu2e 
experiment [4], and 900 kW of beam power to the new 
Spallation Campus. 

In Stage 2 the CW linac is extended to 3 GeV. The 
average beam current in the 1-GeV linac is increased to 2 
mA with 1 mA available for the Booster and the 
Spallation Campus, and 1 mA passed into the 3-GeV 

linac for delivery to a newly constructed High Power 

Muon and Kaon Campus.  

Stage 3 completes the Reference Design with the 8-

GeV pulsed linac replacing the Booster as the injector 
into the Main Injector complex. The pulsed linac delivers 
a 1-mA peak beam current with a 4.3% duty factor (4.3 
ms × 10 Hz). At Stage 3 the Main Injector can deliver 2.3 
MW of beam power at any energy between 60-120 GeV. 
In addition, beam power is available for an 8 GeV 
program ranging from 0-170 kW, depending on the 
operating energy of the Main Injector. 

The capabilities of Project X at each stage are given in 
Table 1.  

Table 1: Project X Performance by Stage 

  Stage 1 Stage 2 Stage 3 

1 GeV Beam Power 0.9 MW 1 MW 1 MW 

3 GeV Beam Power     --- 3 MW 3 MW 

8 GeV Beam Power 110 kW 110 kW 350 kW 

120 GeV Beam 
Power 

1.2 MW 1.2 MW 2.3 MW 

R&D PROGRAM 

The Reference Design provides the context for the 
Project X R&D program. The purpose of the R&D 
program is to mitigate technical and cost risks. The 
primary risks associated with Project X are identified as:   Front End: The front end must provide an average 

beam current of 1-2 mA, with a peak current of 5-10 
mA, with the beam assigned in a programmable 
manner into the linac rf buckets.  H- injection: All stages of Project X require injection 
via stripping over hundreds of turns. Space-charge 
mitigation requires foil painting. Other considerations 
include foil heating, and losses generated by partial 
stripping and/or or multiple scattering.  High Intensity Main Injector and Recycler 
operations: Operations at intensities a factor of three 
beyond current experience require upgrades to the rf 
systems and control of a variety of beam instabilities.  High Power Target Facilities: Target facilities for 
producing both secondary particle beams and 
spallation neutrons must accommodate >1 MW of 
incident beam power.   Superconducting rf: A variety of cavities operating at 
different frequencies and with different geometric 
betas are required. 

The R&D program as structured could support a Project 

X construction start in 2018. 

Project X    Injector Experiment (PXIE) 
PXIE is an integrated front-end systems test, and is the 

centerpiece of the Project X R&D program [5]. PXIE will 

validate the concept for the Project X front end, thereby 

minimizing the primary technical risk element within the 

Reference Design. The PXIE layout is shown in Fig. 2. 

 

 

Figure 2: PXIE Layout. 

PXIE will operate with the full Project X design 

parameters. These include delivering 5 mA average 

current from the RFQ, followed by 80% chopping within 

the MEBT for an average current delivered to the SC 

accelerating section of 1 mA. Two SC acceleration 

modules (HWR and SSR1) are expected to provide 

efficient acceleration with minimal emittance dilution to 

~25 MeV. PXIE will utilize components constructed to 

Project X specifications wherever possible.  This will 

provide an opportunity to re-utilize selected PXIE 

components within Project X.  

PXIE is being undertaken by a collaboration of 

Fermilab with ANL, LBNL, ORNL/SNS, and four Indian 

institutions (BARC, IUAC, RRCAT, VECC). 

Superconducting RF 
The Project X linacs utilize modern SC radiofrequency 

(srf) technology as it has been developed over the last few 

decades. This technology is considered mature, and does 

not represent a significant technical risk within Project X; 

it is, however, a primary cost driver.  

 

Figure 3: Project X Linac Technology Map. 

Figure 3 displays the technology layout of the Project X 

linacs. A room temperature (RT) front end is followed 

immediately by superconducting accelerating modules 

extending from 2.1 MeV to 8 GeV. The linac operates in 

CW mode up to 3 GeV and in pulsed mode thereafter. 

Operation of a CW linac places a strong premium on 

achieving high Q0 in order to reduce both operating costs 

and the capital investment in the cryogenic support 

systems [6]. A robust srf R&D program has been 

underway for several years at Fermilab in collaboration 

with national and international partners. This program 
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originated as an initiative to develop 1300 MHz 

accelerating structures for the International Linear 

Collider [7] in the mid-2000s. The significant investment 

in ILC technologies made it natural to base the Project X 

design on sub-harmonics of 1300 MHz. 

The status of srf development for Project X is 

summarized in Table 2. HWR and SSR signify half-wave 
and single-spoke resonators; LE650 and HE650 are both 
5-cell elliptical cavities; while ILC is a 9-cell elliptical 
cavity (operating at lower gradient, but higher Q0 than 
ILC) Substantial progress has been made on all cavity 

types. As an example Fig. 4 shows test results from six 

SSR1 cavities fabricated in industry, all of which meet the 

Project X performance specification and are planned to be 

used in PXIE and later in the Project X front end.  

 

Figure 4: Dependence of Q0 on accelerating gradient for 

SSR1 bare cavities at 2K. The green lines indicate the 

Project X specification. 

SUMMARY 

Project X is central to the strategy for future 
development of the Fermilab accelerator complex. A 
Reference Design has been developed that will support a 
world-leading program in neutrinos and other rare 
processes over the coming decades, and will provide a 
platform for future muon-based facilities. A staging 
strategy has been developed that provides compelling 
physics opportunities at each stage. An R&D program is 
underway with particular emphasis on front end and srf 
development. Project X could be ready to initiate 
construction in the second half of the current decade. 
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Table 2: Project X SRF Accelerating Cavity Requirements and Status 
 

  Frequency 
(MHz) 

Number 
Required 

Gradient 
(MV/m) 

Q0@2K 
(1010) 

Collab-

orator 

Status 

HWR 
(opt=0.11) 162.5 8 8.2 0.5 

ANL Cavity and cryomodule design complete; prototype cavity 
on order 

SSR1 
(opt=0.22) 325 16 10 0.5 

India Ten cavities fabricated; 5/6 tested and meet spec; two 
cavities in fabrication at IUAC 

SSR2 
(opt=0.51) 325 35 11.2 1.2 

India Cavity electromagnetic and mechanical designs complete 

LE650 
(G=0.61) 650 30 16.5 1.5 

India 
JLab 

Cavity electromagnetic and mechanical designs complete 

HE650 
(G=0.9) 650 162 17 2.0 

India Cavity electromagnetic and mechanical designs complete; 
single cells meet spec; 5-cell protoypes received 

ILC 
(G=1.0) 1300 224 17 2.0 

DESY 
KEK 

>40 cavities tested; two prototype cryomodules complete 
and tested to PX spec. (ILC program). 

 

. 

. 
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. 
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STUDIES OF FAULT SCENARIOS IN SC CW PROJECT-X LINAC∗

A. Saini† , J.-F. Ostiguy, N. Solyak, V. P. Yakovlev
Fermilab, Batavia, IL 60510 USA.

Abstract
The success of the Project-X accelerator facility cru-

cially depends on reliable operation of the 1 GeV super-
conducting (SC) continuous wave (CW) linac at stage-I.
Operation at high intensity in CW mode puts stringent tol-
erances on beamline elements. Any fault affecting nominal
operation of an accelerating or transverse focusing element
will result in beam mismatch in the downstream sections.
This in turn leads to emittance growth, and ultimately trig-
gers beam losses. A robust lattice design allowing local
retuning can make the machine operable even in the event
of a fault, limiting the need for long unscheduled down-
time. This paper presents studies performed to understand
the consequences of failure of various elements. The out-
comes of local retuning for different fault scenarios at crit-
ical locations in the linac are discussed.

INTRODUCTION
Project-X is a proposed multi-megawatt (MW) accelera-

tor facility to be built at Fermilab[1]. It is envisioned as a
multiuser facility that would support a diversified exper-
imental program at the intensity frontier. In the current
economic environment, funding profile limitations led to
development of a staging strategy. The facility would be
built in three stages. The first stage involves construction
of 1 mA (average current), 1 GeV SC CW linac. The sec-
ond stage would double the average current through stage
I. Half of the beam would then be further accelerated in
a 1-3 GeV SC CW linac. The final and third stage in-
volves construction of 3-8 GeV SC pulsed linac. A detailed
description of staging approach is presented elsewhere[2].
A schematic of the CW linac baseline configuration is

Figure 1: Acceleration scheme in Project-X CW linac.

shown in Fig. 1. It comprises a room temperature front

∗Work supported by US DOE under contract DE- AC02-76CH03000.
† asaini@fnal.gov

end and a SC linac. The front-end includes an ion source, a
low energy beam transport (LEBT) section, an RFQ and a
medium energy beam transport (MEBT) section. The DC
ion source delivers a nominal current of 5 mA at 30 keV.
The beam is transported through the LEBT and matched
to the RFQ. The RFQ operates at room temperature at a
frequency of 162.5 MHz and accelerates the beam up to
2.1 MeV. The beam then enters the MEBT where it gets
chopped to acquire the time structure required to drive dif-
ferent simultaneous experiments. Following the MEBT is
a SC CW linac segmented into five sections. The first sec-
tion is based on 162.5 MHz Half Wave Resonators (HWR)
and accelerate the beam to ∼ 9 MeV. The next two sections
use two types of 325 MHz Single Spoke Resonators (SSR)
i.e. SSR1 and SSR2, to reach a kinetic energy of 156 MeV.
The two final sections dubbed low beta (LB) and high beta
are based on 5-cell, 650 MHz elliptical shaped cavities re-
spectively designed for βG = 0.61 and βG = 0.90 .

GENERAL
Most of the complexity associated with a high inten-

sity ion linac lays at low energy where dynamics is non-
relativistic and space charge effects are significant. The
success of Project-X accelerator complex is therefore deci-
sively dependent on reliable operation of the 1 GeV CW
linac at stage-I. Failure of any element such as cavity,
solenoid or quadrupole alters the focusing period of the
beam, resulting in mismatch in the downstream sections.
This, in turn, causes emittance growth and drives halo for-
mation and beam losses. In some cases, the losses may be
prevent safe operation. Unscheduled downtime is neces-
sary to replace a faulty element and return to nominal oper-
ating conditions. Minimizing such unscheduled downtime
is especially important in a multi-user facility where sev-
eral experiments are running simultaneously. With that in
mind, fault scenarios need to be accounted for in the optics
design. The design should robust enough to allow localized
compensation of the perturbation caused by an RF cavity
or magnet failure. This paper presents studies performed
to analyze various fault scenarios at critical locations in 1
GeV SC CW linac at stage-I of Project-X. Failure mitiga-
tion using localized compensation is demonstrated.

LOCAL COMPENSATION METHOD
The local compensation method involves re-tuning of

elements in the vicinity of a failed element to restore a
smooth beam envelope along the linac. Specifically, the RF
phase and field amplitude of cavities are varied to recover
the nominal beam energy and the longitudinal profile while
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solenoids and quadrupoles are varied to restore the trans-
verse dynamics. The constraints and assumptions applied
during local compensation for Project-X SC CW linac are
summarized below:

• Cavity accelerating fields: Fields are varied to recover
nominal beam energy subject to the constraint that
surface peak magnetic field in cavity should not ex-
ceed 70 mT.

• Cavity synchronous phases are varied in such a way
that ratio of synchronous phase to longitudinal beam
size is greater than 4. This assumption is made to
achieve sufficient longitudinal acceptance.

• Field gradient in quadrupoles and axial magnetic field
in solenoids are varied subject to the constraint that
they cannot exceed design limits. These are 10 T/m
and 6 T for quadrupoles and solenoids respectively.

• Minimum user disruption: The number of re-tuned el-
ements is minimized in order to expedite the process
of compensation.

• Local compensation cannot result in any losses (100%
transmission).

FAULT SCENARIOS IN CW SC LINAC
Sensitivity of the linac performance to element failure is

location dependent. Studies have been performed for dif-
ferent fault scenarios to understand their impact. The fault
scenarios at the most critical locations are discussed in this
section.

Failure of First SC Cavity in HWR Section
The HWR is the first SC section in the linac. It ac-

celerates and focuses the beam coming out of the MEBT.
One focusing period in the HWR section is composed of a
solenoid and a HWR cavity. Failure of the first cavity in
the HWR section is considered the most critical due to the
large transverse and longitudinal beam size at this location.
Since the beam is non-relativistic (2.1 MeV) failure of the
first HWR cavity results in significant phase slippage that
tends to grows in amplitude and ultimately causes beam
losses in high energy section.

The local compensation method is applied to re-tune the
beam optics. A bunching cavity and a triplet in the up-
stream MEBT, one solenoid in the same period of failed
cavity and one solenoid and one HWR cavity in each of
the three downstream HWR periods are used to recover a
smooth beam profile. In addition, two HWR cavities (one
in each of the two following periods) is used to recover the
design energy at the end of the HWR section. Figure 2
and figure 3 show 1σRMS longitudinal beam size and nor-
malized rms longitudinal emittance respectively. Abrupt
changes in beam size and emittance characterize the beam
losses which occur at the beginning of 650 MHz, LB sec-
tion. It can be observed that there is no beam loss after

Figure 2: 1σRMS longitudinal beam size before (green)
and after (red on secondary y-axis) local compensation of
failure of first SC cavity in HWR section.

application of the local compensation method; the longitu-
dinal emittance is also restored. Figure 4 shows the syn-
chronous phase in the cavities and beam size for the re-
tuned linac. Even with new setting of synchronous phases,
the longitudinal acceptance is sufficient to accommodate a
6σRMS beam.

Figure 3: Normalized RMS longitudinal beam emittance
before (green) and after (red on secondary y-axis) local
compensation of failure of first SC cavity in HWR section.

Failure of First SC Quadrupole Doublet in LB
Section

Solenoids are used to provide transverse focusing at low
energy i.e. within the HWR, SSR1 and SSR2 sections.
They are replaced with quadrupole doublets in the low beta
(LB) and high beta (HB) sections. The nominal match be-
tween the SSR2 and LB section is very sensitive and in-
volves outermost elements on both sides. Failure of the
first SC quadrupole doublet is considered a critical event:
it causes significant mismatch and envelope modulation in
the downstream sections. Figure 5 shows 1σRMS trans-
verse beam envelope before and after local compensation.
It can be observed that failure of first SC quadrupole dou-
blet in LB section results in significant distortion of trans-
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Figure 4: Longitudinal beam size in degree and syn-
chronous phases after local compensation of failure of first
SC cavity in HWR section.

Figure 5: 1σRMS transverse beam envelopes before and
after local compensation of failure of first SC quadrupole
doublet in LB section.

verse beam profile, causing emittance growth in the down-
stream sections as shown in Figure 6. Again, application of
the local compensation method results in a restored trans-
verse beam profile and controlled emittance growth.

Failure of First Cavity in LB Section
Studies were performed to analyze the impact of a cav-

ity failure at the frequency transition from 325 MHz to 650
MHz. It is found that failure of the first SC cavity in the
LB section results in a 9 MeV beam energy reduction at 1
GeV linac output. However, no beam losses are observed.
Fig. 7 shows that there are no abrupt changes in emittances.
Emittance growth relative to baseline lattice [2] is less than
3% in longitudinal and horizontal plane and less than 7 %
in vertical plane at the end of linac. We conclude that fail-
ure of cavity in the higher energy sections of the linac has
minimal impact on performance.

CONCLUSION
Various fault scenarios were studied for the current

Project-X baseline SC CW linac. Failures at critical lo-

Figure 6: Normalized RMS transverse beam emittance be-
fore (green) and after (red) local compensation of failure of
first quadrupole doublet in LB section.

Figure 7: Normalized RMS longitudinal (red) and trans-
verse (green) beam emittance in presence of failure of first
SC cavity in LB section.

cations, especially at low energy result in significant emit-
tance growth and beam losses. Using local compensation,
the optics design is flexible enough to allow recovery from
failure of a RF single cavity or transverse focusing ele-
ment. The output beam parameters and smooth beam pro-
file in all planes are restored and 100% beam transmission
is achieved.

REFERENCES
[1] S. D. Holmes et al., Project-X Reference Design Report (June

2013), Project X-document 776-v7.

[2] N.Solyak et al., in Proceedings IPAC, Shanghai, May 2013,
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DESIGN ISSUES OF HIGH INTENSITY SC CW ION LINAC FOR
PROJECT-X FACILITY∗

A. Saini† , N. Solyak, V. P. Yakovlev, Fermilab, Batavia, IL 60510 U.S.A.

Abstract

Project-X is a high intensity proton facility which is pri-
marily based on superconducting (SC) continuous wave
(CW) linac. One of the most challenging tasks of Project-X
facility is to have robust design of SC CW linac which can
provide high quality beam to several experiments and sub-
sequent pulsed linac simultaneously. Among the various
technical problems associated with the SC CW linac, halo
formation, beam mismatch, uncontrolled emittance growth
and beam losses are the most crucial as they can limit over-
all performance and reliability. Scope of this paper is to
address these issues for reference design of Project-X SC
CW linac.

INTRODUCTION

The application horizon of particle accelerators has been
widening significantly in recent decades. Where large ac-
celerators have traditionally been the tools of the trade for
high-energy nuclear and particle physics, applications in
the last decade have grown to include large-scale accel-
erators like synchrotron light sources and spallation neu-
tron sources. Applications like generation of rare isotopes,
transmutation of nuclear reactor waste, sub-critical nuclear
power, tritium production, radiation damage studies, stud-
ies of rare processes and generation of neutrino beams etc.
are the next area of investigation for accelerator scientific
community all over the world. Such applications require
high beam power in the range of few mega-watts (MW).
One such high intensity proton beam facility is proposed at
Fermilab, named as Project-X [1]. The success of Project-
X facility is primarily dependent on reliable operation of
1 GeV CW linac at first stage which is capable of deliver-
ing 2 MW beam power. A detailed description of baseline
design of the CW linac is presented elsewhere [2].

Design of the high beam power accelerators are based on
stringent beam losses limit. High beam losses can result in
severe problem in terms of radio-activations. The cumula-
tive experience of high intensity operation with existing fa-
cilities such as LANSCE [3] is utilized to set threshold limit
of beam losses. In order to ensure hand-on-maintenance in
safe environment, beam losses must be limited to 1 W/m
for beam energy at 1 GeV. This paper addresses main char-
acteristics and crucial beam dynamics design issues for the
high intensity ion linac in framework of 1 GeV SC CW
linac for the Project-X facility.

∗Work supported by US DOE under contract DE- AC02-76CH03000.
† asaini@fnal.gov

EMITTANCE GROWTH
A low beam emittance ensures good output beam qual-

ity. Thus, minimal emittance growth along the linac is one
of the primary objectives of optics design. The ion source
determines initial transverse emittance of the beam which
is transported to the RFQ through the low energy beam
transport (LEBT) section. The magnets aberrations and
non-linear space charge forces can result in a increase of
transverse emittance in LEBT. It can be controlled, keep-
ing beam size small and applying space charge neutraliza-
tion. The longitudinal emittance is formed in the RFQ. A
good beam matching at the upstream end of the RFQ min-
imizes transverse and longitudinal emittance growth along
the RFQ. It is followed by the medium energy beam trans-
port (MEBT) section which is comprised of bunching cav-
ities and focusing magnets. Following is a SC CW linac.
A robust design is capable to conserve emittance along the
linac. It can be achieved using short regular focusing peri-
ods especially at low energy part of the linac. It results in
smooth and linear changes in phase advance per meter (k).
However, zero current phase advance in a focusing period
should be kept below 900 to avoid envelope instability [4].
In order to avoid parametric resonance, focusing in linac is
chosen such that kl 6= 2kt. Where kl, kt are wave num-
bers of the longitudinal and transverse oscillations respec-
tively. Furthermore, non-linear space charge forces can re-

Figure 1: Emittance coupling between longitudinal and
transverse plane.

sult in excitation of coupling resonances which causes cou-
pling between longitudinal and transverse motion. It re-
sults in abrupt emittance transfer between the planes. Fig-
ure 1 shows emittance coupling between longitudinal and
transverse plane in first few sections of one of the variants
of Project-X CW linac. It can be noticed that longitudi-
nal emittance εl reduces at the expense of transverse emit-
tance εt. In order to mitigate free energy transfer from one
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plane to another, equipartitoning is required. Condition of
equipartitioning is:

Tt
Tl

=
ktεt
klεl

= 1 (1)

where Tt and Tl are temperatures in transverse and longitu-
dinal plane respectively. In order to achieve efficient accel-
eration, focusing periods vary along the linac. Therefore, it
is difficult to satisfy equipartition condition through out the
linac. In this scenario, free energy transfer from one plane
to another is suppressed by proper selection of working
points (phase advance per period) in tune space where non-
linear space charge modes are stable. The Hofmann sta-
bility diagram [5] represents stability region in tune space
that distinguishes stable modes from those which lead to
coupling. Figure 2 shows working points of lattice that
corresponds to Fig. 1. It can be noticed that some points
are placed in stop-bands (region where space charge modes
are unstable). It explains the reason of emittance exchange
shown in Fig. 1.

Figure 2: Hofmann stability chart: Distribution of working
points in tune space.

The baseline design of Project-X CW linac involves no
emittance exchange between the planes. Emittance growth
[2] with respect to initial emittance is less than 4% in lon-
gitudinal plane, ∼ 10% and 14% in horizontal and vertical
planes respectively.

ACCEPTANCE
In high intensity linac, acceptance parameter is a vital

mean to measure linac performance in term of beam losses.
It is determined by largest beam size that can be transmitted
through the linac without any particle losses. Thus, large
beam acceptance corresponds to high tolerances against er-
rors. A choice of physical aperture of beamline elements
sets transverse acceptance of the machines. Preliminary
beam-dynamics studies using numerical simulation codes
helps to make optimal choice of aperture. Figure 3 shows
transverse acceptance of 1 GeV SC CW linac for Project-X.
An input distribution (shown in red) is generated with rela-
tively very large emittance than nominal beam emittance in
horizontal plane and relatively smaller in others. Distribu-
tion is tracked through the linac. Area occupied by initial

coordinates of transmitted particles (shown in green) trace
the acceptance of linac in this plane. It can be observed that
transverse emittance is sufficient to accommodate 6σ beam
(shown in blue).

Figure 3: Transverse acceptance (green) of 1 GeV SC CW
linac of Project-X with 6σ beam.

The complexity of ion linac is associated with the fact
that beam velocity changes significantly during accelera-
tion along the linac. Thus, to achieve efficient acceleration,
different families of cavities are used along the linac. The
Project-X SC CW linac is segmented into three section on
the basis of operational frequencies of cavities (162.5 MHz,
325 MHz and 650 MHz). A careful matching is required
between these sections otherwise it may introduce a discon-
tinuity in average longitudinal force per period and limits
longitudinal acceptance of the linac. In order to investigate
most sensitive section in SC CW linac, longitudinal accep-
tance is analyzed at different locations in SC CW linac. It
is found that longitudinal acceptance is primarily limited
by the SSR2 section and no significant degradation is ob-
served in subsequent sections. Figure 4 shows longitudinal
acceptance after each section in linac. It is large enough
to enclose 6σ beam (black). Thus no losses have been

Figure 4: Longitudinal acceptance of SC CW linac of
Project-X with 6σ beam (black).

observed for nominal operation of linac. Particles which
fall out of longitudinal acceptance (grey region in Fig. 4)
are no longer accelerated in linac, hence are not matched
with downstream magnetic focusing elements which are
designed for fully accelerated particles and consequently,
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they are lost due to transverse mismatch. Typically, the
high intensity linac are designed to obtain large longitudi-
nal acceptance in order to deal with longitudinal halo that
usually results in beam losses at high energy part of linac.

HALO DEVELOPMENT

Figure 5: Normalized maximum to RMS ratio in all planes
along 1 GeV SC linac.

The existence of beam halo is an important characteris-
tics of the high intensity ion beam. Typically, beam halo is
developed in low energy section and it is acquired large am-
plitude in high energy section that results in particle losses.
It is most concerned aspect of the design of high intensity
machine in the regime of stringent beam losses limit. There
are several definition to quantify beam halo [6] but an im-
portant figure of merit that can be incorporated during lat-
tice design is max to RMS ratio. It is ratio of maximum
displacement to the RMS size of matched beam. Figure 5
shows max to RMS ratio normalized to initial value along
the 1 GeV CW linac. Keeping this ratio close to one en-
sures that halo amplitude does not grow up along the linac.
It is also useful to identify location of halo formation. It
can be noticed from Fig. 5 that location around 100 m and
160 m is sensitive to longitudinal halo formation in linac.

Beam Mismatch
Beam mismatch is major source of halo development in

linac. Studies are performed in order to analyze the impact
of initial mismatch on halo formation for 1 GeV SC linac.
Variation of 20% and 60% in initial Twiss Parameters in
all planes are applied. All simulations are performed using
a 6σ Gaussian distributed beam of 106 particles. Figure 6

Figure 6: Longitudinal particle distribution at the end of 1
GeV linac (Radius = |σ|).

shows longitudinal particle distribution at the end of linac
for three cases no mismatch, 20% and 60% beam mis-
match. Redistribution of particles can be observed in pres-
ence of mismatch which results in more particles in tail
of distribution (radius >3). It is due to core oscillations
that results in energy transfer from core movement to sin-
gle particle orbit. It can also be noticed that redistribtion
occurs faster in case of 60% mismatch (radius ∼ 2) than
20% ( radius ∼3). It is a consequences of additional ”free
energy” introduced via mis-matched in the system. Similar

Figure 7: Transverse particle distribution at the end of 1
GeV linac (Radius = |σ|).

behavior is observed in horizontal plane. Figure 7 shows
horizontal particle distribution at the end of linac. It can be
noticed that only 60% mismatch results in significant halo
development.

CONCLUSION
Controlled emittance growth and low beam losses are

main objectives of the design of high intensity ion linac.
Equipartition among the planes and avoiding stop-bands in
the Hofmann stability diagram are possible way to avoid
emittance exchange in presence of non-linear space charge
forces. Large machine acceptance and suppression of
mechanisms that lead to halo development are essential for
reliable operation of the linac. Design of 1 GeV SC CW
linac for Project-X is sufficiently robust to sustain stable
operation even in presence of spread in design parameters.
No beam losses are observed along the linac even in pres-
ence of 60 % initial mismatch of the beam.
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LAYOUT OF PROJECT-X FACILITY: A REFERENCE DESIGN∗

A. Saini† , J.-P. Carneiro, D. Johnson, J.-F. Ostiguy, N. Solyak, V. P. Yakovlev

Fermilab, Batavia, IL 60510 USA.

Abstract

Project-X is a proposed high intensity proton facility to

be built at Fermilab. It will be a multi-user facility which

can support several experiments simultaneously. In the cur-

rent scenario, the facility would be built in three stages.

Each stage is associated with compelling scientific pro-

grams and is in synergy with existing Fermilab infrastruc-

ture. This paper presents the current reference design and

discusses the main motivations and requirements driving

the optics and physical layout.

INTRODUCTION

Project-X is a proposed high intensity proton facility to

be built at Fermilab. Given the present economic environ-

ment, a staging strategy has been developed. The facility

would be built in three stages. Each stage is associated

with compelling scientific research programs and planned

so that construction of each new stage has minimal influ-

ence on the operation of preceding ones. This approach

has the benefit of limiting downtime during construction.

A schematic of the Project-X facility is shown in Fig 1.

A detailed description of the staging approach is presented

elsewhere [1].

Figure 1: Layout of Project-X facility.

Success of the Project-X facility is critically dependent

on the robustness of the superconducting (SC) continuous

wave (CW) linear accelerator (Linac) design. While the

reference design parameters [1] have been established, the

optics is still evolving to incorporate technical constraints

and to address issues that may potentially cause degrada-

tion of beam quality and particle losses. In this paper we

describe recent changes in the beam optics.

∗Work supported by US DOE under contract DE- AC02-76CH03000.
† asaini@fnal.gov

STAGE -I

The most challenging issues associated with Project-X

facility would be addressed at Stage-1 which comprises a

room temperature front-end followed by a 1 GeV SC CW

linac delivering a 1 MW of beam power.

Ion Source, LEBT & RFQ

The front-end of Project-X consists of an ion source, a

low energy beam transport (LEBT) section, an RFQ and a

medium energy beam transport (MEBT) section. The ion

source [2] operating in dc mode is capable of delivering a

beam of H− ion at 30 keV at maximum current of 10 mA.

It is followed by the LEBT which includes three solenoids,

a slow switching dipole magnet, a chopper assembly and

diagnostic devices to characterize the beam. The chopper

consists of a kicker and a beam absorber. It will primarily

be used to produce variable low duty pulses during com-

missioning; it can also serve as pre-chopper to assist the

MEBT high bandwidth chopping system. A detailed de-

scription of the LEBT layout and its component was pre-

sented elsewhere [1].

Figure 2: 3σRMS transverse beam envelope along LEBT

(shown for fully neutralized operation).

A LEBT with solenoidal focusing usually requires neu-

tralization to mitigate strong space charge defocusing.

However, chopping of a neutralized beam can be prob-

lematic because the typical neutralization time is a few

tens of micro-seconds, resulting in a time dependent op-

tical perturbation. The Project-X LEBT design attempts

to address this issue by incorporating two regions: (i) a

fully neutralized region which extends from exit of the ion

source to upstream edge of the second solenoid and (ii)

an un-neutralized region from that point to the RFQ en-

trance port. Alternatively, the LEBT can also be operated

in fully neutralized regime. Figure 2 shows a 3σRMS trans-

verse beam envelope for fully neutralized operation. To
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minimize spherical aberrations through the solenoids, the

beam transverse size is kept below half of the solenoids ra-

dial aperture [3]. Emittance growth in the LEBT occurs

in the un-neutralized region and is driven by space charge.

The LEBT is followed by an RFQ operating in CW mode

at a resonant frequency of 162.5 MHz. It accelerates the

beam to 2.1 MeV and provides longitudinal beam struc-

ture. Numerical simulations predict 99.8% beam transmis-

sion for nominal operation at 5 mA beam current. How-

ever, both transmission and output emittances strongly de-

pend on beam matching at entrance of the RFQ. Figure 3

shows the evolution of the normalized RMS beam emit-

tances through the LEBT and the RFQ for two modes of op-

eration of the LEBT: (i) a partially neutralized LEBT (un-

neutralized region after second solenoid) and (ii) a fully

neutralized LEBT. It can be observed that beam emittances

through the RFQ are significantly larger for partially neu-

tralized LEBT operation. This is a consequence of non-

linear space charge effects. Beam transmission through the

RFQ is also reduced to 98.4 %.

Figure 3: Normalized RMS beam emittances through

LEBT and RFQ. Solid: LEBT with un-neutralized section.

Dashed: fully neutralized LEBT.

MEBT & 1GeV SC CW Linac

The RFQ is followed by the MEBT and a 1 GeV SC CW

linac. In order to improve the robustness of the design, the

beam optics has been optimized. It can now accommodate,

at the MEBT entrance, a longitudinal emittance larger than

the reference design value [1]. The layout and beam optics

are discussed elsewhere [4]. Changes in beamline elements

are presented in [5]. A significant change is the introduc-

tion of a new βG =0.92 cavity in the high energy 650 MHz

section. This cavity has larger aperture (118 mm) which

is beneficial in terms transverse acceptance in this section

and avoids potential trapping of higher order modes. This

cavity is therefor well suited to a future upgrade for higher

current operation. The optics described in the reference de-

sign report was based on 5-cell, βG =0.90, 650 MHz cavity

(designed with aperture of 100 mm) in high energy section;

the new cavity provides similar RF performance with min-

imal influence on beam optics.

1 GEV EXTRACTION LINE

Stage 1 of Project-X will provide 1 MW of beam power.

This power will be distributed between a 1 GeV experi-

mental area and the Booster/Muon campus using a special

extraction scheme designed to allow both experimental fa-

cilities simultaneously. This is achieved by multiplexing

the beam time structure. For stage 2, an additional MW

of beam power will be delivered to the 1-3 GeV CW linac

using the same extraction line. Figure 4 shows a concep-

tual layout of the extraction line which includes a vertical

deflection unit (VDU) and a horizontally bending Lambert-

son magnet. The vertical deflection unit is composed of an

RF deflecting cavity with trim dipoles positioned at the up-

stream and downstream ends.

Figure 4: Conceptual design of 1 GeV extraction line.

RF Deflecting Cavity and Trim Dipole <Magnets

The RF deflecting cavity at the end of 1 GeV linac splits

the beam into two equal parts by imparting equal and op-

posite vertical kicks to successive bunches. The kick direc-

tion depends on the relation between the beam phase and

the rf phase. Consequently, with f0 representing the bunch

frequency, the required rf frequency is

fRF = (n+ 1/2)f0 (1)

where n is an integer. The deflecting cavity at 1 GeV is

designed to operate at 406.25 MHz (n and f0 are equal to

2 and 162.5 MHz respectively). It is capable of provid-

ing maximum transverse voltage (∆pc/e) of 7 MV which

corresponds to a deflecting angle θ of 4 mrad at 1 GeV.

The trim dipoles on both sides of the cavity are identical

and steer the beam in the vertical plane. Table 1 presents a

summary of the cavity and dipole setting required to direct

the beam to the different experimental facilities at stage I

and stage II.

Lambertson Magnet

The VDU is followed by a 3-way Lambertson magnet.

If there is no net deflection from the VDU, the beam goes

through the field free region along the axis of Lambertson

magnet and is delivered to the 1 GeV experimental area.

However, when the beam experiences a net deflection from

the VDU, it passes either through the upper or lower field

region of the Lambertson and is steered horizontally. The

direction of the horizontal steering is determined by the
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Table: 1 Operational scenarios for the VDU. 4th column

(Dipole) is the total deflection from both dipoles.

sign of the net vertical deflection (+/-θ) from the VDU. Fig-

ure 5 shows beam separation scheme through Lambertson

magnet.

Figure 5: Schematic of 3-way Lambertson magnet. The

beam is steered toward the left or the right depending on

the sign of the vertical deflection imparted by the VDU.

Beam Optics through 1GeV Extraction Line

Figure 6 shows 1σRMS beam envelope through the 1

GeV extraction line. The RF deflecting cavity is set to pro-

vide a vertical deflection angle of 3 mrad while each dipole

provides a 1.5 mrad vertical steering. A special quadrupole

doublet with large aperture of 120 mm is placed just before

the Lambertson magnet to cancel the vertical slope of the

beam centroid so that it can enter the Lambertson magnet

field region in the horizontal plane. The VDU to Lambert-

son distance is chosen to provide enough beam separation

(15 - 20 σRMS) between deflected and undeflected beam.

With the present settings, this separation is 20 σRMS ( 37

mm) (as mentioned in Fig 5). The Lambertson magnet is

1 m long; it provides an integral magnetic field of 0.2 T-

m, corresponding to a ∼35 mrad deflection in the horizon-

tal plane. The distance from the Lambertson to the first

element of each beamline is optimized to provide enough

horizontal separation. It can be observed from Fig 7 that

introduction of the the extraction line does not contribute

to emittance growth. The impact on the downstream optics

is expected to be minimal. Minor retuning of the first sec-

tion of the subsequent stage may be required to match the

beam parameters at the entrance.

STAGE -II & STAGE -III

At stage II, 1 MW of beam power will be delivered to

the 1-3 GeV SC CW linac through a 1800 arc for further

acceleration. Extraction line at the end of this stage will

distribute 3 MW of beam power to different experimental

facilities using a concept similar to the one discussed for

Figure 6: Beam RMS envelope in transverse plane through

1 GeV extraction line.

Figure 7: Longitudinal (green) and transverse (purple)

beam emittance through stage 1.

the 1 GeV extraction line. In the final stage, 350 kW of

beam power will be transported to a 3-8 GeV pulsed linac

through another 1800 arc. Details of the beam optics for

the 1-3 GeV CW linac and the pulsed linac are discussed

elsewhere [4].

SUMMARY

The beam optics is compatible with the Project-X stag-

ing strategy. Furthermore, it provides sufficient acceptance

to accommodate, if necessary, larger emittances coming

out of the RFQ.
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STATUS OF THE LANSCE FRONT END UPGRADE* 
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Abstract 
Initial acceleration of the beams in the LANSCE linear 

accelerator at Los Alamos National Laboratory is still 
presently accomplished through the use of two 750-keV 
Cockcroft-Walton (CW) based injectors. To reduce long-
term operational risks and to realize future beam 
performance goals, plans are underway to replace the 
existing H+ CW injector with a modern replacement, 4-
rod Radio-Frequency Quadrupole (RFQ) based front end. 
Significant technical progress has been made since we 
last reported on this project. Status and progress of the 
design and fabrication of the RFQ, the RF system, beam 
transports, and integrated accelerator test stand will be 
discussed. 

INTRODUCTION 
The Los Alamos Neutron Science Center (LANSCE) 

currently supports a broad user base including the neutron 
scattering community, isotope production, basic science, 
and national security programs by providing multiple 
beams to several diverse experimental areas. The 
LANSCE linac accelerates negative hydrogen ions (H-) 
and protons (H+) simultaneously. An 800-MeV H- beam is 
delivered at 20 Hz to the proton storage ring/moderated 
neutron production target for a suite of neutron-scattering 
instruments (Lujan Center), at 40 Hz to an un-moderated 
spallation target for nuclear physics cross-section 
measurements and microchip irradiations for industry 
(WNR), and on-demand at ~1 Hz for proton radiography 
(pRad), and at 20 Hz for ultra-cold neutron production 
(UCN). Protons are used for isotope production (IPF) at 
100 MeV. High-power operation (10% total RF duty 
factor; 100 Hz x 625 μs; 16.5-mA peak proton beam 
current) has provided 800-kW average beam power at 
800-MeV but was halted in 1998 after shut-down of the 
nuclear physics mission that supported high-power beam 
operations. Upgrades currently underway will restore full 
120-Hz operations and allow high-power operation in 
support of planned new missions [1] that will require 
MW-level average beam powers. 

Beams are delivered to the LANSCE experimental 
areas on a pulse-by-pulse basis, initially accelerated in 
two CW-based injectors, for H  and H  beams, + -

respectively. At present, LANSCE delivers up to three 
different H- beams based on user requirements. The 
highest average-current H- beam (100-125 μA) is first 
accumulated in the proton storage ring (PSR) and then 
extracted to the moderated neutron spallation target at the 

Lujan Center. This beam is chopped to provide an 
extraction gap in the PSR circulating bunch. By 
comparison, the WNR facility typically requires a single 
linac micropulse every few microseconds within the 
standard 625-μs macropulse. Producing the widely-
spaced single micropulses requires the use of a chopper 
and low-frequency buncher in the H- injector. These 
micropulses typically contain about 2.5 times more 
charge than the standard H- linac microbunch. The other 
two H- beam users, pRad and UCN, have beam 
requirements that require chopped and pre-bunched 
beams somewhat similar to the Lujan beam. The present 
dual-beam CW-based injector scheme for the LANSCE 
linac is shown in Fig. 1. The two beam species are 
merged into a common beam transport line and bunched 
before injection into the drift-tube linac (DTL) with a 
capture efficiency of approximately 80%. 

Typical parameters for the 60-Hz (present maximum 
beam repetition rate) H- beams are given in Table 1. 
Comparing chopping requirements against duty factor for 
these three beams, two categories emerge: low-duty factor 
beams with modest chopping requirements (Lujan, pRad) 
and a high-duty factor beam with demanding chopping 
requirements (WNR). H+ beam parameters are also shown 
in Table 1. Future 120-Hz, H+ beam requirements are 
shown in Table 2. An average H+ beam power of 25 kW 
(250 μA) is required to be delivered to IPF at 100 MeV. 
An additional average beam power of 0.75 MW at 800 
MeV is expected to be available for other applications 
beginning in 2017. Several options for enhanced future 
high-power beam operations can be found in Ref. 2.  

Assessment of failure modes of our CW injectors 
revealed the potential for significant disruption of the 
beam operations at LANSCE [3] either due to 
catastrophic failure of major components and/or 
unavailability of spare parts. 

Our strategy to reduce operational risks associated with 
the current CW-based injector systems involves the 
eventual replacement of these systems with modern radio-
frequency quadrupole (RFQ) based injectors. Reliability 
is expected to improve due to reduced overall complexity 
of the systems and by modernization. RFQ accelerators 
are employed worldwide and have demonstrated stable 
and reliable operation.  

To meet the above requirements while maintaining all 
existing beam delivery capabilities, including the high 
duty factor and demanding chopping requirements for the 
WNR beam, we are considering a 3-RFQ upgrade [3] to 
the present injector system that would be implemented in 
a staged approach with development of the H+ RFQ 
having highest priority due to its impact on our near-term 

—————————— 
* Work supported by the United States Department of Energy, National 
Nuclear Security Agency, under contract DE-AC52-06NA25396 
# rgarnett@lanl.gov 
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high-power performance goals. In this scheme (shown 
conceptually in Fig. 2), a single 201.25-MHz RFQ will 
provide bunched but un-chopped H+ beam of up to 35 
mA. A second 201.25-MHz RFQ will provide bunched 
and chopped H- beam for Lujan, pRad and UCN. Finally, 
a third lower-frequency RFQ, at possibly 67 MHz, will 
produce the intense single H- linac micropulses for WNR.  

 

 
 

Figure 1: Present H+/H- CW injector layout. 

Table 1: Typical 60-Hz LANSCE Beam Parameters 

Beam/Area Duty Factor Chopping Specs 

Lujan, H- 20 Hz x 625 μs = 1.25% 290 ns burst every 
358 ns 

WNR, H-
  40 Hz x 625 μs = 2.5% Single micropulse 

every 1.8 μs 

pRad, H- 1 Hz x 300 μs = 0.03% 20-30, 60 ns beam 
bursts, variable 
spacing 

UCN, H- 20 Hz x 625 μs = 1.25% Variable 

IPF, H+ 40 Hz x 625 μs = 2.5% None 

 

Table 2: Future 120-Hz LANSCE H  Beam Parameters +

Beam/Area Duty Factor Ave. Current 

IPF (100 MeV) 20 Hz x 770 μs = 
1.54% 

250 μA 

Area A (800 MeV) 100 Hz x 770 μs = 
7.7% 

0.75-1.25 mA 

 
We have developed an H+ RFQ design and beam-

transport layout compatible with the existing H- CW 
injector that require no changes beyond the merging 
dipole upstream of the common H+/H- beam transport 
section (See Fig.1). This will allow for early 
implementation of the new H+ system, independent of the 
longer-term plans to implement multiple RFQ injectors. 
Following completion of the RFQ, the RFQ will first be 
operated and commissioned on a separate test stand prior 
to integration at the front end of the LANSCE linac. 

 
Figure 2: Conceptual layout of the 3-RFQ H+/H- injector 
system for LANSCE. 

PROJECT STATUS 

RFQ 
The final physics design of the 4-rod RFQ has been 

completed and accepted. The physics design was 
completed and verified through a joint effort between the 
Institute of Applied Physics (IAP) at Goethe University, 
Frankfurt, Germany, and Los Alamos [4]. 

A final mechanical design review was held in April 
2013. Fabrication of the RFQ is expected to take 9-12 
months in Germany by our project partner Kress, GmbH, 
with delivery to Los Alamos before the end of 2014.  

The RFQ is required to operate at a high duty factor of 
up to 15% and must meet strict beam performance 
requirements. Complementary simulations using the 
TRACE 2-D/3-D, PARMTEQM and PARMILA codes 
[5], Beampath [6], the CST Studio suite of codes [7] 
including Particle Studio, and the ANSYS [8] code were 
used to validate the design results. 

To ensure mechanical and operational robustness of the 
RFQ, several technical evaluations were completed prior 
to acceptance of the design [9]. These included: 
addressing potential structure cooling issues, evaluation 
of tuning range, impact of stem spacing on frequency and 
field flatness, impact of vane cross-section and stem 
geometry on dipole fields, and investigation of end-region 
field effects on emittance growth and final output energy. 

Ion Source and Low-Energy Beam Transport 
The extraction geometry of our present H+ 

duoplasmatron ion source, normally operated at a 35-kV 
extraction voltage, has been redesigned to produce a 35-
mA beam with a transverse emittance of < 0.02 p-cm-
mrad, normalized [10]. Modifications to an existing 
source and testing will be required to verify the new 
design.  

Although previously a short electrostatic LEBT for 
beam matching from the ion source to the RFQ was 
considered, a new 2-solenoid magnetic LEBT has been 
designed and optimized to transport beams over a wide 
range of space-charge neutralization and transverse 
emittance, while allowing sufficient space for diagnostics 
and a beam deflector [10]. The design layout minimizes 
the beam size in the LEBT and potential emittance growth 
due to solenoid aberrations. 
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RF System 
After fabrication of the RFQ is complete, the 

alignment, tuning, and low-power testing will be done in 
Germany with Los Alamos participation. High-power 
testing will be done at Los Alamos and is expected to use 
the High Power Test Facility at LANSCE [11]. The RFQ 
will be tested at full peak power and the full 15% duty 
factor (120 Hz, 1250 μs RF pulse length) using the 
201.25-MHz Thales TH781 Intermediate Power Amplifier 
and associated low-level RF controls capability of the test 
facility. The estimated full peak power required for the 
test is 90-100 kW, assuming a realistic surface 
conductivity and a 15%-20% additional power margin. 
Design of the final RFQ RF system has not yet started. 

Medium-Energy Beam Transport 
A new Medium-Energy Transport (MEBT) line to 

match the RFQ output beam into the DTL has been 
designed to replace the existing H+ beam transport line 
shown in Fig. 1 [12]. The MEBT must be as compact as 
possible to preserve the beam emittances. To do so, we 
plan to use multiple compact 201.25-MHz quarter-wave 
bunchers [13] to minimize the beam phase spread and 
compact SNS-style MEBT quadrupoles for transverse 
beam focusing (See Fig. 3). Simulation studies have been 
completed using the TRACE-3D [5] and PARMILA [5] 
codes to validate the multi-particle beam dynamics and 
linac capture (estimated to be 81%).  

RFQ Test Stand 
Our original plan was to have all necessary 

preparations for the test stand completed at Los Alamos 
by the RFQ delivery date so that high-power testing and 
commissioning with beam could be completed, followed 
by demonstration over the course of a year of stable 
operations prior to implementation on the LANSCE linac. 
However, recent schedule and budget changes require a 
more phased approach to testing and commissioning of 
the RFQ.  

As mentioned above, preparations are already 
underway to perform high-power testing of the RFQ. In 
parallel to fabrication of the RFQ, an intermediate-stage 
35-keV ion-source test stand will be assembled, including 
the LEBT and sufficient diagnostics to confirm 
performance and reliability of the source, and to match 
and characterize the beam into the RFQ. Ion-source and 
high-voltage components have already been procured, 
with assembly of the test stand to begin soon.  

Ongoing efforts to layout the full RFQ Test Stand that 
will include the ion source, 35-keV high-voltage system, 
LEBT, RFQ, RF system, MEBT, diagnostics, and controls 
will continue. These preparations include building support 
structures and beam transport-line components; procuring 
magnets, RF systems, and vacuum systems; as well as 
developing the appropriate diagnostics and controls 
required. 

Particular emphases of the RFQ Test Stand will be 
long-term reliability and availability of the RFQ and 
associated systems, and the constraints imposed by dual-

species operation of the LANSCE linac on the phase-
space distributions of the beam from the RFQ injector. 
Good measurements of the beam properties, including 
matching to the DTL, are therefore required during the 
testing phase of the RFQ [14]. All components of the test 
stand are being designed to be compatible with 
implementation as a full replacement system on the 
LANSCE linac including support structures and all 
mechanical systems such as vacuum and cooling 
manifolds, etc.  

 
Figure 3: Shown is a preliminary engineering layout of 
the new H+ RFQ injector, compact quads, and compact 
bunchers on the existing LANSCE beam transport line. 
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EXPERIMENTAL RESULTS FROM A “DIAGNOSTIC” PULSE FOR
SINGLE-PARTICLE-LIKE BEAM POSITION MEASUREMENTS DURING

ACCUMULATION/PRODUCTION MODE IN THE LOS ALAMOS
PROTON STORAGE RING∗

J. Kolski† , E. Bjorklund, M. Hall, M. Martinez, and F. Shelley, LANL, Los Alamos, NM, USA

Abstract
Beam position monitors (BPMs) are the diagnostic most

used in setting up and documenting the Los Alamos Pro-
ton Storage Ring (PSR). One-turn injection can be approx-
imated as single-particle injection with initial betatron po-
sition and angle (x0 and x′0). The turn-by-turn beam po-
sition data from single-turn injection allows measurement
of the betatron tune, closed orbit (CO), and injection off-
set (x0 and x′0 at the injection point). In accumulation
mode, many turns are injected into the ring, the transverse
phase space is quickly filled, and there is no coherent be-
tatron motion. The injection offset, which determines the
accumulated beam size and is very sensitive to steering up-
stream of the ring, is not measurable during accumulation.
We review our approach for measuring the injection off-
set during accumulation, focus discussion on recent exper-
imental results, and compare measurements of the betatron
tune, CO, and injection offset in single-turn injection mode
and in a “diagnostic pulse” mode.

MOTIVATION
The PSR BPMs[1] are bi-directional, stripline-type with

electrode length ∼37 cm (a quarter 201.25 MHz wave-
length). The 201.25 MHz longitudinal beam structure, to
which the PSR BPMs are sensitive, is imposed during ac-
celeration and decoheres after ∼30 turns in the PSR due to
momentum spread and synchrotron motion.

Single-turn injection mode is used to document the PSR.
We measure 30 turns of beam position data before the lon-
gitudinal beam structure decoheres, which is sufficient to
fit the betatron tunes, CO, and injection offset.

Normally, the PSR operates in production mode, where
∼1800 turns are accumulated. With the filled phase space,
there is no coherent betatron motion in production mode, so
the betatron tunes and injection offset can not be measured,
but does yield the CO.

Aside from beam energy, the CO and betatron tunes are
independent of machine operation upstream of the ring.
The injection offset is very sensitive to steering upstream
of the PSR, and we cannot measure this important opera-
tional parameter in production mode.

We develop an operation mode we call LBEG+ that en-
ables us to document the PSR by measuring the betatron
tunes, CO, and injection offset without affecting delivery

∗Work supported by in part by United States Department of Energy
under contract DE-AC52-06NA25396. LA-UR 13-27450.
† Electronic address: jkolski@lanl.gov

Figure 1: (Color) Timing scheme of one machine cycle for
(from bottom to top) the linac RF gate (blue), RF system
protect mask (magenta), production beam gate (green), di-
agnostic beam gate (red), and beam current in transport
(cyan) for production (solid lines) and LBEG+ (dashed
lines) modes. The right plot focuses on the end of the ma-
chine cycle.

of production beam[2]. The scheme is to inject a single
turn (diagnostic pulse) on the same machine cycle as the
production mode ∼50 µs after the accumulated beam is
extracted, see Fig. 1. The 50 µs between production beam
and the diagnostic pulse allows the linac RF to recover from
the beam-off transient, the injection bump magnets to set to
zero, and for residual field in the PSR buncher to dissipate.
The diagnostic pulse coasts in the PSR and is lost.

LBEG+ AND SINGLE-SHOT
MEASUREMENT COMPARISON

Operationally, the hope is for the LBEG+ scheme to re-
place the single-shot method for measurements of the CO,
betatron tune, and injection offset during production. Thus,
it is necessary for the CO, tune, and injection offset results
measured via the LBEG+ scheme to be equal to the mea-
surements taken in the single-shot scheme. We collected
a set of BPM data in single-shot mode, and then collected
another set of data in LBEG+ mode for comparison. In this
section, we compare the LBEG+ and single-shot results for
the CO, tune, and injection offset.

Thirty turns of betatron motion is digitized at each BPM.
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Figure 2: Difference in CO measurements using the single-
shot and LBEG+ schemes with one rms uncertainty.

The beam position is fit with a cosine:

xn = A cos(2πν(n− 1) + φ) +Offset (1)

where A, ν, n, φ, and Offest are the amplitude of betatron
motion, tune, turn index, phase, and CO respectively. We
also compare the fitted amplitude and phase from single-
shot and LBEG+ measurement schemes.

In the comparison plots, we use an ORM BPM indexing
convention where BPMs are 1-20 horizontal, BPMs 21-40
are vertical such that BPM 1 and 21 are the horizontal and
vertical planes of the first BPM.

Closed Orbit Measurement
The CO describes the accumulated beam centroid posi-

tion average. For minimum beam loss, we center the CO
at all BPMs. The CO measurement results between single-
shot and LBEG+ measurement schemes are very similar,
Fig. 2, within three rms uncertainties with maximum de-
viation of 0.1 mm, which is within acceptable tolerance.
We conclude the CO measurements yield the same result
in both schemes.

Tune Measurement
The tune measurement describes the frequency of beta-

tron oscillation. The tune measurements are very close,
Tab. 1, within one rms standard deviation. We conclude

Table 1: Comparison of the Measured Tunes from Single-
Shot and LEBG+ Schemes with One RMS Standard Devi-
ation

νx νy
Single-Shot 0.1898 ± 4 × 10−4 0.1870 ± 2 × 10−4

LBEG+ 0.1900 ± 4 × 10−4 0.1870 ± 2 × 10−4

Difference 2.48 × 10−4 −5.7 × 10−5

Figure 3: (Color) Horizontal injection offset measurement
and the measurement distribution averages with one rms
standard deviation from single-shot (blue, red) and LBEG+
(green, black) schemes.

Figure 4: (Color) Vertical injection offset measurement and
the measurement distribution averages with one rms stan-
dard deviation from single-shot (blue, red) and LBEG+
(green, black) schemes.

that the tune measurement is the same in both single-shot
and LBEG+ schemes.

Injection Offset Measurement
The injection offset is fit to the turn-by-turn BPM data,

xi,n = x0

√
βi
β0

(sin Θ + α0 cos Θ)

+ x′0
√
βiβ0 sin Θ − xCOi

, (2)

where Θ = 2πν(n − 1) + µ0→i, the indices i, 0, and n
indicates values at the ith BPM, the foil, or turn number re-
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Table 2: Comparison of the Measured Injection Offsets
from Single-Shot and LEBG+ Schemes with One RMS Un-
certainty on the Average

x0 [mm] x′0 [mradian]
Single-Shot −6.669 ± 1.1×10−2 1.669 ± 4×10−3

LBEG+ −6.689 ± 1.2×10−2 1.577 ± 5×10−3

Difference 2.0×10−2 −9.2×10−2

y0 [mm] y′0 [mradian]
Single-Shot 13.412 ± 3.3×10−2 2.329 ± 5×10−3

LBEG+ 13.378 ± 3.6×10−2 2.351 ± 6×10−3

Difference −3.4×10−2 2.2×10−2

spectively, x and x′ are the phase space position and angle,
β, α, and µ are the beta function, its derivative, and the
positive phase advance from the foil, and xCO is the CO.

Figures 3 and 4 compare ∼100 measurements of
the injection offset from each BPM. For typical oper-
ations, we set injection offset to [x0, x

′
0, y0, y

′
0] =

[−3.8 mm, 0.85 mradian, 16.5 mm, 2.8 mradian]. Table
2 compares the measurement distribution averages.

The measured injection offsets are quite different from
our standard setup. This is an example of how the injection
offset can change significantly with upstream tuning and
why it is important to be able to measure the injection offset
during production.

The islands in Fig. 4 are due to BPM measurement sat-
uration for large beam positions. Each island is measure-
ment from a different BPM, and each BPM has different
degrees of measurement saturation depending on the type
of BPM and the beam position. PSR BPM measurement
saturation is the topic of a future paper.

We observe a statistically significant difference in the in-
jection offset angles between the single-shot and LBEG+
measurements. The deviation is very small, ∼ 10−2 mra-
dian and within tolerance. We conclude that the injection
offset measurement from single-shot and LBEG+ schemes
is the same.

Amplitude Measurement
The amplitude of betatron motion can be related to the

beta function. Figure 5 compares the amplitude from
single-shot and LBEG+ measurements. Note that the mea-
surements agree within 3 rms uncertainties. We conclude
the amplitude measurements from single-shot and LBEG+
schemes are the same.

Phase Measurement
The betatron phase can be related to the phase advance

and is useful in model verification experiments. Figure
6 compares the phase measurements from single-shot and
LBEG+ schemes. We observe a statistically significant and
constant offset in the phase difference. The phase deviation
is real and is due to the measured difference in injection
offset angles discussed previously. Accounting for the very
small change in injection offset, we conclude that the phase

Figure 5: Difference in amplitude measurements using the
single-shot and LBEG+ schemes with one rms uncertainty.

Figure 6: Difference in phase measurements using the
single-shot and LBEG+ schemes with one rms uncertainty.

measurement from single-shot and LBEG+ schemes is the
same.

CONCLUSIONS
We demonstrate a proof of principle for the LBEG+

scheme to measure the CO, betatron tune, and injection off-
set during production. We compare measurements of the
CO, tune, phase, amplitude, and injection offset from the
single-shot and LBEG+ measurement schemes and show
that both methods produce the same result.
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DESIGN ANALYSIS OF THE NEW LANL 4-ROD RFQ 

S.S. Kurennoy, E.O. Olivas, and L.J. Rybarcyk, LANL, Los Alamos, NM 87545, USA

Abstract 
An upgraded front end of the LANSCE linac will 

include a 4-rod RFQ replacing the aging Cockcroft-
Walton injector, initially only for protons. We performed a 
detailed analysis of the proposed RFQ design using 3D 
modeling with the CST Studio Suite. The CAD-based 
RFQ model takes all design details into account. The 
electromagnetic analysis with MicroWave Studio (MWS) 
is followed by beam dynamics modeling with Particle 
Studio (PS) using the MWS-calculated fields. In addition, 
a thermal and stress analysis is performed with ANSYS, 
based on the power flux from MWS computations. 
Simulation results are used for design iterations aimed to 
satisfy special requirements imposed by an existing 
common transfer line for different beams injected into the 
201.25-MHz drift-tube linac.  

INTRODUCTION 
LANL is moving forward with replacing the aging 

Cockcroft-Walton (C-W) injectors with an RFQ-based 
front end [1] for the LANSCE proton linac. A 4-rod type 
RFQ design was developed in collaboration between IAP 
(Frankfurt) and LANL. The LANL RFQ, operating at 
201.25 MHz at the duty factor up to 15%, with 35-keV 
injection and 750-keV final energy, should satisfy special 
requirements due to its incorporation into the existing 
medium-energy beam transfer that works with multiple 
beams, see in [2]. The RFQ will be manufactured by 
Kress GmbH. We used the RFQ CAD files from Kress 
imported into CST Studio [3] to create a model of the 
LANL H+ RFQ and evaluate its performance. 

RFQ MODEL 
The imported CAD model was simplified by removing 

details nonessential for EM analysis such as external 
supports, etc. The RFQ cavity walls were also removed, 
leaving only the resonator vacuum volume in the CST 
model. The resulting model is shown in Fig. 1. Here the 
RFQ vacuum vessel, in light-blue, is 175-cm long (wall-
to-wall), 34-cm wide, and 30-cm high (along the stem 
direction, z). It also includes wide recesses on the thick 
end and front walls, of radius 8.5 cm and depth 1.5 cm, 
followed by 5-cm-long beam pipes of radius 2 cm. The 
RFQ vanes are supported by 24 stems that are spaced 
longitudinally with variable period, 75 mm in the center 
and 69.5 mm for three periods near each end. The tuners 
electrically short two adjacent stems and can be moved 
along them (in z direction) to adjust the mode frequency 
and voltage profile (flatness) along the structure length. 
The variable stem spacing simplifies tuning the voltage 
flatness along the structure. Our RFQ model uses the 
CAD model coordinates: x is along the RFQ axis, and the 
beam is moving in –x direction (right to left in Fig. 1).   

 

 
 

 

 

Figure 1: RFQ model (top) and its side view (bottom). 

One can see in Fig. 1 (bottom) that the tuners are at 
different heights: they are adjusted to make the inter-vane 
voltage flat within ±1%. However, even with all tuners at 
the same height, the voltage is flat within ±5%, due to the 
variable stem spacing.   

ELECTROMAGNETIC ANALYSIS 
We studied the RFQ model using the CST MicroWave 

Studio (MWS). The mode frequencies and RF fields are 
calculated by the AKS eigensolver that provides more 
accurate surface approximations. The RF fields have 
some interesting features resembling those found in the 
FNAL 4-rod RFQ, see in [4, 5].   

The first is the presence of a small transverse horizontal 
(parallel to the ground plane) electrical-field component, 
Ey, on the RFQ geometrical axis, sometimes referred to as   
a “dipole” component. This is due to the transverse 
electric fields being stronger between two upper vanes 
than between two lower ones, which results in the center 
of the transverse quadrupole field displaced down, to the 
ground plane, from the geometrical axis by 0.45 mm. The 
shift is small but not negligible when compared to the 4-
mm vane aperture. This effect is known in 4-rod RFQs 
designed for higher frequencies [6]. The electric-field 
components on axis: longitudinal El, horizontal Ey, and 
vertical (along the stems) Ez are plotted in Fig. 2 versus 
the longitudinal coordinate s = -x. The fields are scaled to 
the nominal inter-vane voltage V0=50 kV. In a similar plot 
along the axis shifted by -0.45 mm in z, the horizontal 
component Ey is close to zero, while the other two do not 
change much compared to Fig. 2.  

Another important feature is the longitudinal electric 
field in the end gaps that separate the vane ends from the 
RFQ box walls (end-gap bumps). The red curve El in 
Fig. 2 shows the RFQ accelerating field – the oscillating 
part – produced by the vane modulation. The curve also 
has two peaks, near the entrance and exit.  
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Figure 2: On-axis electric field in the RFQ model. 

The RFQ cavity extends from s = -87.5 cm to s = 87.5 
cm; the vanes start at s = -86.9 cm and end at 86.9 cm. It 
would make 6-mm gaps; however, the gaps are effectively 
wider by 1.5 cm due to the recesses cut out in the end 
walls and the beam pipes. This is why the entrance-gap 
peak of the longitudinal field is small. The large near-exit 
peak is due to a special end-vane design: one pair ends at 
a modulation maximum, another at minimum.   

The end-gap longitudinal field exists because the 
quadrupole symmetry is broken near the RFQ ends; it 
would vanish in a perfectly symmetric structure. 
Moreover, in the end-gap areas there are transverse field 
components in addition to the usual quadrupole ones. 
Under some circumstances the end-gap fields, which are 
neither predicted nor taken into account by standard RFQ 
design codes, can change the exiting beam parameters 
such as energy and emittances [4, 5].  

One important requirement for the RFQ operation is the 
inter-vane voltage flatness along the structure. The 
relative voltages, calculated at the midpoints of all 23 full 
periods, are presented in Fig. 3 for two cases: all tuners 
are at the same height, only the frequency is tuned to 
201.25 MHz (“initial”) and after some tuner adjustments 
in the MWS model (“tuned”). Even for the initial profile, 
the voltage was reasonably flat, within ±5% of the 
average value; this is due to the variable stem spacing.  

 

 

Figure 3: Voltage profile along the RFQ structure. 

When all 23 tuners are moved together, by distance h 
up from the ground plane, the frequency sensitivity is 
df/dh = 0.75 MHz/mm. The frequency tuning range is 
comfortably sufficient in this design. In the shown tuned 
case, the displacements of individual tuner plates range 
from -9.5 mm to 8 mm.  

The calculated maximal field at nominal voltage Emax = 
23.5 MV/m (1.6EK) is reached near the vane exit end. We 
use the fields calculated in the tuned case for our macro-
particle simulations, and the related heat flux for thermal-
stress analysis.   

BEAM DYNAMICS RESULTS 
The RF fields calculated by MWS are imported into the 

Particle Studio (PS) PIC solver. For macro-particle 
simulations, we used “matched” distributions generated 
with LAACG codes [7]. Matched CW proton beams of 
10K macro-particles, one RF period long, were generated 
for a few different currents at the model boundary from 
Twiss-parameters that were back-traced from the match 
point at the RFQ vane entrance. The resulting 
distributions are converted to CST PS format and injected 
for 10 RF periods at 35 keV, (βin = 0.0086), and 
accelerated to 750 keV, corresponding to βout = 0.04. As 
an illustration, Fig. 4 shows macro-particles in the PS 
model with 12-mA current at t = 405 ns after the injection 
of 10x10K particles started. The total number of macro-
particles at this moment is about 97.4K, most of them are 
densely packed in bunches. The particle energy is 
indicated by color; the energy scale is overlapped on the 
right. The particles propagate from right to left. More than 
10 bunches are formed, due to the longitudinal space-
charge push at the train ends; a few leading bunches in 
Fig. 4 are already accelerated and approaching the exit. 
Trailing low-energy particles are not captured in bunches.  

   

 

Figure 4: Particles in the RFQ model for 12 mA at 405 ns. 

A convenient way to look at energy changes is with 
phase-space snapshots of the longitudinal phase space x-
W (coordinate-energy). In Fig. 5, five such snapshots, 
from t = 405 ns to 409 ns with 1-ns step, are overlapped. 
Each snapshot is shown in a different color; together they 
cover a time interval equal to one RF period. One can see 
that the bunch energy increases until the end of the 
modulations (x = -869 mm), then remains constant in the 
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exit beam pipe (x < -890 mm). Again, the beam 
propagates from positive to negative x in this model.  

 

 

Figure 5: Longitudinal phase-space snapshots for 12 mA. 

To exclude effects of space charge in the bunch-train 
head and tail, we analyzed only 4-6 central bunches from 
PS simulations with 10x10K beams injected. Some results 
– the average energy W of exiting bunches, their 
transverse normalized r.m.s. emittance εt, and current 
transmission – are summarized in Table 1. The initial 
distribution has a transverse normalized r.m.s. emittance 
0.2 π mm·mrad in both transverse planes.  

Table 1: PS Results for Different Beam Currents 

I, mA W, keV 
εt, π 

mm·mrad 
εl, 

keV·deg 
transm. 

0 756 0.40 20 0.99 

12 756 0.55 13 0.97 

35 753 0.62 15 0.89 

 
The calculated growth of the transverse emittance, even 

in the matched low-current case, is large. On the other 
hand, the longitudinal emittances are smaller than 
expected. We consider the emittance results preliminary 
and will investigate this problem further.  

THERMAL ANALYSIS 
The total dissipated power in the RFQ model for ideal 

copper surfaces is 77 kW at 100% duty and is distributed 
as follows: 55% on stems, 28% on vanes, 17% on tuners, 
and less than 0.5% on the RFQ-vessel inner surface. Since 
the RFQ will operate at noticeable duty factors, up to 
15%, the structure requires adequate cooling. It will be 
provided by water running at 2.5 m/s through cooling 
channels. Each stem has a separate inverse-V-shaped 
cooling channel. There are also cooling channels inside 
vanes, connected through a few stems to pipes under the 
ground plane. The heat flux calculated in post-processing 
MWS fields was used for thermal-stress analysis with 
ANSYS [8].  

In the thermal analysis, a realistic contact copper-
copper conductivity between vanes, stems, and tuners was 
taken into account. The calculated temperature 
distribution in a structure slice near the RFQ exit is shown 
in Fig. 6 for the duty of 18% (15% plus additional heating 
due to realistic surface conductivity). The maximal 

temperature of 335 K is at the near-end stem and the 
temperature range is less than 40° C even in this extreme 
case. Maximal deformations in the RFQ structure reach 
80 µm but the relative vane displacements stay below 40 
µm (< 0.002ʺ).   

 

 

Figure 6: Temperature distribution at 18% duty. 

SUMMARY 
A detailed study of the new LANSCE 4-rod RFQ was 

performed with the CST Studio codes. The RFQ model is 
based on imported CAD files. The RF fields calculated 
with MicroWave Studio were used for beam dynamics 
modeling with Particle Studio and for thermal-stress 
analysis with ANSYS. Our modeling takes into account 
effects associated with 3-D field asymmetries such as 
end-gap fields, which are not predicted by standard RFQ 
design codes. We found that the RFQ output energy and 
transmission satisfy the design requirements and that the 
structure cooling is adequate. Reasons for the observed 
transverse emittance growth will be further investigated.  

The authors would like to thank A. Schempp and J. 
Schmidt (IAP, Frankfurt), J. Haeuser (Kress GmbH), and 
Y. Batygin, R. Garnett, and J. O’Hara (LANL) for useful 
information and stimulating discussions.  
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DESIGN REQUIREMENTS AND EXPECTED PERFORMANCE  
OF THE NEW LANSCE H+ RFQ* 

L.J. Rybarcyk#, Y.K. Batygin, I.H. Draganic, C. M. Fortgang, R.W. Garnett, S.S. Kurennoy, 
R.C. McCrady, and T.P. Wangler, Los Alamos National Laboratory, Los Alamos, NM 87545, 

U.S.A 
A. Schempp, IAP, Goethe University, Frankfurt am Main, Germany 

J. Haeuser, Kress GmbH, Biebergemuend, Germany 

Abstract 
LANSCE provides H- and H+ beams to several user 

facilities for fundamental and applied research, including 
a 100-MeV, 250-µA proton beam to the Isotope 
Production facility (IPF). Each beam species is initially 
accelerated to 750 keV in separate Cockcroft-Walton (C-
W) accelerators. Due to the age and possible failure 
modes of the C-W’s and the potential impact of a C-W 
failure to the IPF program, we have begun the process of 
replacing the aging H+ C-W with a modern Radio 
Frequency Quadrupole (RFQ) accelerator-based system. 
In addition, the complexity of combined species 
operations imposes further restrictions on the beam 
performance and configuration that must be incorporated 
into the design process. This paper will cover the physics 
design requirements of this new RFQ and the expected 
performance based upon the results of PARMTEQM 
simulations. 

INTRODUCTION 
The Los Alamos Neutron Science Center (LANSCE) 

facility has a diverse user program that is possible in part 
because of the dual species operation, i.e. acceleration of 
both H+ and H- beams. IPF is one of those facilities and 
receives 100-MeV beam generated by our H+ injector. IPF 
is one of only a few installations that produce a key 
radioisotope for medical procedures used across the 
nation and so high beam availability and reliability is 
critical to meeting their programmatic milestones. The H+ 
injector utilizes an ~40 year old 750-keV C-W 
accelerator. The C-W has possible failure modes that 
include a failure of the accelerator column, which has 
already been replaced once and required 4 months to 
complete, and the collapse of a support leg that could lead 
to a catastrophic failure of the C-W. Concern over the 
potential likelihood of these types of failures and the 
severe impact to the IPF program has provided the 
impetus to pursue an RFQ-based replacement for the H+ 
injector.  

The RFQ is being designed and verified as a joint effort 
between the Institute of Applied Physics (IAP), Goethe 
University, Frankfurt, Germany and Los Alamos. The 
IAP team used a combination of PARMTEQM [1] and 
proprietary algorithms to develop the physics design for 
the 4-rod RFQ, which the Los Alamos team verified using 

PARMTEQM. Our project partner Kress GmbH, with 
input from IAP, is responsible for the engineering design 
and fabrication of the RFQ. 

REQUIREMENTS 
The new H+ RFQ will need to provide sufficient beam 
current to meet present and anticipated future 
programmatic needs and do so within the context of dual 
species operation. This includes the capability to operate 
the RFQ for a range of input beam currents depending 
upon the requirements of the user programs and the 
available beam duty factor. The LANSCE dual injector 
beam line layout that maintains the existing H- and 
common LEBTs requires the new RFQ to be located 
several meters upstream from the entrance to the next 
accelerating structure, i.e. the 100-MeV drift tube linac 
(DTL). This places additional constraints on the 
transverse and longitudinal emittances so that the beam 
can be transported and properly matched without 
significant losses. A list of the RFQ requirements and 
expected performance based upon PARMTEQM 
simulation results for the IAP-developed physics design 
are given in Table 1. The frequency and output energy 
were chosen to be consistent with our present linac base 

Table 1: Comparison of the Final, 201.25-MHz 4-rod 
RFQ Design Parameters with the Design Specifications 

Parameter Specification Final 
Design 

Injection Energy  35 keV 35 keV 

Final Energy 750 keV 750 keV 

Transmission ≥ 90% 96% 

Peak Current 35 mA 35 mA 

Current Limit ≥ 70 mA 60 mA 
Output Energy Spread 
(FWHM) < 3.0% 2% 

Length < 2.5 m 1.75 m 

Peak Electric Field (EK) 1.7 1.6 
Input Trans. Emittance  
rms (cm-mr, norm.) 0.020 0.020 

Exit Trans. Emittance 
 rms (cm-mr, norm.) 0.023 0.022 

Exit Long. Emittance  
rms (deg-MeV @201.25 MHz) < 0.08 0.071 

 

 ____________________________________________  

*Work supported by US DOE under contract DE-AC52-06NA25396. 
#lrybarcyk@lanl.gov 
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frequency and nominal injection energy to the DTL. The 
RFQ injection energy was chosen with the desire to keep 
it low, which helps reduce the overall length of the RFQ, 
and taking into consideration the successes of other RFQ 
projects with similar peak current, injection energy and 
frequency specifications [2][3]. The transmission 
specification was chosen to help ensure that the integrated 
performance of the new RFQ and DTL would have an 
overall beam capture up through the DTL at least as good 
as the present C-W based system. The current limit in the 
design of the RFQ was specified to be twice the 
maximum design current as a general rule-of-thumb. The 
output energy spread and longitudinal emittance were 
chosen to ensure successful transport and capture of the 
beam from the RFQ and was based upon results from 
PARMILA [4] beam dynamics simulation of the MEBT 
and DTL using PARMTEQM beam distributions [5]. The 
limit on the peak surface electric field was chosen to 
ensure reliable operation at design field strength. The 
input emittance represents the maximum that we expect to 
inject and was based upon the performance of our present 
duoplasmatron ion source, which we will use with the 
RFQ injector, and an estimate of the maximum emittance 
growth that might be sustained in the LEBT. However, 
based upon measurements of the existing H+ beam, we 
expect the nominal input emittance to be somewhat 
smaller. The RFQ output emittance requirement was 
based upon expected performance for a carefully designed 
RFQ and the desired to keep the beam emittance in the 
MEBT at a level that will allow for easy transport and 
matching of the RFQ beam into the DTL [5].  

EXPECTED PERFORMANCE 
The IAP RFQ design was evaluated using the 

PARMTEQM design and simulation code. The 
simulations were done using the design parameters 
provided by IAP. The effects of the end regions that can 
be important in a 4-rod RFQ require the use of more 
sophisticated models that combine 3D EM fields with 
multiparticle tracking. This effort is in progress [6].  

The results of the PARMTEQM simulations show the 
design meets our requirements in all but one aspect, the 
current limit, which is not significant as will be shown 
later. Figure 1 shows the beam dynamics along the RFQ 
and phase space distributions at the end of the RFQ for 
the design peak current and emittance input beam. The 
RFQ produces a good quality beam with high 
transmission. Figure 2 shows the results of the 
PARMTEQM simulation that indicate the design 
produces little transverse emittance growth along the 
RFQ. In initial studies performed by the Los Alamos 
team, we had found that an RFQ design employing equal 
transverse and longitudinal current limits, one common 
approach, produced significant transverse emittance 
growth. In a follow-on analysis we found that the 
emittance growth was due to parametric resonance 
conditions being met, but that could be avoided with 
properly chosen parameters [7]. This design effectively 
avoids the parametric resonance conditions and produces 
a beam with little, ~10%, emittance growth. 

Because we plan on operating the RFQ for a range of 
input beam currents, likely values between 10 and 35 mA, 

 

 

 

 

 

Figure 1: PARMTEQM beam dynamics results showing x, y beam size, phase and energy spread for the design input  
beam (left panel). RFQ output phase space distributions (right panel) x-x’(top), y-y’ (middle) and phi-w (bottom). 
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depending upon the average current required and the duty 
factor available for the user programs, we desire good 
performance over that range. Although the current limit 
characteristic for this design is somewhat lower than 
desired, it does not appear to affect the performance well 
beyond the design point and is therefore not an issue. As 
shown in Figures 3, 4 and 5, the simulated performance is 
quite good for input beam currents up to 60 mA, with the 
transmission falling off to about 80% at that point. 

 
Figure 5: RFQ beam transmission vs. input beam current. 
The green circle indicates the 35 mA design point. 

SUMMARY 
The IAP approach has produced an RFQ design that has 

met the specified beam requirements as simulated with 
the PARMTEQM code. The performance is equally good 
for the range of beam currents over which we expect to 
operate.  
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Figure 2: Transverse (red, green) and longitudinal (blue) 
rms, norm. beam emittances along the RFQ for the design 
input beam. 

 

Figure 3: Transverse (red, blue) rms, norm. output beam 
emittance vs. input beam current. The green circle 
indicates the 35 mA design point. 

 

Figure 4: Longitudinal (blue) rms, norm. output beam 
emittance  vs. input beam current. The green circle 
indicates the 35 mA design point. 
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GPU ACCELERATED ONLINE MULTI-PARTICLE BEAM DYNAMICS

SIMULATOR FOR THE LANSCE LINAC
∗

X. Pang†, L. Rybarcyk, S. A. Baily, Los Alamos National Laboratory, Los Alamos, NM, 87544, USA

Abstract

A GPU-accelerated online multi-particle beam dynam-

ics simulator is being developed for use in the LANSCE

linac operation. The goal is to provide new insights on the

beam distribution inside the linac and to help understand

the impact of set point adjustments on it. Details regarding

the code structure design, GPU programming and perfor-

mance, code validation and status will be presented.

INTRODUCTION

The Los Alamos Neutron Science Center (LANSCE)

linac can provide H+ and H
− beam up to 800 MeV. Due to

a lack of direct beam measurements during high power op-

eration, small adjustments to linac operating set points are

made primarily on the basis of beam loss along the linac.

To provide more insight on the beam distributions along the

linac and to better understand the effects of machine param-

eter changes on the beam, we are creating a virtual beam

diagnostic tool for use in the LANSCE control room [1].

This tool is a Graphics Processing Unit (GPU)-accelerated

multi-particle simulator whose beam dynamics algorithms

are based upon the ion linac design and simulation code

PARMILA [2]. PARMILA is a z-code which uses the R

matrices to transfer particles through accelerator elements.

The simulator is designed using modern software design

techniques and coded in C++ and Python. Using NVIDIAs

CUDA technology [3], the algorithms are recast to fully

harvest the computing power of a GPU. Once connected to

the EPICS control system, the simulator can track the real

time machine parameter changes, convert control set points

to model quantities and quickly update the simulation.

CODE STRUCTURE

Since the simulator is developed for use in the control

room, fast execution and ease of use are both important

design criteria. To meet these criteria, a combination of

a high-level scripting language, i.e. Python, and a low

level compiled language, i.e. C++, were adopted. Fig-

ure 1 shows the hierarchy of code layers that allows the

user to take advantage of the fast number-crunching kernels

written in C++ and CUDA C without having to deal with

the complex syntax and the lengthy compilation process

that is associated with them. The outermost shell of the

code structure that a user directly interfaces with is writ-

ten in Python. Python is chosen as the high-level script-

ing language because of its shallow learning curve, pseudo

∗Work supported by U.S. DOE, NNSA under contract DE-AC52-

06NA25396.
† xpang@lanl.gov

           CUDA C

              (.cu)

C++ (.cpp)

Python/C API (.cpp)

Python (.py)

Figure 1: Code hierarchy. Lower level codes are wrapped

by the higher level ones.

code like syntax, lack of compilation phase, easy integra-

tion with the compiled languages and the rich numerical

and visualization libraries. Figure 2 shows the major com-

ponents of the core part of the code that is written in C++

and CUDA C. Following the CUDA convention [3], we re-

fer to the CPU as the host and the GPU as the device in the

rest of this paper. The components colored in blue (left) are

the ones that reside on the host while those colored in yel-

low (right) reside on the device. The BeamLine component

(middle) resides in pinned, or page-locked memory on the

host and the information stored is shared between the host

and device and denoted by the green block. Each major

component is described in detail as follows:

EPICS

DataServer

     SQL 

database

       BeamLine

         (pinned 

        memory)

     text output/

         control 

        feedback

SimulationEngine

Beam

Graphical output

        (OpenGL)

CPU (host) GPU (device)

Figure 2: High level code structure and data flow indicated

by the arrows.

The DataServer reads values from EPICS in multi-

threaded fashion and stores the updated values to the SQL

database.

The SQL database stores all the measured engineering

values coming in from the DataServer, the conversion al-

gorithms for every controllable accelerator element, and

most importantly the converted physics quantities that are
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eventually used in the beam dynamics simulations. A cen-

tral database repository was chosen over flat files to guar-

antee data consistency and to provide historical tracking of

data changes. Due to its light weight, self-contained and

server-less features, SQLite was picked as the relational

database management system (RDBMS) for the simulator.

The BeamLine component of the code is a data struc-

ture that stores the physics quantities of all the accelerator

elements required in the simulation. It is updated in real-

time once changes to the SQL database are detected so that

the physics model used in the simulation is synchronized

with the real world machine parameter settings. This data is

stored in the pinned memory. In this way, modifications by

either the host or the device can be reflected in the memory

spaces of both sides, eliminating the need to first search for

the element index for which the changes were made, then

explicitly copying the new value from host to device.

The Beam class is used to store coordinate information

for all the particles and some collective properties of the

beam. Particle data are allocated on the global memory

of the GPU in the format of structure-of-arrays (SoAs) to

facilitate coalesced global memory access in the particle

tracking simulation and beam property calculations. In or-

der to reduce the expensive memory traffic between the

host and the device, the Beam object is allocated on the

GPU before the simulation starts and is kept on the GPU

until the simulation ends. This class also provides methods

to calculate different properties of the beam like centroid,

size, emittance and beam loss etc. on the GPU.

The SimulationEngine component is the core of this sim-

ulator. All the physics algorithms for particle advancing

and space charge effects are implemented in the Simula-

tionEngine. These algorithms are stored in several CUDA

kernel functions and are glued together by two overarch-

ing C++ classes, SimulationEngine and SpaceCharge. The

SimulationEngine class orchestrates the whole simulation

while the SpaceCharge class only manages the parameters

and functions used in space charge calculations.

The Output of the code can be a graphical display, a text

file or specific values sent back to the EPICS control sys-

tem. A graphical display system is being developed using

openGL so that simulation results sitting on the GPU can

be conveniently displayed without copying back to the host

when a graphical output enabled GPU is used.

GPU PERFORMANCE

The performance of the GPU accelerated simulator is

compared with that of the optimized single CPU version

of the code. The test system used for the comparison is a

custom built workstation with Intel Xeon E5520 2.27GHz,

32 Gb of RAM, and a NVIDIA GTX 580 (Fermi architec-

ture), running an x86 64 install of Scientific Linux 6.3 and

CUDA 5.0.

The physics algorithm of the code consists of two ma-

jor parts: particle advancing and space charge calculations.

For particle advancing, the instruction level parallelism

(ILP) was explored by assigning one thread to process four

particles. This allows more computing resources to be used

by a thread, more data to be reused and independent calcu-

lations within a thread to be processed in parallel, therefore

more latency to be hidden. An overall faster execution can

be achieved. In the space charge force calculation, particles

are first binned onto a mesh and stored in a charge density

table. Then an electric field table is calculated based on the

charge density. Space charge kicks on the particles are ap-

plied by interpolating the electric field table based on indi-

vidual particle’s position on the mesh. Among these steps,

the charge density table calculation accounts for the most

computing time and is the bottleneck of the overall perfor-

mance. To avoid the race condition when the density table

is updated by multiple threads, the floating point atomic ad-

dition in the CUDA is used. This gives us about 12 times

speedup in the charge density calculation compared to the

CPU version.

Two LANSCE beam lines were used for the overall per-

formance test: part of the H
+ low energy beam trans-

port (LEBT) which consists of 8 quadrupoles, 4.32 me-

ter long drift spaces (divided into 442 segments to apply

space charge kicks), a RF cavity and a dipole and the drift

tube linac (DTL), which includes 135 quadrupoles, 165 RF

gaps and 1.68 meter long inter-tank drift spaces (divided

into 171 segments). Typically using 32K particles in the

simulation is sufficient to get an accurate estimate of many

of the beam properties.

Without calculating the space charge effect, transport-

ing 32K particles through an accelerator element using

GPU can be 160 times faster than on a single CPU. Ta-

ble 1 summarizes the total computing time including the

space charge calculations and the speedup of simulations

using different particle numbers. The overall performance

is dominated by the space charge calculation which con-

sumes between 70% to 90% of the computing time. One

simulation through the transport structure on the GPU us-

ing 32K particles takes less than a second, whereas on a

single CPU, it takes more than half a minute. In an acceler-

ator control room where rapid response from any system is

required, a reduction from half a minute to a fraction of a

second makes this simulator a viable tool for pseudo-real-

time computational turn-around in this demanding environ-

ment.

RESULTS

Before relying on the simulator to provide useful insight

about the beam evolution in the linac under routine oper-

ating conditions, it must first be calibrated. Details about

the calibration process is described in [4]. Figure 3 shows

that after the calibration, we were able to get an excellent

agreement between the results from the actual phase scan

measurements made with the LANSCE H
+ beam and the

results from the simulated phase scan following the ad-

justment of the relevant calibration factors. Figure 4 is a

screen shot of the EPICS control channels and the sim-

ulator outputs for the simulation of H
− beams at LAN-

SCE accelerated from 0.75 to 100 MeV through the DTL.
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Table 1: Computing Time and Speedup

Initial Particle Beamline Overall Overall
Number Structure Time [s] Speedup

Transport 0.66 45.8
16384

DTL 0.37 26.7

Transport 0.78 44.5
32768

DTL 0.47 34

Transport 1.02 42.3
65536

DTL 0.71 39

Transport 1.48 40.1
131072

DTL 1.15 45.2

Transport 2.4 39.8
262144

DTL 2.07 48.6
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Figure 3: Phase scan measurements (blue x’s) of the LAN-

SCE DTL tank 1 with main buncher on and prebuncher on

(top) and off (bottom). The simulated phase scan results

following calibration factor adjustment are shown in red.

Figure 4: Screenshot of the EPICS control interfaces (left)

and the simulator outputs (right).

Numerous beam properties such as phase space distribu-

tions and phase space projections at the end of the DTL

as well as beam centroid, size, emittance, and fractional

beam loss along the DTL are displayed. From this inter-

face, changes that are made to relevant DTL operating pa-

rameters can be captured by the simulator and reflected in

the simulation results in pseudo realtime. These 2D graph-

ics displays were made using OpenGL, which maintains

high throughput as additional communications through the

CPU are minimized. This type of interface gives control

room personnel additional information regarding beam per-

formance and allows them to better understand the impact

of any machine parameter changes to the overall accelera-

tor performance.

STATUS AND FUTURE WORK

Currently, the simulator contains several standard trans-

port elements and the DTL structure. The addition of the

coupled-cavity linac (CCL) structure to the code is under-

way as well as improvements to the Python interface and

data I/O. Following that, our near term plans include gener-

ation and calibration of the LANSCE CCL in the model and

front-to-end simulations of the LANSCE linac from 0.75

to 800 MeV. More long range plans under consideration

include simultaneously modeling multiple beam species,

addition of other beam loss mechanism, e.g. H- stripping

[5] and addition of a new space charge calculation routine

based on a 3D Poisson solver.

CONCLUSION

By combining multi-particle tracking simulation algo-

rithms with state-of-the-art GPU technology we have de-

veloped a powerful tool for use in the demanding acceler-

ator control room environment. It has many applications

not mentioned here [4][6][7]. Although more efforts are

needed to further calibrate the existing model and to in-

corporate more accelerator structures, we believe this ap-

proach can greatly enhance operations and performance of

existing and future accelerators.
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PHASE STABILITY OF THE RF REFERENCE LINE FOR THE FRIB 
LINAC* 

Q. Zhao#, J. Brandon, D. Morris, Y. Yamazaki, MSU, East Lansing, MI 48824, USA

Abstract 
The phase stability of rf reference line is usually quite 

restricted in a high energy linac (very long linac, very 
high frequency). Due to the change of the ambience 
temperature in the linac tunnel, the electrical length of 
reference rf cables may change significantly, which 
results in unacceptable phase changes in cavities. So, 
sometimes the reference line is very expensive, for 
example, made of optical fiber housed in a lengthy 
thermostatic chamber. The frequencies of FRIB linac 
cavities are 80.5 and 322 MHz (not very high). We also 
take advantage of the double-folded linac geometry and 
feed the reference line in the center of the linac to 
effectively reduced the reference line by 6 times. Our 
studies show that the FRIB linac can tolerate up to 12ps 
phase stability of the rf reference line. Therefore, no is 
needed for the reference line. 

INTRODUCTION 
The Facility for Rare Isotope Beams (FRIB) [1], 

currently under establishment at the Michigan State 
University, will be a new national user facility for nuclear 
science. FRIB accelerator is a cw, high power, heavy-ion 
machine that will accelerate all stable isotopes to energies 
≥ 200 MeV/u with a beam power of up to 400 kW. The 
driver linac consists of a front-end to generate ion beams 
and boost beam energy, a superconducting linac that is 
folded into three parallel segments and connected by a 
stripper station and two 180-degree bending sections, and 
a beam delivery system to transport output beam into the 
fragmentation target, as shown in Figure 1. The length of 
linac footprint is about 150m. Linac Segment 1 consists 
of 3 β=0.041 cryomodules and 11 β=0.085 cryomodules 
to increase the beam up to 20 MeV/u followed by a 
charge stripping system. All the cavities in Segment 1 are 
Quarter-wave Resonators (QWRs) with operating 
frequency of 80.5MHz. Half-wave Resonators (HWRs) 
with higher operating frequency of 322MHz are used for 
both Segment 2 and Segment 3. There are 12 β=0.29 

cryomodules and 12 β=0.54 cryomodules in linac 
Segment 2 to accelerate beam energies ≥ 150 MeV/u. 
Additional 6 β=0.54 cryomodules in linac Segment 3 
further push beam energies above 200 MeV/u, followed 
by a FODO quadruple lattice section that is reserved to 
place more cryomodules for future energy upgrade. 

As a new generation national scientific user facility, the 
performance of FRIB has quite stringent requirements. 
Therefore, each system and its subassemblies become 
critical for the operation of such a complex machine. The 
rf field generated by cavities is one of the key factors that 
determine the beam performance of the linac. It is a 
challenging task to achieve good phase and amplitude 
regulation of the cavities in a large system. There are 
several types of errors or uncertainties related to the rf 
field of the cavities in linacs like the FRIB driver linac. 
For examples, (1) the random rf phase and amplitude 
fluctuation or jitter that changes very fast and 
dynamically and is regulated by low level rf controller, 
(2) misalignment of field axis with respect to the beam 
axis that is static and may be measureable thus be 
corrected or compensated, (3) deviation of amplitude 
settings with respect to the design that is static and 
determined mainly by calibration, (4) deviation of phase 
settings with respect to the design that is also static and 
usually more sensitive than that of field amplitude 
especially at low energy side, (5) phase change due to the 
variation of the electrical length of rf cable that is mainly 
due to thermal effect and thus a slow drift process. 
Therefore, each of them needs to be evaluated and 
controlled to meet requirements. In this paper, we discuss 
exclusively on the topic of the phase drift of the rf 
reference line for the FRIB linac. 

CAVITY PHASE SETTINGS 
There are total 330 cavities (including the rebuncher 

cryomodules between each segment) distributed in the 
three linac segments of the double-folded FRIB driver 
linac. All of the cavities (either QWRs or HWRs) have  

Figure 1: Layout of the FRIB driver linac. 
  ____________________________________________  

* Work supported by the U.S. Department of Energy Office of Science 
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two accelerating gaps excited in π-mode (that means the 
change of the electric field between the gaps is always 
opposite but at the same rate). Each cavity is powered 
individually, thus the amplitude and phase of each cavity 
can be independently adjusted. The field amplitude of 
cavity is usually set as high as allowed for reliable 
operation, while the phase of cavity that the beam 
experiences when transiting through the cavity (called 
synchronous phase) is determined by the beam dynamics 
design of the linac lattice. In a real machine, each cavity 
must be phase-scanned at least one time with beam by 
typically measuring the energy change (ΔE) as a function 
of the phase (ϕ), as illustrated in Fig. 2. The phase that 
corresponds the maximum energy is defined zero degree, 
and thus the synchronous phase ϕs (generally around -30º 
to tradeoff between the acceleration efficiency and the 
size of rf bucket) is set by retracting |ϕs| degrees from the 
“zero”. Once the synchronous phase is found, the low 
level rf controller will lock it. This procedure will be 
applied every cavity sequentially along the beam path. 
The synchronous phases of all cavities must be well-
controlled over a long period of operation, so beam can 
always be accelerated along the linac synchronously in 
the stable region. 

 

Figure 2: Phase scan of a β=0.041 QWR with uranium 
beam (q/A=33/238) at 0.5MeV/u to set the 
synchronous phase of the cavity. 

RF REFERENCE LINE 
The phase stability of rf reference line is usually quite 

restricted in a high energy linac where the linac is not 
only very long but also operates at high frequencies. High 
performance coaxial cables are widely used for rf 
reference line. It is well known that phase change in 
coaxial rf cables is sensitivity to the ambience 
temperature variations (due to the change of electrical 

length). So, sometimes the reference line is very 
expensive, for example, made of optical fiber housed in a 
lengthy thermostatic chamber. The global temperature at 
the FIRB linac tunnel will be controlled in the range of 
72±6 ºF (22.2±3.3 ºC), which mainly implies some areas 
(e.g. near room temperature magnets) can have slightly 
higher temperature while other ones (e.g. near 
cryomodules) slightly lower. However, long-term 
temperature drift at a given location during normal 
operation will normally be much smaller than ±6 ºF.  

A typical rf coaxial cable is a composite structure that 
consists of metal conductors separated by a polymer 
dielectric. The entire assembly is encapsulated with a 
polymer jacket. The phase length in degree of such a 
cable is given by 

  
c
lf rεϕ
⋅⋅

= 0360
    (1) 

where c is the velocity of light in vacuum, fo is the signal 
frequency, l is the mechanical length of the cable and εr is 
the dielectric constant of the insulating material between 
the center and the outer conductor of the coaxial cable. 
Therefore, for a given rf frequency (fo), the phase change 
depends on the change of physical cable length (l) and/or 
the net dielectric constant of the propagation medium (εr). 
The metal conductor changes linearly with temperature, 
but the behavior of dielectric constant is usually very 
complicated when the temperature of cable changes.  
The FRIB reference line will provide a stable signal of 

10.0625 MHz which is compatible with rf system 
frequencies of 20.125, 40.25, 80.5, 120.75, 161, and 322 
MHz. To minimize the temperature related phase change, 
the reference clock is fed from the center of the linac 
tunnel into six rf distribution lines through a 6-way 
splitter, as shown in Fig. 3. In this scheme, the reference 
line is effectively reduced by 6 times. The length of each 
linac segment is no more than 140m, so each rf reference 
line is about 70m long. In addition, low loss, phase 
stabilized cable (RFS 7/8" LCF78-50J) is selected for the 
rf reference lines. Foam polyethylene instead of 
polytetraflouoroethylene (teflon) is used as the insulating 
material in the cable to avoid the so-called teflon “knee” 
induced phase instability problem [2] (teflon itself 
undergoes a quick structural transition around 19 ºC, 
which results in a rapid change in the dielectric constant 
and thus an abrupt change in phase length).  

To check the relation of phase change with temperature, 
a 136.8-meter-long coaxial cable (RFS 7/8" LCF78-50J) 

 
Figure 3: Schematic layout of the reference lines and the center of the reference-feed in the linac tunnel. 
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from Radio Frequency System (RFS) company, same type 
as those to be used in FRIB linac, was tested at the FRIB 
lab with a 10.0625 MHz signal. The cable was rolled up 
and placed in a room where the temperature can be 
adjusted and controlled, as shown in Fig. 4. The oscillator, 
phase detectors and other devices were set up right 
outside the room, and can be seen through the window. 
Phase change of 0.105 degrees with respect to 10.0625 
MHz was measured between the two different 
temperatures of 70.3 and 79.8 ºF, which is similar to the 
expected ambient temperature range within the FRIB 
linac environment.  

   

Figure 4: Setup of the reference cable test at FRIB lab. 

BEAM DYNAMICS STUDY 
Beam dynamics study was performed to evaluate the 

FRIB linac performance with rf phase changes caused by 
the thermal effect of the rf reference lines. Based on the 
measured data, for a 100-meter-long cable and 1 degree 
Fahrenheit temperature increase, total phase change will 
be 0.06465 degrees at 80.5 MHz. Since the FRIB specs of 
the global temperature variation within the entire tunnel is 
72±6 °F, cable temperature change of 12ºF is assumed in 
the study. Although this will unlikely happen, because the 
coherent change of the entire tunnel temperature should 
be much less than ±6 °F. So, the phase change of each 
cavity is calculated and shown in Figure 5, where the 
phase in degree corresponds the rf frequency of each 
cavity (80.5 MHz for QWRs, 322 MHz for HWRs).  

 

Figure 5: Phase change (“degree” corresponds to the 
cavity rf frequency) for each of the cavity along the linac. 

Multi-charge-state uranium beam [3] carried from the 
frontend was tracked through the entire linac to the target. 
The results show the amount of phase change (shown in 
Fig. 5) is not sensitive to the beam performance. Sampled 

particle distributions on target are plot in Fig. 6 with the 
cases of phases changed and unchanged, which indicate 
the overall impact is insignificant. Although the 
maximum phase change is ~2 degrees for the HWRs in 
Segment 2 & 3, and ~0.5 degrees for the QWRs in 
Segment 1, the phase change between the neighbouring 
cavities is coherent and very small (unlike rf jitter), the 
particles still well follow the betatron oscillation in the 
longitudinal stable region. The amplitudes of the centroid 
oscillation in longitudinal phase space are negligible, as 
shown in Figure 7.  

 

Figure 6: Sampled particle distributions on target with (in 
red) and without (in green) the phase changes. Both 
transverse (left) and longitudinal (right) are very similar 
for the two cases. 

 

Figure 7: The centroid motion in longitudinal phase space 
with phase change included for the entire linac (left). 
Zoom of the Segment 2 only (right). The amplitudes of 
the oscillation are negligible. 

SUMMARY 
FRIB will feed the reference clock from the center of 

the linac tunnel into six rf distribution lines. The long-
term thermal related phase change of each line shall be 
less than 12 ps. Beam dynamics studies using measured 
data confirm that the phase stability of the rf reference 
cable meet the requirement. 
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AN OPTIMIZATION STUDY OF THE TARGET SUBSYSTEM FOR THE 

NEW G-2 EXPERIMENT
*
 

C. Yoshikawa
#
, C. Ankenbrandt, Muons, Inc., Batavia, IL 60510, USA 

A. Leveling, N.V. Mokhov, J. Morgan, D. Neuffer, S. Striganov, Fermilab, Batavia, IL 60510, USA                                              

Abstract 

A precision measurement of the muon anomalous 

magnetic moment, aµ = (g-2)/2, was previously performed 

at BNL with a result of 2.2 - 2.7 standard deviations above 

the Standard Model (SM) theoretical calculations. The 

same experimental apparatus is being planned to run in 

the new Muon Campus at Fermilab, where the muon 

beam is expected to have less pion contamination and the 

extended dataset may provide a possible 7.5σ deviation 

from the SM, creating a sensitive and complementary 

benchmark for proposed SM extensions. We report here 

on a study performed on the target subsystem utilizing a 

new optimization technique that overcomes complexities 

of asymmetric particle production and depth of focus of a 

Li lens.  This new technique is applied to an apparatus 

that is optimized for pions that have favourable phase 

space to create polarized daughter muons around the 

magic momentum of 3.094 GeV/c, which is needed by the 

downstream g 2 muon ring. 

INTRODUCTION 

The New g-2 Experiment at Fermilab [1] aims to 

measure the muon anomalous magnetic moment to a 

precision of ±0.14 ppm ─ a fourfold improvement over 

the 0.54 ppm precision obtained in the g-2 BNL E821 

experiment [2].  The present discrepancy, ∆aµ(Expt. ─ 

SM) = (255±80)×10
-11

, is already suggestive of possible 

new physics contributions to the muon anomaly. 

Assuming that the current theory error of 49×10
-11

 is 

reduced to 30×10
-11

 on the time scale of the completion of 

our experiment, a future ∆aµ comparison would have a 

combined uncertainty of ≈ 34 × 10
-11

, resulting in a 7.5σ 

deviation from the Standard Model, which will be a 

sensitive and complementary benchmark for proposed 

extensions to the Standard Model.  Most of the 

improvement will be due to increased statistics and thus it 

is essential to maximize production of useful pions that 

create polarized muons which are in the acceptance of the 

g-2 muon storage ring.  Furthermore, cost considerations 

favour a design that reuses the existing pbar production 

subsystem that worked well during the Tevatron 

operation.  Hence, the pion production subsystem will 

begin with the pbar production subsystem scaled from 8 

GeV (kinetic energy) protons to 3.1 GeV/c pions.   

A preliminary study [3] revealed complexities in 

optimizing the target where there is interplay between the 

asymmetric pion production, the need to have the pions 

created near the target edges to minimize reabsorption, 

and the depth of focus of the Li lens.  An optimization 

procedure was proposed in that early study to overcome 

those complications and its application and result is the 

focus of the study reported here. 

THE LAYOUT 

A graphical representation of the Fermilab pbar 

production target subsystem is shown in Figure 1 as 

implemented in Ref. [4] in the MARS15 code [5].  The 

proton beam with kinetic energy of 8 GeV impinges on 

the default target, which was previously used to create 

pbars.  We considered two spot sizes for the proton.  One 

is what we expect from a simple scaling from 120 GeV 

operation to 8 GeV.  The other is the smallest we believe 

that can be achieved.  Spot size information on both is 

provided in Table 1.  The default pbar production target is 

a vertical cylinder (in-out of top view in Figure 1) 

composed primarily of inconel with a chord for the proton 

beam of ~7.5 cm.  Pions produced in the target will be 

focused by the Li lens (yellow) that is 15 cm long, 1 cm in 

radius, and has a magnetic field gradient of 256.25 T/m, 

where the gradient has been scaled for 3.1 GeV/c pions to 

maintain proper focusing, while keeping the same 

focusing distance between centers of the target and Li lens 

of 25.16 cm.  The focused pion beam is then collimated 

and bent through a pulsed magnet (PMAG) with a dipole 

field of 0.542219 T, also scaled for the 3.1 GeV/c pion 

beam, and bends the reference by 3 degrees to provide 

momentum selection.   

 

 

Figure 1: Zoomed in top view of pbar target subsystem. 

Table 1: Proton Beam Spot Sizes 

Proton spot size 

description 

σx 

(mm) 

σy 

(mm) 

σx’ 

(mrad) 

σy’ 

(mrad) 

Default 0.55 1.1066 0.38 0.38 

Small 0.15 0.15 0.6366 0.6366 

 

A transition in our simulation between MARS that 

provides reliable particle generation and G4beamline [6] 

that is used for particle tracking, pion decay into muons, 

and effect of beam particles interacting with the beam line 

elements is shown in Figure 2.  The MARS particle tracks 

that hit the virtual detector are converted and propagated 

in G4beamline through a set of four quads that refocuses 

 ___________________________________________  
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the beam after the three degree bend from the PMAG.  

Figure 3 shows 100 such particle tracks traversing the 

four quads. 

 

Figure 2: Top view of pbar target subsystem. 

 

Figure 3: Particles after the conversion into G4beamline 

and propagated through the 4 quads.  (a) Particle yields 

are tallied at end of the fourth quad with acceptance cuts 

appropriate for downstream elements.  (b) Zoomed in 

view of particle trajectories between quads that are seen 

by a virtual detector (green). 

The particle yields expected for the g-2 muon ring are 

estimated by particles simulated to the end of the fourth 

quad in the Fermilab M2 line as shown in Figure 3(a) and 

applying the acceptance of those downstream elements, 

which are: 

• P(pi+) = 3.15588 GeV/c +/- 2% (1.02 x Pmagic +/- 

0.02 x Pmagic) 

• 40π mm-mrad in each transverse dimension 

THE OPTIMIZATION 

The previous study [3] utilized thin inconel targets of 

varying widths, lengths (in direction of proton beam), and 

orientations (vertical and horizontal).  In the current study, 

we assume pions emanating from the surface in the non-

bend plane will give better yields downstream, so we 

considered only the horizontal orientation.  Application of 

the horizontal slab target into a more realistic one that 

incorporates cooling would be via a rotating thin walled 

cylinder with the proton beam hitting either the top or 

bottom, as shown in Figure 4.   

The earlier study also fixed the location of the target 

center to be at the focal point of the Li lens, while varying 

the target dimensions.  Since pion production is greatest at 

the upstream end of the target, lengthening the target 

pushes the location of copious pion production ahead and 

out of the focal point of the Li lens.  The solution to 

overcome the complexity between varying the target 

geometry and maintaining focus is to recognize that there 

will be much less useful pions produced at the 

downstream end of a long flat target.  The procedure 

involves two stages, where the first optimizes for the 

location of the upstream edge of the target which is more 

critical, since that is where pion production is copious.  It 

consists of the following steps as illustrated in Figure 5: 

1. Placing the downstream end of a horizontal flat 

target far downstream as possible, near to the Li 

lens. 

2. The upstream end of the target will be varied 

starting from the focal point and progressed 

upstream in each simulated configuration. 

 

 

Figure 4: Association of simulated horizontal slab targets 

and a more practical rotating thin walled cylindrical target 

to accommodate cooling where protons impinge on either 

the top or bottom of the cylinder. 

 

Figure 5: Illustration of optimization for location of 

upstream target edge.  The downstream edge is fixed near 

the Li lens.  The top view is shown in (a) which is similar 

to that shown in Fig. 2 for the default target.  A zoomed in 

side view is shown in (b), while (d) is further zoomed to 

show the variation of upstream edge location relative to 

the Li lens focal point and (c) is similar for the top view. 

The geometry of the targets studied, which included 

varying widths, are given in Table 2 and the anticipated 

small proton beam spot size described in Table 1 was used 

throughout the optimization.  Results of this first stage of 

optimization are shown in Figure 6, where it is seen that 

there are two optimal configurations which provide 

similar yields: 

• LBeforeFocalPoint = 56.12 mm & width = 0.60 mm 

• LBeforeFocalPoint = 66.79 mm & width = 0.75 mm 

 

Both configurations will be carried forward into the 

second stage of optimization. 
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Table 2: Dimensions and Orientations of Targets 

Studied.  Material of all targets is inconel. 

Shape LBeforeFocalPoint (mm) Width (mm) 

Horizontal 

Slab 

       0, 36.95,  73.9,  110.85 

λ
int

: 0,   0.25,  0.50,   0.75 

0.60, 0.75,  

1.00, 1.25 

Default Pbar 

Target 

 

chord ~75 mm 

 

 

Figure 6: Yield of π
+
s in first stage of optimization for 

location of upstream target edge. 

The second stage of optimization consists of simply 

trimming the downstream end of the target; this 

automatically maximizes the yield taking into account the 

effects of: 

• Widening birth of pions nearer the surface due to 

growth of transverse proton beam size as it traverses 

the target. 

• Pions produced near the downstream edge. 

The procedure for this second stage of optimization is 

to fix the location of the upstream edge of the target at 

locations determined from the first stage and vary the 

target length.  Figure 7 illustrates this procedure for one of 

the optimal cases elucidated in the first stage. 

 

 

Figure 7: Illustration of optimization for location of 

downstream target edge.  The upstream edge is fixed 

according to a result of first stage, while the downstream 

edge is varied.  The top view is shown in (a) which is 

similar to that shown in Fig. 2 for the default target.  A 

zoomed in side view is shown in (b), while (d) is further 

zoomed to show the variation of the downstream edge 

location and (c) is similar from the top view. 

 

Figure 8: Yield of π+s in second stage of optimization for 

location of downstream target edge.  Values designated 

“prior” refer to results obtained from MARS version 1510 

used in the previous study [3], while the current results 

(also designated 201208) utilized MARS version 1512. 

Results of the second stage of optimization as well as 

the effect of reducing the proton beam spot size on the 

default pbar target are shown in Figure 8. It is seen that 

the reduction of the proton beam spot size on the default 

pbar target increases the yield of useful pions by 66%!  

The optimized horizontal slab target using the same small 

proton beam spot size increases it further by 22%.   While 

an increase of 22% is non-trivial, a cost-benefit and risk 

analysis resulted in the decision to keep the default pbar 

target design and reap the large benefit of the anticipated 

smaller proton beam size. 
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SUMMARY 

A study of the New g-2 Experiment target system at 

Fermilab was performed to optimize the yield of useful 

pions.  An optimization procedure was invented that 

overcame the complexities of an asymmetric particle 

production and depth of focus of a Li lens.   The best 

possible target modification yielded a 22% increase over 

that of the default pbar target and a cost-benefit decision 

was made by the New g-2 collaboration to resuse the 

existing pbar target design. 
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HIGH VOLTAGE STABILIZATION SYSTEM OF 
CARIBU/ECR FOR ATLAS 

Yong Luo, Sergey Sharamentov, Richard Pardo, Rick Vondrasek, Guy Savard  
ANL, Argonne, IL 60439, USA

Abstract 
With the increased radioactive beam capabilities 

brought by new CARIBU (Californium Rare Isotope 
Breeder Upgrade) in ATLAS facility, highest charge 
breeder efficiency of ECR is desired. Experimental study 
shows that the best efficiency could be achieved when 
high voltages (up to 50 kV) of two platforms (CARIBU 
and ECR) are only different within less than 1V [1]. We 
have developed a system with some innovative ideas 
implemented to measure the required tiny voltage 
difference ratio (~0.002%) precisely and to protect the 
system too. High voltage (HV)  filter is designed to 
protect it from severe HV sparks and multiple level of 
relays with high precision medium HV divider are used to 
protect it from possible power supply failure. Homemade 
HV divider is used for rough measurement and control. 
Measurement results are converted to optical signals and 
then used to control power supplies to achieve the desired 
platform voltages. The system has been partially tested 
and will be used in the future. 

INTRODUCTION 
When developing such a system with very high 

sensitivity and accuracy as mentioned above, at first we 
need to consider how to prevent damage from HV shock 
and power supply failure. We also need to think about 
how to measure the voltage difference precisely.  

In ATLAS facility, both CARIBU and ECR1 are on a 
common HV platform of 350 kV. Then the 50 kV bias is 
applied to them on top of the 350 kV with separate power 
supplies. There are numerous instruments which are 
biased with different HV or high current power supplies 
on both platforms. Occasionally, HV sparks may occur. 
Those HV sparks are fatal to electronic measurement 
systems if they are not protected. Possible power supply 
failure is another threat we need to deal with. We cannot 
eliminate power supply failure, but we can protect the 
system with an appropriate design. 

Using high voltage divider to measure the voltage 
difference is a simple and tempting idea. But careful 
study indicates that this approach has un-surmountable 
problem. Due to variation in resistor resistance caused by 
temperature and voltage bias variation, typical HV divider 
may only provide about 1% accuracy. Even for very 
expensive custom made high voltage divider with 0.1% 
tolerance, it still cannot provide the accuracy we need 
here. The high common mode noise also introduces more 
measurement error. 

SOLUTION 
Multiple levels of filter circuit are used to protect the 

system from HV, high current sparks in electrometer [2]. 
This kind of sixth-order low pass filter can achieve high-
frequency attenuation exceeding 10+5. So we adopted this 
approach for our HV spark protection.  

Multiple levels of relay can be used to protect the 
system from power supply (PS) failure. Details will be 
explained in design and test section. Relays are turned off 
when PS fails. Homemade HV divider is used for coarse 
control and monitoring. 

CARIBU side high voltage is used as floating GND for 
our measurement system. So when the tow platform HVs 
are very close, accurate measurement can be achieved 
without introducing big noise. 

SIMULATION 
Spice simulation is performed on a simplified low pass 

filter as shown in Fig. 1. In this simulation, a hypothetical 
high voltage spark source (I1, 20 kA, ~1ns rise time) 
shown in Fig. 1 is used.   

 
 
 
 
 
 

 
Figure 1: A simplified low pass filter with two relays. 
 
 
i 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Simulation results of the filter shows the 
attenuation of HV shock 

 

 

	  

 

10 kV 

100V 
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The filter is similar as that which can be found in [2]. 

The simulation result is shown in Fig. 2. The plot at left 
shows the voltage waveform (green colour) at R1. It is 
about 10 kV peak. After filter, the peak voltage (peak of 
blue waveform) level drops to about 100V peak at C7/R6. 
The peak voltage attenuation is about 100 which is 40dB. 
The inset shows the zoomed view of area inside the red 
rectangle. Some components such as capacitors and 
resistors in the low pass filter are HV components. 

DESIGN AND TEST 
The system has been built by following the block 

diagram shown in Fig. 3.  The voltage difference is 
measured by Delta V board and then converted to 
frequency. The frequency is then converted to optical 
signal and communicated to F-V converter. The signal is 
converted back to voltage before sampled by ADC. The 
computer checks the data and then goes back to control 
power supplies and control the system based on the data 
and control setting. A typical voltage to frequency 
converter used is shown in Fig. 4. It can be modified to 
use as frequency to voltage converter. The voltage after 
F-V converter can be used to control power supplies 
directly in case we need it. 

 

 
 
 
 
 
 
 
 

 
Figure 3: Block diagram of the HV stabilization system. 

 

 
Figure 4: A typical voltage to frequency converter. 

A FUG power supply with very high stability (10-5/8h, 
oC) is used at CARIBU side platform voltage. This HV is 
used as the floating ground for the HV stabilization 
system. Power supply for Delta V board is referenced to 
CARIBU platform voltage.  

A ultra precision medium high voltage divider (0.01% 
tolerance) with very low temperature coefficient is put on 
the Delta V board. It makes the accurate measurement  
feasible while also protecting this board from potential 
damage caused by medium high voltage up to 1500V 
after the low pass filter. A precision instrumentation 
amplifier AD8221 with high common-mode rejection 
ratio (CMRR) is used after the on-board divider. There is 
one relay on the Delta V board with release time ~1 ms. 
The 15 kV and 75 kV relay have release time ~2 ms and 
15 ms respectively.  Those two relays are RL2 and RL1 in 
Fig. 1. When there is a power supply failure, the one side 
voltage drop or increase due to the failure is estimated as 
50V/ms, the relays in series are turned off by on-board 
monitoring circuitry to protect the system. Relays in 
series here are not for the purpose of protection from HV 
sparks. They are too slow for this but good for power 
supply failure protection. 

A homemade HV divider provides ~1% accuracy and is 
used for coarse measurement and control in the system. 
Coarse control board is on 350 kV common HV platform 
and communicates with Delta V board through optical 
fiber cables.  

The built system is show below in Fig. 5.  The zoomed 
view of the low pass filter board and Delta V board is 
shown at right with the shield removed. 

 

 
Figure 5: A simplified low pass filter with two relays. 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: F-V converter and control unit. 
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Figure 6 shows the front and back panels of the F-V 
converter and control unit. This chassis can be placed on 
any platform close to ADC/DAC and it connects with 
Delta V board through optical fiber cables. 

The whole system has been tested on bench and had 
some field tests too. Field test verified that it can stand at 
least 50 kV isolation which is one of the design goals. 
The voltage difference can be measured precisely to ~100 
mV or less which exceeds another design goal of 1V. 
Final user interface software is in progress and the unit 
will be used in future in our facility. 
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DESIGN AND SIMULATION OF THE ARGONNE INFLIGHT 
RADIOACTIVE ION SEPARATOR (AIRIS)* 

B. Mustapha#, M. Alcorta, B.B. Back and P.N. Ostroumov 
Physics Division, ANL, Argonne, IL 60439, USA

Abstract 
A new inflight radioactive ion separator (AIRIS) is 

being designed for the ATLAS facility at Argonne. AIRIS 
will be used to separate and produce secondary 
radioactive beams from the interaction of ATLAS 
primary beams in a production target. AIRIS will be at 
least 10 times more efficient than the existing radioactive 
beam capability. We have made significant progress in 
the design and simulations of AIRIS including full 3D 
models of all the elements to consider their real 
dimensions and produce realistic 3D fields. The resolving 
power of the device has been studied for several reaction 
cases using realistic cross sections and kinematics. In 
addition to the magnetic separation of the device, an RF 
sweeper is being designed to take advantage of the time 
separation of the different beams and reject the primary 
beam tail and other potential contaminants in order to 
produce higher purity secondary beams. The latest AIRIS 
design and simulation results will be presented and 
discussed. 

AIRIS AT ATLAS 
The Argonne Tandem Linac Accelerator System is 

undergoing an efficiency and intensity upgrade [1]. Most 
of the stable beams will have their intensities increased by 
one to two orders of magnitude. To take advantage of this 
intensity upgrade and enhance the radioactive beam 
capabilities at ATLAS, a new inflight radioactive beam 
production and separation system is being proposed. The 
new system will consist of a production target placed at 
the end of ATLAS followed by an ion separator called 
AIRIS. Figure 1 shows the location of AIRIS downstream 
of ATLAS and upstream of any experimental area. The 
main constraint on the AIRIS design is to preserve stable 

beam operations by moving the target out and using 
AIRIS as a transport line. For this purpose, AIRIS should 
have the same beam axis as ATLAS and the existing 
beamline. A broadband design has been proposed and 
developed for AIRIS [2]. It consists of four dipoles and 
four multipoles (quadrupoles) as shown in Figure 1. The 
original design was developed and simulated using COSY 
[3]. In this work, we have performed detailed simulations 
and parameter feasibility studies using the code TRACK 
[4], which has led to the new design parameters listed in 
Table 1. The dimensions and spacing of the elements have 
changed but not the overall layout. 

 
 

 
Figure 1: AIRIS, designed to be installed downstream of ATLAS and upstream of experimental areas for the production 
and separation of radioactive beams. An rf sweeper and a SC debuncher are included. 

Table 1: AIRIS Design Parameters 

Parameter Value 

Number of dipoles 4 

Dipole bend angle, deg 22.5 

Dipole radius, m 1 

Dipole full gap, cm 10 

Max. dipole field, T 1.75 

Number of quadrupoles 4 

Quadrupole length, cm 30 

Quadrupole full aperture, cm 15 

Max. quadrupole field, T 1.0 

Shortest drift, cm 20 

Total chicane length, m 7.1 

Angular acceptance, mrad 50 

Dispersion at mid-plane, mm/% 1.2 
 

 ____________________________________________  

* This work was supported by the U.S. Department of Energy, Office 
of Nuclear Physics, under Contract DE-AC02-06CH11357. 
# brahim@anl.gov 
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TRACK FOR ION SEPARATOR DESIGN 
AND SIMULATION 

The beam dynamics code TRACK has recently been 
modified for more accurate transfer matrix calculation of 
any element up to the second order in particle 
coordinates. These calculations were benchmarked 
against COSY’s results with excellent agreement, as will 
be shown later. Combining the new features with the 
existing TRACK capabilities, we were able to study the 
AIRIS design in more detail, which allowed us to produce 
more realistic element parameters. TRACK can now be 
used for the design and simulation of any ion separator. 

Benchmarking Against COSY  
 Figure 2 shows a comparison of transverse beam 

emittance along AIRIS calculated for a 14 MeV/u 14O8+ 
beam using ray-tracing in TRACK and different order 
matrices in COSY. We clearly see that from 2nd to 5th 
order, COSY’s results converge towards TRACK’s 
results, which should be equivalent to infinite order. 

Integration Steps in Bending Magnets 

Due to the curvature of a charged particle trajectory in a 
bending magnet, we expect a dependence of ray-tracing 

results in TRACK to the number of integration steps used 
for tracking.  Figure 3 shows the dispersive horizontal 
beam centroid along AIRIS calculated in TRACK with 
increasing number of integration steps in the dipoles. We 
can see an improvement in the precision from 100 to 500 
steps where it seems to saturate because we don’t see a 
significant change when using 5000 steps. 

TRACK’s 2nd Order Matrix for Correction  
Using the 2nd order matrix calculation in TRACK and an 
internal optimization procedure, developed for high-order 
beam correction, we were able to optimize the sextupole 
component strength for a 2nd order correction. The results 
are shown in Figure 4. 

Acceptance Calculation for Contaminants 
TRACK already has an acceptance calculation 

procedure which could be easily applied to any potential 
contaminant to the radioactive beam selected in AIRIS. 
Figure 5 shows different regions of AIRIS acceptance in 
angle and energy, calculated with different mid-plane 
selection slit openings, for the 14N7+ primary beam tail 
which is a potential contaminant to the 14O8+ beam of  

interest. Such a calculation identifies the area of 
overlap with the primary beam and how to reject it. 

     
Figure 2:   Transverse beam emittance along AIRIS 
calculated with TRACK and COSY at different orders. 

     
Figure 3:   Horizontal (dispersive) beam centroid along 
AIRIS calculated in TRACK with different number of 
integration steps in the dipoles. 

 
Figure 4:   Horizontal beam phase space in AIRIS’s mid-
plane before and after 2nd order correction in TRACK. 

     
Figure 5: Regions of AIRIS acceptance (colors) calculated 
with TRACK for the 14N7+ primary beam tail (black) with 
different mid-plane selection slit openings. 
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Multi-Beam and Multi-Charge States 
TRACK was the first beam dynamics code to support 

simultaneous tracking of multiple beams and, in 
particular, multi-charge state beams. It was used to prove 
and demonstrate the simultaneous acceleration of multiple 
charge states of a uranium beam in ATLAS [5]. Figure 6 
shows one example of multi-beam simulation and one 
example of multi-charge state simulation applied to study 
the overlap of the different beams and select the beam of 
interest at the AIRIS mid-plane. 

From Hard-Edge to 3D-Field Models 
TRACK has internal models for most elements. These 

models range from simplified hard-edge to models with 
more realistic fringe fields. TRACK also supports 
external 3D fields calculated with other software. 
Although not always required, 3D field models could 
reveal more realistic non-linear effects. Figure 7 shows 
the 14O8+ phase space in the AIRIS end plane simulated 
with hard-edge and 3D models for the dipoles and 
quadrupoles. We clearly see more beam distortions and 
tail formation in the 3D field case. 

 

 
Figure 7: 14O8+ phase space plots at the AIRIS end-plane 
calculated using hard-edge models (top) and 3D-field 
models (bottom) for the dipoles and quadrupoles. 

3D MODELING OF AIRIS 
In order to produce a more realistic model for AIRIS and 
check the feasibility of its elements, we have developed 
preliminary 3D designs for the dipoles and quadrupoles. 

For this purpose, EM-Studio of the CST package [6] was 
used and Figure 8 shows the full 3D model for AIRIS. 
The 3D modelling was essential to modify the AIRIS 
design parameters considering limitations on element 
dimensions, spacing and fields. 

EXAMPLE OF AIRIS RESOLVING 
POWER  

In order to study AIRIS’s resolving power, we have 
simulated several radioactive beams. Realistic nuclear 
reaction models [7, 8] were used to generate the 
distributions for the secondary beam of interest, the 
scattered primary beam and the potential contaminants 
produced in the same reaction. Figure 9 shows an 
example of AIRIS performance in separating the 
secondary 56Ni28+ beam of interest from the primary beam 
and other contaminants produced in the interaction of a 10 
MeV/u 54Fe beam on a carbon target.  

 

 
Figure 9: Separation of the 56Ni28+ beam of interest from 
the primary beam and other contaminants. (left) All 
beams superposed at the target. (center) Clear separation 
of 56Ni28+ (black) from the 54Fe26+ primary beam core 
(green) at the AIRIS mid-plane. (right) Clear separation 
of 56Ni28+ (black) from other contaminants, 55Co27+ (red) 
and 54Fe26+ primary beam tail (blue), at the AIRIS end-
plane. 
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Figure 6: (top) Multi-beam phase space plots at AIRIS 
mid-plane for the 33Cl17+ beam of interest and the 32S16+ 
primary beam core and tail. (bottom) Multiple charge 
states of a 56Ni beam at AIRIS mid-plane. 

 
Figure 8: Full 3D model of AIRIS showing the dipoles 
and quadrupoles. 

Proceedings of PAC2013, Pasadena, CA USA MOPSM02

04 Hadron Accelerators

A20 - Radioactive Beams 353 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



—————————— 
* Work supported by the United States Department of Energy, National
Nuclear Security Agency, under contract DE-AC52-06NA25396 
# mccrady@lanl.gov 

DIAGNOSTICS FOR THE LANSCE RFQ FRONT-END TEST STAND* 

R. C. McCrady#, Y. K. Batygin, I. N. Draganic, C. M. Fortgang, R. W. Garnett, S. S. Kurennoy, J. F. 
O’Hara, E. R. Olivas, R. J. Roybal, L. J. Rybarcyk, Los Alamos National Laboratory, Los Alamos, 

NM 87544, USA.

Abstract 
Plans are underway at the Los Alamos Neutron Science 

Center (LANSCE) to replace the existing H+ Cockcroft-
Walton injector with a modern 4-rod Radio-Frequency 
Quadrupole (RFQ) based front end. This will provide 
protons for injection into the downstream linac, where H- 
ions are also accelerated. This dual-species operation of 
the linac imposes constraints on the injectors, resulting in 
particular requirements on the transverse and longitudinal 
emittances and phase-space distributions of the beam 
from the RFQ proton injector. Good measurements of 
these quantities are therefore required during the testing 
phase of the RFQ injector. In this paper we describe the 
measurements to be made and plans for the systems for 
carrying out the measurements. 

INTRODUCTION 
The existing injectors at LANSCE for protons and H- 

ions are based on Cockcroft-Walton (CW) generators and 
have been in use since the initial construction circa 1970. 
These CW-based injectors provide unbunched beams of 
protons and H- ions at 750 keV with very little 
uncertainties in the beam energies. Precise matching of 
the beam energies is required for good dual-beam 
operation of the subsequent portions of the linac 
consisting of drift-tube linac (DTL) and coupled-cavity 
linac (CCL) sections. Additionally, the high average 
currents of the beams require good transverse matching 
from the injectors into the DTL to prevent large beam 
spill that results in high radiation fields. 

An effort is underway to replace the proton injector 
with an RFQ-based system [1]. The initial phases of 
commissioning this system will involve operation in a test 
stand to characterize the system and to ensure that it 
operates as desired prior to installation in the production 
environment. 

The present 750 keV beam-transport lines from the CW 
injectors to the DTL are rather long, at about 16m. The 
two beam species are merged in a 9 dipole magnet about 
2.3 meters upstream of the DTL and pass through an RF 
buncher and a 4-quadrupole matching lens in the common 
section after the merging magnet. The 18 separation 
between the two beamlines upstream of the merging 
magnet limits the transverse space available for 
equipment in the two beamlines. For this reason, the RFQ 
must be placed rather far upstream of the DTL, about 4 
meters. This distance, combined with the large energy 
spread of the beam produced by the RFQ, necessitates the 
use of 2 additional RF bunching cavities in the new 

proton transport line (shown in Fig. 1) in order to 
maintain a bunch length that will fit easily into the 
acceptance of the DTL. For this reason it is imperative 
that we measure the longitudinal bunch shape of the 
beam; ideally a full longitudinal phase-space distribution 
would be measured.  

 

 
Figure 1: The proposed beam transport line from the 
proton (H+) RFQ to the DTL. Also shown is a portion of 
the H- transport line. Beamline elements are denoted by 
letters: Quadrupole magnets (Q), Dipole magnets (D) and 
Bunchers (B). Three of the bunchers are quarter-wave 
resonators, and one is a larger pillbox-style cavity. 

The stringent requirements on the performance of the 
system drive the requirements for beam-measurement 
systems. In particular, we intend to measure beam current, 
transverse phase space, longitudinal bunch shape, and 
energy. The diagnostic systems for characterizing the 
beam produced by the new injector are described in the 
following sections.  

TEST STAND 
The RFQ-based proton injector will consist of a 

duoplasmatron proton source, a 35 kV accelerating 
column, a two-solenoid low-energy beam transport 
(LEBT), the RFQ, and a 750 keV medium-energy beam 
transport (MEBT) to the DTL. 

We plan a phased approach to development of the RFQ 
test stand. The first phase will allow characterization of 
the LEBT that will transport the 35 keV beam from the 
source and extraction column to the entrance of the RFQ. 
The second phase will allow measurements of the beam 
delivered by the RFQ to assess its performance. The third 
phase will test the MEBT that will transport the beam 
from the RFQ to the DTL. Figure 2 shows the test stand 
phases and the associated beam measurements. 

In the first phase, where the beam is not bunched, beam 
current and transverse emittance are of greatest 
importance. The beam energy is determined by the 
column voltage which can be measured precisely. The 
current and emittance provide input to models of the beam 
evolution in the LEBT. These models will be used in the 
process of transverse matching of the beam into the RFQ. 
We plan to have an emittance-measurement station near 
the middle of the LEBT; this apparatus will remain in 
place  when   the  system   transitions   to  the    production  
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environment. An additional emittance station will be 
placed at the eventual location of the RFQ entrance. This  
will allow a direct measurement of the transverse phase 
space of the beam and provide a test of our models for 
predicting the match based upon measurements with the 
upstream emittance station. 

The transverse evolution of the beam in the LEBT 
depends strongly upon space charge. The presence of 
multiple ion species (H+, H2

+, H3
+) complicates modeling 

of the beam. We plan to remove most of the 
contaminating species near the middle of the LEBT in 
order to simplify the modeling of the beam within the 
RFQ. Beam-current monitors will be placed at a few 
locations along the LEBT, with one very close to the RFQ 
entrance. 

TRANSVERSE PHASE SPACE 
Presently at LANSCE we use several slit-and-collector 

emittance-measurement systems [2] in the 750 keV 
transport lines. These have proven to be very successful in 
tailoring the beams for injection into the DTL and for 
establishing other transverse conditions needed for proper 
beam bunching and collimation. 

The slit-and-collector technique requires device 
actuators and many channels of analog signal 
conditioning and digitization; therefore they are costly.  
They also require scanning the slit across the beam, so a 
single measurement requires many beam pulses, making a 
single-pulse measurement impossible. However they also 
provide a complete phase-space measurement, allow an 
direct comparison to our existing LEBT performance, and 
the ability to distinguish the desired proton beam from 
other ions that are produced by the duoplasmatron proton 
ion source [3]. Additionally we have a great deal of 
experience with dealing with the subtleties of emittance 
measurement with this type of device, in particular the 
influence of secondary electrons produced by the beam 
interactions with the slits and collectors. While this type 
of scanner is relatively expensive to produce, several 

spares exist at LANSCE that can be exploited for the RFQ 
test stand. 

Two other types of emittance measurement systems are 
under consideration: the Allison-type scanner [4] and the 
pepper-pot method [5]. These two methods have 
advantages and disadvantages in comparison to the slit-
and-collector method, but the prospect of developing a 
new system and quickly gaining experience with it make 
it relatively unattractive from financial and logistical 
viewpoints. 

BEAM CURRENT 
Beam-current measurements are necessary for assessing 

the performance of the injector and provide space-charge 
information for the models of the beam evolution in the 
transport system. The LANSCE injectors typically 
produce 800s-long beam pulses at 120Hz. The standard 
beam-current measurements are made using 100-turn 
toroidal current transformers with integrating electronics 
to provide an output signal that reproduces the beam-
current time structure with a bandwidth of about 100 kHz. 
This system will meet most of our needs. Additional 
Pearson-type off-the-shelf current transformers may be 
used where higher bandwidth is needed for diagnosing 
problems. 

BUNCH LENGTH 
We have purchased a bunch-length measurement 

system [6] from INR and it is currently in fabrication. As 
mentioned above, the bunch length is a critical parameter 
for this injector due to the long distance from the RFQ to 
the DTL. While a full longitudinal phase-space 
measurement would be necessary to predict the evolution 
of the bunch, the projection of bunch length can validate 
models of the RFQ and beam-transport line. 

The system will have a resolution of 1 of the 201.25 
MHz RFQ frequency; this will fulfill the purpose 
mentioned above. This type of measurement requires 
partial interception of the beam by a tungsten wire, so it 

Figure 2: Phases 1 (top), 2 (middle), and 3 (bottom) of the RFQ test stand. Shown are the H+ source, the 35kV 
accelerating column, two solenoid magnets (S), quadrupole magnets (Q), bunchers (B), beam-current monitors (CM), 
bunch-shape monitors (BSM), beam-phase monitors (), emittance-measurement stations, and the RFQ. Phase 1 allows 
testing the performance of the source and LEBT, including transverse matching into the RFQ.  Phase 2 allows 
assessment of the RFQ performance, and Phase 3 allows characterization of the MEBT. 
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can be used with minimal impact during production 
operation. 

BEAM ENERGY 
Measurement of the beam energy is especially 

important for this system due to the use of two beam 
species in the linac. Directing both beams into the center 
of the linac acceptance provides a less problematic beam 
downstream in terms of uncontrolled beam spill. 

A few options are available, but finding a technique to 
measure the RFQ output energy with high resolution is 
difficult. Options under consideration are: 1) magnetic 
spectrometer, 2) beam phase / time of flight, 3) solid-state 
detectors with scattered beam particles.  

Detecting primary-beam protons scattered from a 
gaseous or solid target with solid-state detectors has been 
used previously in the commissioning of RFQs [7,8]. 
Resolution of a few keV is typical. While high-purity 
germanium detectors cooled to liquid-nitrogen 
temperature would be capable of <1keV resolution, this 
cooling is not possible without interposing some material 
in the path of the beam particles; this material would harm 
the resolution and provide a source of uncertainty in the 
absolute energy measurement. 

A time-of-flight measurement using beam phase 
monitors [9] can provide energy resolution of a few 
hundred eV. Calibration of the system to provide an 
accurate absolute measure of kinetic energy is non-trivial, 
but can be accomplished.  

Beam phase measurements can be made with a 
precision of <0.25. To preserve this precision, 
mechanical alignment tolerances need to be about 40m. 
Uncertainties in cables lengths and in RF components 
could easily spoil the precision. We envision an in-situ 
absolute calibration using a metal conductor along the 
center of the beampipe. 

The Fermilab PIP RFQ project, [9] used a system of 
three phase monitors to measure their RFQ output beam 
energy. Two of them were spaced at about 15 cm to 
provide a coarse measure of the beam velocity, and 
another was placed about 56 cm from the first to provide a 
fine measurement. Precision improves with greater 
spacing, but two complicating factors increase with the 
spacing: 1) Uncertainty in the number of RF cycles 
between the detectors; 2) De-bunching of the beam as it 
travels. We are evaluating these two factors to determine a 
set of phase-monitor spacings that will provide acceptable 
precision and accuracy for our measurements. 

While beam-phase measurements can provide a precise 
measure of the average beam energy, it doesn’t easily 
provide information on the energy distribution. We are 
evaluating the need for this type of measurement. A 
magnetic spectrometer is a good candidate to provide 
information on the energy distribution. To get good 
resolution in a magnetic spectrometer, two optical 
conditions are required: a small monochromatic spot size 
and high dispersion. Additionally, precise information 
about the path of the incoming beam is required. This can 

be accomplisheded with a pair of collimating slits. A fine 
map of the magnetic field is also needed to develop a map 
of the beam energy versus position at the exit of the 
magnet. 

A magnet designed for use as a low-energy 
spectrometer is available at LANSCE; it has a bend angle 
of 120 and the pole faces are oriented to provide good 
focusing in the bend plane. Initial studies indicate that this 
magnet could provide sub-keV resolution, though space 
charge can compromise the resolution considerably. 

A multi-wire electronic readout of the system would 
provide good dynamic range. Sub-millimeter wire spacing 
would be required in order to maintain resolution. The 
system used for the emittance scanners is a good 
candidate for the readout. Another possibility for readout 
is a phosphor/camera system.  

SUMMARY 
Several types of measurements are needed on the test 

stand for the new LANSCE proton RFQ in order to 
characterize the system performance, especially because 
of the dual-species operation of the downstream linac. We 
have identified systems for each measurement that can be 
implemented without extensive system development.  
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DESIGN AND COLD TEST OF A 17 GHz OVERMODED HYBRID PBG
ACCELERATOR CAVITY∗

JieXi Zhang† , Alan M. Cook, Brian J. Munroe, Michael A. Shapiro, Richard J. Temkin
MIT PSFC, Cambridge, MA 02139, USA

Abstract
An overmoded hybrid Photonic Band Gap (PBG) struc-

ture used as an accelerator cavity has been theoretically de-
signed. The PBG structure consists of a triangular lattice of
dielectric (sapphire) and metallic rods. The birefringence
of the sapphire affects the PBG eigenmodes and must be
taken into account. The PBG cavity formed by rods in be-
tween two copper plates will be operated in a TM02 mode
at 17 GHz. Arrangement of the rods for higher-order-mode
(HOM) damping demonstrates high frequency selectivity.
Comparison with a disk-loaded waveguide (DLW) cavity
gives a perspective of the dielectric PBG structure operated
at an accelerating gradient of 100 MV/m. Cold test of a
single hybrid PBG cell presents a high-Q resonance at 17
GHz. A standing-wave (SW) hybrid PBG structure will be
tested in TM02 mode at 17 GHz.

INTRODUCTION
A periodic photonic structure, whose dispersion relation

has photonic band gaps (PBG), can be applied to accelera-
tors due to its good frequency selectivity [1]. A travelling-
wave (TW) multi-cell metallic PBG structure has demon-
strated successful acceleration of electrons with gradient of
35 MV/m [2]. More SW metallic PBG structures have been
studied with high power breakdown tests at both SLAC and
MIT [3, 4].

A theoretical study of a dielectric PBG structure was
presented by Shapiro et al. [5]. A detailed design with
isotropic sapphire rods using the commercially available
code Ansys High Frequency Structure Simulator (HFSS)
was reported in PAC11 [6]. The dielectric band gap allows
a TM02-mode operation without competing with the lower-
frequency TM01 mode since the latter is not supported in
the band gap. The TM02 mode helps in geometry design for
a high frequency of 17 GHz and mitigates the central high
field away from the innermost rods. Simulations showed an
accelerating gradient of 100 MV/m with lower magnetic
field than the metallic PBG structure, which may reduce
the breakdown rate in high power testing. A sapphire rod
structure was previously built and cold tested but not tested
at high power [7].

In this paper, we analyze a sapphire PBG periodic unit
cell with an anisotropic (birefringent) dielectric constant.
2D cross-section design in HFSS will give an optimal con-
figuration of a hybrid PBG structure containing both di-
electric rods and metallic rods. A single cell 3D structure

∗This work supported by Department of Energy High Energy Physics,
Grant No. DE-SC0010075.

† zhangjx@mit.edu

has been theoretically designed and the cold test result will
be presented.

ANISOTROPIC BAND GAP MAP
Sapphire is an optically anisotropic material with per-

mittivity changing with the electromagnetic (EM) wave
frequency [8]. At 17 GHz, with the orientation of the
C-axis of the sapphire rods parallel to the particle beam
axis in our design, the permittivity of the sapphire rod is
εr = [9.398, 9.398, 11.587] by interpolation from [8].

Figure 1 shows the band gap map of a periodic sapphire
lattice with the above anisotropic permittivity calculated in
HFSS, as well as the comparison with an isotropic lattice
of εr = 9.398. The eigenmode frequency is normalized
to ωb/2πc and the lattice is characterized by ratio a

b with
the rod radius a and the lattice spacing b. The lowest band
gap can confine the TM02 mode while the TM01 mode is
radiated out through the dielectric lattice.

Figure 1: Band gap map of sapphire with isotropic and
anisotropic permittivity.

In HFSS, to model a ”2D structure”, a very thin PBG
layer is made with perfect E boundaries on top and bottom
to limit the eigenmode solutions to TM modes. The calcu-
lated normalized frequencies of different modes in the 2D
PBG structure are shown in Fig. 1; this helps to determine
the design point a

b ∼ 0.35, where the TM02 mode sits in
the center of the band gap and few other modes are present
in the same gap. The only HOM that is of concern is the
TM31 mode. The final parameters of a = 1.58 mm and
b = 4.47 mm have been chosen based on the 3D design
shown later. Varying the arrangement of rods to achieve
an improved Q of the TM02 mode and a reduced Q of the
TM31 mode will be described in the following section.

CAVITY MODE IN 2D DESIGN
The birefringence of sapphire results in a discrepancy

between the 2D and 3D simulations, but the study of the
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2D cross section of each mode with distinct rod patterns
provides a basic idea of how to improve the Q of the
TM02 mode and damp the HOMs. Figure 2 shows how the
diffractive Q of the TM02 mode increases as we include ad-
ditional rows of concentric sapphire rods. This shows that a
large number of rods are needed in a pure dielectric cavity
to get a Q of the TM02 mode that is comparable to the Q of
the TM01 mode in a DLW (Q > 1000), leading to a large
cavity geometry. To increase the diffractive Q of the TM02

mode, metallic rods are added to the outermost row.

Figure 2: The diffractive Q vs. the number of concentric
rows of sapphire rods.

Removing some rods makes the structure more az-
imuthally uniform and creates damping channels for the
HOMs, which improves the Q of the TM02 mode and de-
grades the Q of the TM31 mode significantly. A 60◦ sym-
metric wedge of the optimal 2D structure is shown in Fig. 3,
showing the E fields of the TM02 and TM31 modes. The
calculated Q of the TM02 mode is ∼ 6500 and the Q of the
TM31 mode is ∼ 30.

Figure 3: The 60◦ wedge cross section of E field of (a), the
TM02 mode, and (b), the TM31 mode in the 2D model of
the hybrid PBG structure.

SINGLE CELL 3D DESIGN
Based on the 2D design, a 3D HFSS model of a periodic

single cell with three rows of sapphire rods and one row
of metallic rods is shown in Fig. 4. Rods are inserted into
two copper plates to form a cavity and irises are shaped to

couple 17 GHz RF power. Design parameters are listed in
Table 1.

Figure 4: The 3D HFSS model of the periodic single cell
hybrid PBG structure.

Table 1: Design Parameters of the Periodic Single Cell
Structure

a (mm) b (mm) lrod (mm)

1.58 4.47 11.68

riris (mm) tiris (mm) lvac (mm)

3.765 3.07 5.68

By using ”Master” and ”Slave” boundaries in HFSS, a
phase shift of 180◦ is forced on the ends of irises to form
a periodic boundary condition. The comparison of the EM
field profile between the hybrid PBG cell (TM02 mode) and
DLW cavity (TM01 mode) with the same irises is shown in
Fig. 5, for an accelerating gradient [9] of 100 MV/m in each
case.

The comparable field profile indicates a possibility to ap-
ply the hybrid PBG structure in high-gradient accelerators.
The simulated result is listed in Table 2 as well as the ex-
perimental cold test measurement discussed next.

Table 2: Results of the Single Cell Structure

f (GHz) Q

Sim. 17.19 5800
Exp. 17.12 2700

SINGLE CELL COLD TEST
Cold test of a single cell of the hybrid PBG structure has

been performed using a Vector Network Analyser (VNA)
at MIT as shown in Fig. 6. Two antennas are held by three-
axis translation stages to send and receive signals. Q is
measured through the transmission parameter S21 [10].
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Figure 5: Comparison of the Hybrid PBG cell and the DLW
cell of (a), E field axial profile and (b), H field radial profile.

The experimental result is shown in Fig. 7 with a sin-
gle resonance at 17.12 GHz with Q = 2700, as listed in
Table 2. No other modes are observed. The differences
between theory and experiment in Table 2 may be due to
approximations in the theory or fabrication errors. How-
ever, the presence of a single resonance close to the design
frequency is very promising for future hot test experiments.

CONCLUSION
A hybrid PBG structure consisting of anisotropic dielec-

tric rods and metallic rods has been optimized with 2D and
3D design in HFSS. With an accelerating gradient of 100
MV/m, the field profile of the single hybrid PBG cell is
comparable to a DLW cell. A transmission measurement of
a single cell of the hybrid PBG structure has been obtained
in cold test, showing a single resonance at 17.12 GHz with
a Q of 2700, providing a promising future for accelerator
applications.

A SW 3-cell hybrid PBG structure is under design. By
using the high power 17 GHz Haimson klystron at MIT,
breakdown tests can be performed on the multi-cell struc-
ture.
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RESULTS FROM THE LINAC COMMISSIONING OF THE RARE
ISOTOPE REACCELERATOR - ReA∗

Walter Wittmer† , Daniel Alt, Thomas Baumann, Carla Benatti, Shannon Wayne Krause,
Alain Lapierre, Daniela Leitner, Ling-Ying Lin, Fernando Montes, Samuel Nash,

Randall Rencsok, Jose Alberto Rodriguez, Michael Syphers, Eugene Tanke,
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Abstract
ReA [1] is a radioactive ion beams post accelerator cur-

rently being completed at the National Superconducting
Cyclotron Laboratory at Michigan State University. ReA is
designed to reaccelerate rare isotopes to energies of a few
MeV/u following production by projectile fragmentation
and thermalization in a gas cell. The facility consists of five
main components: an electron beam ion trap (EBIT) charge
breeder, an achromatic charge over mass separator, a ra-
diofrequency quadrupole (RFQ) accelerator, a supercon-
ducting radio frequency linear accelerator (SRF LINAC)
and a transport line into the experimental hall. The first
sections up to the SRF LINAC of ReA have been commis-
sioned in the last two years using an offline stable ion beam
source and heavy ion beams from the EBIT charge breeder.
The final section, transporting beam from the LINAC into
the experimental hall, was completed and commissioned
this summer. This paper presents the results of the SRF
cryo module characterization and the progress of the ma-
chine optics model.

INTRODUCTION
The Facility for Rare Isotope Beams (FRIB)[2], a

400kW superconducting heavy-ion driver LINAC, will pro-
duce beams of exotic nuclear species with increased in-
tensity of up to three orders of magnitude more than the
CCF after fast fragmentation. ReA will reaccelerate these
beams with improved characteristics for experiments. Ini-
tially the energy of the Rare Isotope Beams (RIBs) will be 3
MeV/u with future upgrades reaching 12 MeV/u. Currently
ReA is coupled to the Coupled Cyclotron Facility (CCF)
at the National Superconducting Cyclotron Lab (NSCL) at
Michigan State University and provides beam of up to 2.4
MeV/u.

Stable beams are accelerated to energies of approx. 100
MeV/u by the CCF and fragmented on a solid target. The
secondary beam, comprised of a melange of fragments, is
separated achromatically in the A1900 fragment separator.
The selected isotope is then thermalized in a He gas cell
and extracted at energies up to 60 keV. Following mass
selection at a dipole magnet the beam is injected into the
Electron Beam Ion Trap (EBIT) where it is charge bred.
The beam is then extracted at 12keV/u (RFQ injection en-
ergy) and transported through a Q/A achromatic charge-
over-mass separator for charge selection and accelerated in
∗Work supported by Michigan State University
†wittmer@nscl.msu.edu

the LINAC. The initial acceleration occurs in a four rod
RFQ to an energy of 600 keV/u. The beam is then re-
bunched in a rebunching module with a single quarter wave
cavity (β = 0.041) followed by an accelerating module
containing six cavities of the same type. Next, the beam
is delivered into the experimental hall. The final acceler-
ating cryo module, comprised of 8 quarter wave cavities
(β = 0.085), is currently in construction and will complete
the initial ReA3 installation next year.

The commissioning of the current installation of the re-
accelerator has been successfully completed following a
commissioning experiment where a 37K (T 1

2
= 1.23s)

beam was delivered to the ANASEN [3] detector.

SRF LINAC
The first rebunching module comprises a single quarter

wave cavity (β = 0.041) and two superconducting 9 Tesla
solenoids with integrated steering magnets. The second ac-
celerating module houses 6 cavities and 3 solenoids of the
same type. Both modules are shown in Figure 1.

Figure 1: On the left the rebunching cryo module is shown
with its cavity at the center between the solenoids. The
right shows the first accelerating module with one cav-
ity at each end and groups of two separated by the three
solenoids.

Dipole Calibration and Energy Spread Measure-
ment with CAESAR Detector

An experimental setup consisting of an Aluminum target
inside the high-efficiency CsI(Na) scintillator array (CAE-
SAR) [4] was used to obtain an energy calibration of a
bend magnet, located after the second accelerating module,
to measure the beam energy spread and to test the perfor-
mance of the LINAC.
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Preliminary analysis of the measurement data show good
agreement of the derived energy spread and the predicted
from the machine model as well as for the beam energy. A
detailed analysis is ongoing an will soon be published.

Beam Based Cavity Amplitude Calibration
The initial calibration of the cavity amplitude was based

on measurements performed in the SRF test dewar. It was
soon noticed that the error of this calibration exceeded 10%
and the calibration was repeated with beam based measure-
ments. Two sets of measurements were performed. The
first utilized a foil silicon detector where the beam is scat-
tered through a gold foil to reduce the beam intensity and
then the energy is measured with a silicon detector. The
energy loss due to scattering has to be taken into account.
The cavity phase is varied over 360 degrees and the beam
energy is measured as shown in Figure 2. After calibrating

Figure 2: SRF cavity phase scan measured with a foil sil-
icon detector. The dots represent the measured data, the
line the fitted curve and the triangles with dashed lines, the
location of maximum deceleration, zero crossing for the
bunching slope and maximum acceleration.

the detector with an 241Am source the energy difference be-
tween maximum deceleration and acceleration can be cal-
culated. This allows calculating the accelerating field.

The second method uses two Beam Position Monitors
(BPMs) [5] installed after the second cryo module and al-
lows measuring the beam energy by means of time of flight
measurements. A detailed description can be found in [6].

The established calibration factors have been verified
with the bend magnet field, calibrated with the CESAR de-
tector described above, and scattering measurements with
the ANASEN detector. In both cases the differences were
smaller than 2% which can be attributed to the uncertainty
of the LINAC cavity phasing.

MACHINE MODEL
The DYNAC [7] code has been chosen for machine mod-

eling based on its capability to simulate all devices in the
ReA3 beam line except the EBIT. This includes the multi

harmonic buncher, RFQ, superconducting quarter wave
cavities, electrostatic and magnetic elements. This allows
using a single code when performing beam optics calcula-
tions compared to 4 different sequencial codes.

SRF Quarter Wave Cavity Kick Measurements

An analytical model predicting the kick of a SRF quarter
wave cavity (QWC) has recently been published [8]. A
series of measurements were conducted with the goal to
verify the model. If successful, it will allow to measure the
cavity offset in the transverse position and minimize the
overall kick the beam receives. Adding this effect to the
machine model will improve its capability in the control
room.

The asymmetric geometry of the QWC results in a ver-
tical kick of the beam depending on the vertical displace-
ment within the accelerating gap, the speed or energy of the
particle upon entrance, as well as the cavity amplitude and
phase. The location of the third cryo module is currently a
drift space with a diagnostic station at each end capable of
measuring the beam position. This allows measuring both
position and angle of the beam exiting the second existing
cryo module.

A first set of measurements was conducted using a
molecular hydrogen beam H+

2 at an RFQ energy of 600
keV/u. A parallel offset was induced to the beam trajectory
through the last QWC of the LINAC, which was phased to
the bunching zero crossing. The cavity amplitude was var-
ied at each trajectory until the beam was lost in the drift
space. A result of this measurement is shown in Figure 3.

Figure 3: Vertical deflection angle vs. cavity voltage. Each
line is the model prediction for different vertical displace-
ment within the cavity from the beam’s position. The dia-
monds including error bars represents the measured data.

All results agree with theoretical predictions. Based on
this success a second series of measurements is planned
for this fall, repeating this measurement at different beam
energies and at different cavities.
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Results of the Application of the Model During
Beam Line Commissioning

The model was completed beginning of 2013 and has
been benchmarked in the accelerator over the past couple
of months. The first practical application of the machine
model occurred during the commissioning of the final beam
line, connecting the ReA LINAC to the experimental end
station. The beam line elements were set to their design
values and the beam was transported to the end of this ap-
prox. 30-meter long line within three hours. During the
following commissioning, the design optics in this area was
preserved and the injected beam properties adjusted. Fig-
ure 4 shows the simulated (left) and measured (right) trans-
verse beam profile on a scintillating viewer crystal in the

Figure 4: Transverse beam image in the location of a beam
diagnostic station in the newly commissioned beam line.
The left shows the simulated beam profile, the right the
measured beam image.

diagnostic station. This particular location is at a high dis-
persion point, which explains the large horizontal beam.

To analyze the machine model a comparison of all set-
tings was performed. Figure 5 shows as example the
quadrupole magnet analysis. The first six magnets are lo-
cated after the long drift and are part of the achromat that
brings the beam line from the ReA deck onto the floor. The
settings are optimized to cancel the dispersion. The follow-
ing six quads are used to match the beam into the second
achromat and final focus into the experimental end station.
The settings of these element matches precisely the model.
Only the final focus doublet needed to be adjusted. Overall
the differences are small. The SRF cavity and RFQ set-
tings are the same for model and machine. The solenoids
in the SRF LINAC are deviating to a degree that is not fully
understood. A possible source is a difference transverse
emittance after the RFQ, as used in the simulation and in
the machine. Work is ongoing to measure the emittance at
this location. With the initial conditions of the beam enter-
ing the SRF LINAC section determined and the technique
described in this paper, the benchmarking of the machine
model will be completed.

The longitudinal emittance is fully understood. The
model for the RFQ and SRF QWC is used to setup the
beam. The transverse beam optics is well understood and a
complete machine model will be available once the source
for SC solenoid differences have been identified and incor-
porated in the model.

Figure 5: Comparison of quadrupole settings from machine
model (blue) and as applied in machine (red).

CONCLUSIONS
The commissioning of the existing LINAC has been suc-

cessfully completed and has shown a high level of reliabil-
ity during the first beam delivery. The third cryo module
is expected to be installed and commissioned by the end of
summer next year. The experience and methods established
during the initial commissioning will allow the integration
of the final cryo module within a short period.

The machine model, implemented in a single code, has
been established starting from the exit of the EBIT to the
experiment’s target point. The simulated longitudinal beam
representation has been within 2% difference when com-
pared to the measured beam. This has been verified by the
measurements of the CAESAR and ANASEN detectors.
The transverse description shows good agreement except
in the cryo module area. Work is ongoing to determine the
source of this difference.
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BUNCHED BEAM ELECTRON COOLER FOR LOW-ENERGY RHIC 
OPERATION* 

A.V. Fedotov1#, S. Belomestnykh1,2, I. Ben-Zvi1,2, M. Blaskiewicz1, D. Gassner1, D. Kayran1, 
V.N. Litvinenko1,2, B. Martin1, W. Meng1, I. Pinayev1, B. Sheehy1, S. Tepikian1, J. Tuozzolo1, 

G. Wang1  
1) Brookhaven National Laboratory, Upton, NY 11973, U.S.A.  

2) Stony Brook University, Stony Brook, NY 11794, U.S.A.

Abstract 
Electron cooling was proposed to increase the 

luminosity of the Relativistic Heavy Ion Collider (RHIC) 
operation for heavy ion beam energies below 10 
GeV/nucleon. The electron cooling system should be able 
to deliver an electron beam of adequate quality in a wide 
range of electron beam energies (0.9-5 MeV). An 
attractive option is to use electron bunches produced with 
the superconducting RF (SRF) injector. Such a scheme of 
cooling with bunched electron beam is also a natural 
approach for high-energy electron cooling which requires 
RF acceleration. In this paper, we describe the 
requirements and design aspects of such an approach. 

INTRODUCTION 
Mapping the Quantum-Chromo-Dynamics (QCD) 

phase diagram is one of the fundamental goals in the 
heavy-ion collision experiments. The QCD critical point 
is a distinct feature of the phase diagram, the existence of 
which is predicted by various QCD models. The beam 
energy scan phase-I (BES-I) runs for physics, motivated 
by the search of the QCD critical point, were successfully 
conducted at RHIC in 2010-11. During BES-I physics 
runs data sets were collected for Au+Au (center of mass) 
energies of 7.7, 11.5, 19.6 and 39 GeV. Driven by physics 
and the BES-I results, the future physics program called 
BES-II is proposed for Au+Au energies below 20 GeV 
( =10.7). However, required event statistics is much 
higher than previously achieved and relies on significant 
luminosity improvement in RHIC at energies below 
=10.7. Electron cooling was proposed to increase 

luminosity of the RHIC collider for heavy ion beams at 
these low energies [1-2]. 

 In a collider, the maximum achievable luminosity is 
typically limited by the beam-beam effects. For heavy ion 
beams significant luminosity degradation via the bunch 
length and the transverse emittance growth comes from 
the intra-beam scattering (IBS). For low-energy RHIC 
such IBS growth can be counteracted with electron 
cooling. If IBS were the only limitation, one could 
achieve a small hadron beam emittance and bunch length 
with the help of cooling, resulting in a dramatic 
luminosity increase.  However, as a result of low energies, 
the direct space-charge force from the beam itself is 
expected to become the dominant limitation [3-4]. The 

main role of electron cooling for the lowest energy points 
is thus to counteract IBS: this prevents transverse 
emittance growth and intensity loss from the RF bucket 
due to the longitudinal IBS. As the energy is increased, 
the space-charge effect on the hadron beam becomes 
smaller which permits additional cooling of the transverse 
or longitudinal emittances of the hadron beams. This, in 
turn, allows us to reduce the *, providing larger 
luminosity gain. Recently, operation with long ion 
bunches and a new low-frequency RHIC RF system was 
suggested which should help to mitigate some observed 
limitations of beam lifetime at low energies offering a 
better path towards luminosity improvement [5-6]. 

This electron cooling technique requires electron beam 
to co-propagate with the same velocity as the ion beam in 
a localized portion of circular collider called the cooling 
section. An electron beam up to 5 MeV kinetic energy is 
needed to cover the full energy range of interest.  

Such Low Energy RHIC electron Cooler (LEReC) 
based on the SRF linac is presently under design at BNL.  

COOLING CONSIDERATIONS 
The energies of electron beam needed for low-energy 

RHIC are sufficiently high (0.9-5 MeV), which allows us 
to consider cooling using bunched electron beam. One of 
the challenges for bunched beam cooling is providing 
beam transport of electron bunches without significant 
degradation of beam emittance and energy spread. A low-
frequency 84.5 MHz RF gun can provide relatively long 
electron bunches. As a result, even for high bunch 
charges, space-charge effects remain under control. One 
can then deliver an electron beam of the necessary quality 
to the cooling section. In addition, the use of long ion 
bunches [5-6] allows us place several electrons bunches 
on a single ion bunch, which in turn relaxes requirements 
on charge in individual electron bunch and should allow 
us to achieve good beam quality needed for cooling. 

Since non-magnetized cooling significantly simplifies 
electron beam transport and reduces the cost of the cooler, 
it was chosen as our baseline approach. Due to a relatively 
low beam current required for our cooler (Table 1), an 
approach with zero magnetic field on the cathode and thus 
no magnetic field in the cooling section is feasible. Short 
solenoids will be placed every 2 m to correct the angular 
spread accumulated due to the electron beam space-
charge self field in the cooling section.   ___________________________________________  

*Work supported by the US Department of Energy under contract No.
DE-AC02-98CH10886. 
#fedotov@bnl.gov 
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Figure 1: LEReC beam line layout.  The cooling sections will be located in a RHIC warm region. 

The use of undulators for recombination suppression in 
the cooling section is compatible with approach chosen. 
However, the use of undulators would require significant 
engineering additions to the cooling section while, in our 
case, the expected benefit for luminosity with 
recombination suppression seems rather modest. Thus, the 
recombination suppression with undulators is presently 
not included in the LEReC baseline. 

ELECTRON ACCELERATOR 
Beams for LEReC will be provided by a short SRF 

linac [7], which comprises a quarter wave resonator 
(QWR) photoemission electron gun, a QW SRF booster 
cavity and a normal conducting harmonic cavity to correct 
RF-induced energy spread. The two SRF structures will 
be housed in the same cryomodule with a 
superconducting solenoid in between the cavities. 
Preliminary optimization of the cavity shape is performed 
in collaboration with Argonne National Laboratory. 
Electron beam will be accelerated to the required energy 
and then transported from the SRF accelerator to the first 
cooling section in the Blue RHIC ring, cool ions in the 
first cooling section, turned around between Blue and 
Yellow RHIC rings (U-turn), cool ions in the Yellow ring 
and transported to the beam dump, as shown in Fig. 1. 

Electron beam will be generated by illuminating a 
multi-alkali (CsK2Sb or NaK2Sb) photocathode with 
green (532 nm) light from a laser. The photocathode is 
inserted into a 84.5 MHz quarter-wave SRF cavity thus 
forming an SRF photoemission electron gun. The 
photocathode is located in a high electric field. Immediate 
acceleration of the electrons to a high energy reduces 
emittance degradation caused by a strong non-linear 
space-charge force. The low RF frequency of the gun 
reduces the effect of RF curvature on the beam. 

 The SRF gun will produce bunch trains (several 
bunches) with relatively long electron bunches, about 1 
ns, at 84.5 MHz bunch repetition frequency. The bunch 
train repetition rate will be the same as the repetition rate 
of ion bunches in RHIC. The optical system will allow 
creating dedicated bunch patterns for different RHIC 
energies and ion bunch lengths with several bunches at 
84.5 MHz frequency followed by a long gap 
corresponding to the frequency of ion bunches. For 
example, for very long ion bunches at lowest energies 
with new 4.5 MHz RHIC RF we can place up to 9 
electrons bunches on a single ion bunch (see Fig. 2).  

 
Figure 2: Nine electron bunches (blue) placed on a single 
ion bunch (red). Example for long ion bunches with 
proposed 4.5 MHz RHIC RF at  = 4, time is in ns. 

COOLER PARAMETERS 
The requirement on the transverse angles of electron 

beam in the cooling section is given by the angular spread 
of the ion beam. For example, for the rms normalized 
emittance of 2.5 mm-mrad at =4.1, and 30 m beta 
function in the cooling section, the ion beam rms angular 
spread in the lab frame is 0.14 mrad. The ion beam will 
have rms longitudinal momentum spread in the range of 

p=4-5×10-4. This sets requirement on the rms momentum 
spread of electron beam of < 5×10-4.  

To keep the transverse angles of electron beam at an 
acceptable level (< 0.15 mrad) an integral of residual 
transverse magnetic field in the space used for cooling 
should be kept below 1 Gauss·cm (at =4). Shielding of 
residual magnetic field to such a level could be provided 
by several concentric cylindrical layers of high 
permeability alloy or by the correction coils.  

Some cooling section space is taken up by very short 
(10 cm) weak (200 G) solenoids (to control angular 
spread due to the space charge), steering dipoles and 
beam position monitors to keep the electron and ion beam 
in close relative alignment. Diagnostics details for the 
LEReC project can be found in Ref. [8]. 

Since the electron beam does not have any 
magnetization, space used by the solenoids will be lost 
from the cooling process. Longitudinal field of 1 G 
produces rotational angles of 75 rad at =4. Presently, 
design of these solenoids, placed every 2 m, is being 
optimized to maximize the space between them which 
satisfies requirement on Bz < 1 G. To allow for about 12 
meters of effective cooling the full length of the cooling 
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section, including solenoids, is presently 14 m. Basic 
parameters of electron beam are shown in Table 1 (see [9] 
for details). The charge per bunch needed depends on the 
energy at which cooling is applied and which RF system 
is being used in RHIC. For example, for =4 and 4.5 MHz 
RHIC RF the use of a bunch train allows us to split the 
total charge of 4 nC required for cooling, into 9 bunches 
with 0.44 nC per bunch. Although electron bunch 
occupies a small portion of the ion bunch, all ions could 
be cooled as a result of the synchrotron oscillations. To 
provide effective cooling of ions with different amplitudes 
a slow motion of the electron bunch through the ion 
bunch (“painting”) is desired. With the present scenario of 
many electron bunches spread through the ion bunch such 
a painting maybe not necessary. 

Table 1: Electron Beam Parameters 

Electron Beam Energy 0.9-5 MeV 
Charge per Bunch 0.4 –2 nC 
Electron Beam Current 20-40 mA 
RMS Norm Emittance < 2.5 mm mrad 
Transverse Angles < 0.15 mrad 
RMS Energy Spread < 5 x 10-4 
Bunch Length 750 ps 

 
Figure 3: Luminosity in RHIC with and without the 
electron cooling upgrade. Red squares: measured average 
per store luminosity in BES-I; magenta triangles: 
measured maximum luminosity; blue dash line: 
luminosity with cooling (present RHIC RF); magenta top 
line: with cooling and long ion bunches (new RF system). 

PERFORMANCE WITH COOLING 
Projection of potential luminosity improvement as a 

function of energy is shown in Fig. 3. One can see that 
close to 10-fold improvement from cooling may be 
expected only at highest energies if one uses existing 28 
MHz RHIC RF system (blue dash line in Fig. 3). At the 
lowest energies expected luminosity improvement could 
be rather modest (see [10] for details). A proposed low-
frequency RHIC RF system (4.5 or 9 MHz) would allow 
for longer ion bunches and significant transverse cooling 
at low energies; the projected performance with this 
system is shown by the magenta curve in Fig 3. 

Performance in either scenario may be lower than 
indicated, due to remaining uncertainties in the beam 
lifetime improvement from cooling. 

CHALLENGES 
Successful operation of LEReC cooler requires stable 

and reliable CW operation of the SRF gun with electron 
beam current up to 40 mA. A long lifetime of the 
photocathode inside such a gun with a charge per bunch 
up to 2 nC is also required. Demonstration of some of the 
unique and challenging features is being planned with the 
existing 704 and 112 MHz SRF guns at BNL. 

The achievement of very low transverse angular spread 
for the electron beam is challenging and is being 
addressed by a proper beam transport and engineering 
design [9]. The attainment of required low energy spread 
in the electron bunch relies on shielding of the 
longitudinal space-charge force with the vacuum 
chamber, use of long electron bunches and minimization 
of the length of beam transport. The repeatability of low 
energy electron transport is challenging due to remnant 
fields in the optics and hardware. Electron beam with 
small emittance and energy spread should be provided for 
several energies of interest. Quality of the beam should be 
preserved through the entire beam transport since the 
same beam will be used for cooling in both RHIC rings. 

Besides many technical issues, this will be the first 
electron cooler to cool beams under collisions. This puts 
special requirements on the control of the ion beam 
profile under cooling. Careful optimizations between 
electron cooling and ion beam lifetime will determine 
how close one can actually get to the projected luminosity 
improvement. 
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RHIC MACHINE STUDIES TOWARDS IMPROVING THE

PERFORMANCE AT 2.5 GEV
∗

C. Montag, H. Huang, G. Marr, A. Marusic, G. Robert-Demolaize, T. Shrey, V. Schoefer,

S. Tepikian, K. Zeno, BNL, Upton, NY 11973, USA

Abstract

To search for the critical point in the QCD phase dia-

gram, Au-Au collisions at beam energies between 2.5 and

15 GeV/n are required. While RHIC has successfully op-

erated at 3.85 and 5.75 GeV/n, the performance achieved

at 2.5 GeV/n is not sufficient for a meaningful physics pro-

gram. We report on dedicated beam experiments performed

to understand and improve this situation.

INTRODUCTION

During the next 5 - 10 years, one of the major RHIC

physics programs will be the search for the critical point in

the QCD phase diagram, shown in Figure 1. This search

requires a gold beam energy scan in the range between

2.5 and 15 GeV/nucleon, which extends well below the

RHIC design energy range from 10 GeV/n at injection to

100 GeV/n at store.
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Figure 1: The QCD phase diagram, with the critical

point expected in the center-of-mass energy range between
√

sNN = 5 and 30 GeV

Operating RHIC below its design energy range is very

challenging for a number of reasons. First of all, beam

emittances are large, resulting in a lower limit on the β-

function at the interaction point, and therefore in low lu-

minosity. Large space charge tune shifts are encountered

even with moderate beam intensities. Last but not least, the

multipole errors in the accelerator magnets are optimized

at full energy, while they are an order of magnitude larger

below the nominal injection energy.

∗Work supported by Brookhaven Science Associates, LLC under Con-

tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.

Table 1: Beam Parameters Achieved at Three Different En-

ergies During the Physics Runs of the First Phase of the

Beam Energy Scan

3.85 GeV 5.75 GeV 9.8 GeV

γ 4.1 6.1 10.7

σs [m] 1.5 1.5 1.5

ǫn [µm] 3 2.5 2.5

ǫ [µm] 0.73 0.41 0.23

Ibunch [109] 0.5 1.1 0.9

Nbunches 111 111 111

β∗ [m] 6.0 6.0 2.5

∆Qbb 1.2 · 10−3 1.7 · 10−3 1.4 · 10−3

∆Qsc 0.035 0.047 0.012

τbeam [sec] 1000 1500 3000

In the first phase of the beam energy scan in FY2010

and FY2011, RHIC operated at three different energies

at and below its nominal injection energy [1, 2]. During

these runs, beam lifetimes of roughly 15 minutes to one

hour were achieved at gold bunch intensities of 0.5 · 109

to 1.1 · 109 ions per bunch; at the lower energies these in-

tensities were limited by the space chage tune shift. Table

1 lists the beam parameters achieved during these runs.

In FY2012, RHIC operated for the first time success-

fully at a quarter of its nominal injection energy, namely

at 2.5 GeV/nucleon [3]. During that test, beam lifetimes of

approximately 4 minutes were achieved, see Figure 2. The

bunch intensity was limited at 4 · 107 Au ions per bunch

because of an injection efficiency of only 10 percent. Due

to this short beam lifetime, only 27 bunches per ring were

injected, since filling 110 bunches takes about two minutes

per ring.

At these low bunch intensities, most of the RHIC beam

instrumentation does not work properly, making it virtually

impossible to understand and improve the machine perfor-

mance. Most importantly, the transverse beam size and

therefore the emittance were unknown because the ioniza-

tion profile monitor (IPM) could not operate reliably.

EXPERIMENTS

In an effort to understand the single particle performance

of the RHIC lattice at 2.5 GeV/nucleon Au beam energy,

protons with the same rigidity of 19.3 Tm were injected and

stored at an energy of 5.86 GeV, as listed in Table 2. Due

to the different charge-to-mass ratio Z/A of protons com-

pared to gold ions, the relativistic Lorentz factor γ is about
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Figure 2: A typical Au-Au store at 2.5 GeV/n beam energy

during a test run in 2012. While 27 bunches are being in-

jected into the Blue ring, the intensity in the Yellow ring

decreases by some 25 percent due to the short beam life-

time

Table 2: Beam Parameters During the 5.86 GeV Proton

Test Experiment

ramp pp13-6GeV

Bρ 19.3 Tm

E 5.86 GeV

Ekin 4.92 GeV

γ 6.25

p 5.79 GeV/c

frev 77.187 kHz

h 363

a factor 2.5 higher than for gold ions at the same rigidity.

Assuming identical normalized emittances ǫN for the two

species, this results in smaller transverse beam sizes. Fur-

thermore, the space charge tune shift

∆Qsc = −
Z2rp

A

N

4πβγ2ǫN

C
√

2πσs

(1)

for protons is also reduced by a factor Z/(A ·γ2) = 2.53 as

compared to gold ions with identical bunch charge Z · N,
normalized emittances ǫN , and bunch lengths σs.

After some tuning, intensities of 4 · 1010 protons per

bunch were routinely injected and stored, with beam life-

times of approximately one hour, as shown in Figure 3.

Compared to the experience with gold ions in the same

RHIC lattice, this was a huge improvement.

To characterize the single-particle performance of the

lattice, we measured the dynamic aperture by two different

methods. In the first attempt, we injected proton bunches

with intentionally mis-steered orbits and measured the re-

sulting beam emittances using the RHIC polarimeter tar-

get as a slow wire scanner. Mis-steering the injection or-

bit resulted in a drop of the injection efficiency and there-

fore the resulting stored beam intensity, Figure 4, thus in-

dicating that an aperture limit was reached. During injec-
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Figure 3: Comparison of the lifetime performance of typi-

cal Au-Au stores at 2.5 GeV/n in the Blue and Yellow ring

(top) with a typical proton store at 5.86 GeV (bottom) in

the Yellow ring

tion, losses were observed only in the RHIC abort kicker

area, which is geometrically the tightest aperture at injec-

tion. Applying orbit bumps in an effort to reduce the losses

in that location proved unsuccessful, which indicates that

the beam orbit was well centered in the 2” × 3” aper-

ture. However, regardless of the mis-steering efforts, the

RMS beam sizes measured by the polarimeter target, at

βx = βy = 25 m, remained constant at σx = 2.4 mm
and σy = 2.0 mm which indicates that the beam already

filled the available aperture even when it was injected with-

out any intentional mis-steering, see Figure 6. At the abort

kickers with βx = 41 m, βy = 119 m, this corresponds

to RMS beam sizes of σx = 3.1 mm and σy = 4.4 mm.
These values are small compared to the abort kicker aper-

ture, so it is safe to assume that the measured acceptance

is limited by the dynamic aperture rather than the physical

aperture.

This observation was confirmed by a second experiment

in which the stored beam was transversely blown-up by the

RHIC tunemeter. Again, this experiment resulted in RMS

beam sizes of 2.4 mm horizontally and 2.0 mm vertically

at the polarimeter. Furthermore, we observed a shrinking

bunch length while the tunemeter was exciting the beam

transversely, see Figure 5. We therefore conclude that the

dynamic aperture is smallest for particles with large mo-

mentum deviation ∆p/p.

The measured beam sizes of 2.4 mm horizontally and

2.0 mm vertically at the IPM with β = 25 m correspond

to RMS geometric emittances of ǫx = 0.23 mmmrad and

ǫy = 0.16 mmmrad. In contrast to this, Au beams with

an RMS geometric emittance of ǫ = 0.73 mmmrad have

been routinely stored at 3.85 GeV/nucleon. This indicates

a dynamic aperture that is at least a factor 3 larger at the

50 percent higher rigidity of 29.7Tm at 3.85 GeV/nucleon

compared to 19.3 Tm at 2.5 GeV/nucleon Au, or 5.86 GeV

protons. The root cause of this large difference is not

Proceedings of PAC2013, Pasadena, CA USA TUOAA2

01 Colliders

A01 - Hadron Colliders 367 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 0

 5

 10

 15

 20

 0  500  1000 1500 2000 2500 3000 3500 4000 4500 5000

in
te

n
s
it
y
 [

1
0

^1
1

 i
o

n
s
]

time [sec]

Figure 4: Total intensities of 110 bunches during the dy-

namic aperture measurement with mis-steered injection
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Figure 5: Hourly beam decay (top) and average bunch

length during the dynamic aperture measurement using

transverse emittance blow-up via the RHIC tunemeter
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Figure 6: RMS beam sizes measured by using the RHIC

polarimeter target as a wire scanner during the dynamic

aperture studies

yet understood. Tracking studies are currently being per-

formed in an affort to understand and improve the dynamic

aperture at 2.5 GeV/nucleon Au.

SPACE CHARGE

Based on the measured emittance ǫ = 0.16 mmmrad,
corresponding to a normalized emittance of ǫn =
1 mmmrad, an RMS bunch length of σs = 3 m, and a

bunch intensity N = 4 · 1010 protons/bunch, the space

charge tune shift achieved during our experiments with

5.86 GeV protons can be computed as

∆Qsc = −0.065, (2)

which is consistent with the space charge tune shift limit

of ∆Qsc ≈ −0.05 observed with Au beams at 3.85 and

5.75 GeV/nucleon.

Assuming the same geometric emittance of ǫ =
0.16 mmmrad for 2.5 GeV/nucleon gold, corresponding

to a normalized emittance of ǫn = 0.4 mmmrad, and a

bunch length of σs = 3 m, this same space charge tune shift

would be reached at a bunch intensity of NAu = 8 · 107

gold ions per bunch, which is a factor 5 less than what

was achieved at 3.85 GeV/nucleon. With 111 bunches

per ring, this would result in a luminosity of L = 2 ·
1022 cm−2sec−1.

CONCLUSION

Measuring the dynamic aperture of the 2.5 GeV/nucleon

Au lattice by injecting and storing protons at the same rig-

ity resulted in a dynamic aperture that is at least 3 times

smaller than that for 3.85 GeV/nucleon Au. Improving this

is the key to a higher beam intensity at the space charge

limit, and therefore to higher luminosity. Tracking studies,

including a frozen space charge model, are currently un-

der way to understand and improve the dynamic aperture.

However, multipole errors at these low energies are only

known for a single dipole and a single quadrupole, which

limits the predictive power of these simulations somewhat.

As the next step, it is planned to inject gold beams with

emittances taylored to the measured dynamic aperture to

study the beam lifetime under these conditions.
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BURN-OFF DOMINATED URANIUM

AND ASYMMETRIC COPPER-GOLD OPERATION IN RHIC
∗

Y. Luo, W. Fischer, M. Blaskiewicz, J.M. Brennan, N. Kling, K. Mernick, T. Roser,

Brookhaven National Laboratory, Upton, NY, USA

Abstract

In the 2012 RHIC heavy ion run, we collided uranium-

uranium (U-U) ions at 96.4 GeV/nucleon and copper-gold

(Cu-Au) ions at 100 GeV/nucleon for the first time in

RHIC. The new Electron-Beam Ion Source (EBIS) was

used for the first time to provide ions for the RHIC physics

program. After adding the horizontal cooling, 3-D stochas-

tic cooling became operational in RHIC for the first time,

which greatly enhanced the luminosity. In this article,

we first review the improvements and performances in the

2012 RHIC ion runs. Then we discuss the approaches to

achieve the burn-off dominated uranium beam lifetime at

physics stores. And we also discuss the low copper beam

lifetime in the asymmetric copper-gold collision with dif-

ferent intra-beam scattering (IBS) and stochastic cooling

rates and the operational solutions to maximize the inte-

grated luminosity.

PERFORMANCES

Improvements

The first high energy U-U collisions in RHIC were

enabled by the versatile new Electron-Beam Ion Source

(EBIS) [1]. EBIS can produce beams of essentially any

ion species, and can switch rapidly between two different

species. It was used for the first time to provide ions for the

RHIC physics program.

To counter the intra-beam scattering (IBS) caused emit-

tance growth in the RHIC heavy ion runs, stochastic cool-

ing was implemented in RHIC in the past few years [2].

The longitudinal system was implemented in the Yellow

ring in 2007, and longitudinal cooling in the Blue ring and

the vertical stochastic cooling in both rings in 2010. In

2012, by adding cooling in the horizontal plane, full 3-D

stochastic cooling became operational for the first time in

RHIC for both rings.

In the previous 2010 and 2011 Au-Au runs, we observed

large beam loss after RF re-bucketing and at store with the

vertical cooling on. These losses were from particles with

large off-momentum deviation. For the 2012 ion run, we

chose a lattice with integer tunes (28, 29), which are 3 units

lower than what was used in the previous ion runs. With

this lattice, simulation shows that the off-momentum dy-

namic aperture increases from 2 σ to 5 σ with the maximum

relative off-momentum deviation ∆p/p0 = 0.0018 [3].

∗This work was supported by Brookhaven Science Associates, LLC

under Contract No. DE-AC02-98CH10886 with the U.S. Department of

Energy.

The RHIC orbit feedback system became operational for

the first time in the 2011 proton run. In the 2012 ion run,

with numerous improvements in the control software and

hardware, the orbit feedback became more robust. To-

gether with tune/coupling feedback, the RHIC beam con-

trol feedback systems greatly reduces the beam time nec-

essary for machine start-up and store tuning [4].

U-U Run

The 2012 RHIC U-U run began on April 19, 2012 and

ended on May 15, 2012. The physics mode lasted for 22

days. Figure 1 shows the integrated luminosities for the

two physics detectors PHENIX and STAR, together with

their minimum and maximum projected luminosities. The

minimum projected luminosity was based on the bunch in-

tensity 0.6 × 109. However, the typical bunch intensity at

the beginning of store was 0.3× 109.

The luminosity in the U-U run was greatly enhanced

with 3-D stochastic cooling. With 3-D cooling, the rms

normalized transverse beam emittance was cooled down to

0.42 π mm mrad in 2 hours from 2.2 π mm mrad at the be-

ginning of store. Figure 2 shows the luminosity with and

without stochastic cooling. With 3-D cooling, the peak lu-

minosity was 3 times the initial one, which was observed

for the first time in a collider. The integrated luminosity

per store is about 5 times that without any cooling. Despite

the lower bunch intensity the integrated luminosity goals of

both detectors were reached.

Figure 3 shows an example of the Zero Degree

Calorimeter (ZDC) coincidence rates from the two detec-

tors STAR and PHENIX, the actual beam loss rates, and

the burn-off contributions to the beam loss in one store (fill

number 16830). As mentioned above, this year we adopted

a lattice which provides a large off-momentum dynamic

aperture. The particle loss due to the momentum aper-

ture limitation was essentially eliminated. Together with

stochastic cooling, the beam loss was almost entirely due to

burn-off [5], which is also the first time this was observed

in a collider.

Cu-Au Run

The 2012 RHIC Cu-Au run began on May 15 and

ended on June 25. Physics mode ran for 38 days. 3-

D stochastic cooling was operational on May 23. Fig-

ure 4 shows the integrated luminosities for PHENIX and

STAR. The achieved integrated luminosities for both detec-

tors were above the maximum projection. We also reached
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Figure 1: Integrated luminosities in 2012 RHIC U-U run.

The minimum and maximum projections are shown.
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Figure 4: Integrated luminosities in 2012 RHIC Cu-Au run.

The minimum and maximum projections are shown.

PHENIX’s narrow vertex integrated luminosity goal. Nar-

row vertex luminosity only counts the collisions within

±10 cm of the IP.

Figure 5 shows the averaged bunch intensities at the be-

ginning of the store. To boost the bunch intensity in RHIC,

double bunch merging in the Booster and AGS was tested

and implemented. In principle, double bunch merging in

the Booster and AGS could increase the bunch intensity

in RHIC by a factor of 4. However, since double bunch

merging increased the ion beams transverse and longitu-

dinal emittances, careful tuning of the Booster, AGS, and

the AGS-to-RHIC transfer line was always required. Con-

tinuous efforts were also made to improve the transmis-

sion efficiency from RHIC injection to store by fine tuning

the working points, chromaticities, and transition loss. The

Cu bunch intensity was doubled and the Au bunch inten-

sity increased by 50% through out the course of the Cu-Au

run. We achieved the most intense ion bunch in RHIC up

to date.

In the Cu-Au run, Cu bunch intensity was more than 3

times the Au bunch intensity. The IBS emittance growth

rate of the Cu beam is half of that of the Au ion beam, while

the stochastic cooling rate of the Cu beam is one third of

the Au ion beam. In the beginning of this run, we observed

large Cu beam losses which were caused by the beam-beam

interaction between the Cu and Au bunches with different

transverse beam sizes. To maintain the Cu beam bunch in-

tensity and to maximize the integrated luminosity, we in-

tentionally reduced the Au beam’s cooling rate in the first

several hours of each store.

BURN-OFF DOMINATED BEAM

LIFETIME IN U-U COLLISION

Beam Loss in Previous Runs

In the RHIC heavy ion runs, the IBS increases the lon-

gitudinal and transverse emittances. With a smooth ring
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rates can be calculated as [6]

τ−1

|| =
1

σ2
p

dσ2

p

dt

r2i cNiΛ

8βγ3ǫ
3/2
n,rms,x < β

1/2
x >

√

π/2σlσ2
p

, (1)

τ⊥ =
σ2

p

ǫx
<

HX

βx
> τ−1

|| . (2)

According to Eqs. (1) and (2), it is possible to reduce

< HX

βx
> to reduce the transverse emittance growth cou-

pled from the longitudinal plane[7, 8]. Therefore, dur-

ing the 2008-2011 RHIC ion runs, we used a lattice with

FODO phase advances increased in the arcs and the integer

tunes increased by 3 units. We named this lattices as “IBS-

suppression” lattices and the previous lattices as “standard”

lattices.

However, during the 2008-2011 RHIC heavy ion runs

with the IBS-suppression lattice, we observed a large beam

loss after RF re-bucketing and during store with transverse

cooling [3]. RF re-bucketing aims to shorten the bunch

length to increase luminosity but it increases the beam mo-
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Figure 7: The Au beam decay in 2007 with only longitudi-

nal cooling. RHIC Fill number is 9039.
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Figure 8: The Au beam decay in 2011 with only longitudi-

nal cooling. RHIC Fill number is 15843.

mentum spread. RF re-bucketing takes place in the be-

ginning of the store without collision. The bunch’s max-

imum momentum deviation is increased from 0.9 × 10−3

to 1.7× 10−3 with RF re-bucketing.

Figures 7 and 8 show the beam decays in the Yellow

ring in the fill 9039 in the 2007 Au-Au run and in the fill

15843 in the 2011 Au-Au run. In both fills, there was only

longitudinal cooling. Along with the total beam decay, we

also show the beam decay contributed by the beam burn-off

due to luminosity. The burn-off is calculated from luminos-

ity and the analytical value of total cross section of Au-Au

collision. The IBS-suppression lattices caused much more

non-luminosity particle loss than the standard lattices.

Off-Momentum DA

With longitudinal cooling, the beam loss in the longitudi-

nal plane is eliminated. If there is any beam loss, it should

happen in the transverse plane due to the limited transverse

off-momentum dynamic aperture. From Figs. 7 and 8, the

IBS-suppression lattices have smaller off-momentum dy-

approximation, the longitudinal and transverse IBS growth
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Figure 9: Off-momentum dynamic apertures with IBS-

supression lattices and standard lattices for both rings.

namic aperture than the standard lattices. In the 2011 Au-

Au run with the longitudinal and vertical cooling, we ob-

served about 50% of particle loss was non-luminous. Ac-

cording to Eq. (2), small transverse emittance increases the

longitudinal IBS growth rate.

Figure 9 shows the calculated off-momentum aperture

for both Blue and Yellow rings with IBS-suppression and

standard lattices. For the IBS-suppression lattice, the off-

momentum dynamic aperture begins to drop sharply to

below 4σ when the relative momentum deviation is big-

ger than 0.0015. While for the standard lattice, the off-

momentum DA is better than 4.7σ up to dp/p0 = 0.0025.

With RF re-bucketing, the RF bucket height is 1.9 × 10−3.

Based on the beam loss observations in the previous runs

and the calculated off-momentum apertures, we decided to

adopt standard lattices for the 2012 U-U and Cu-Au runs.

In the 2012 U-U run, 3-D stochastic cooling was fully op-

erational in RHIC. The typical bunch intensity in RHIC is

0.3 × 109. Comparing to the previous Au-Au operation,

the IBS growth rate is smaller and the stochastic cooling is

more efficient.

Figure 10 shows the Au beam decay and the burn-off

contribution in Fill 16830. With transverse cooling on, the

initial luminosity is not the highest. Accordingly, the lu-

minosity burn-off continues to increase until the peak lu-

minosity is reached. The beam loss is almost entirely from

the burn-off [5], which means that there is almost no loss

due to limited transverse off-momentum dynamic aperture

with the standard lattices.

BEAM-BEAM INTERACTION IN

ASYMMETRIC CU-AU COLLISION

Different IBS and Cooling Rates

The IBS growth rate is proportional to NiZ
4/A2 while

the stochastic cooling rate is proportional to 1/Ni, where

Ni is bunch intensity, Z and A are the ion charge state and

atom number. In the 2012 Cu-Au run, the bunch intensities
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Figure 10: The Au beam decay in 2012 with transverse and

longitudinal cooling. The beam loss was almost entirely

from burn-off.

for the Cu and Au beam were about 4.0 × 109 and 1.3 ×

109 respectively at the end of the run. Therefore, the IBS

emittance growth rate of the Cu beam is half of that of the

Au ion beam, while the stochastic cooling rate of the Cu

beam is one third of the Au ion beam.

In the beginning of this run, with full cooling power for

both beams, we observed that the Cu beam lifetime was sig-

nificantly reduced when the two beams’ emittances were

quite different. The bigger difference between the emit-

tances of the two beams was, the more Cu beam loss was

observed. Later on we concluded that the bad Cu beam life-

time was caused by the beam-beam interaction between the

Cu and Au beams with different transverse beam sizes [9].

As an example, Figure 11 shows the measured transverse

emittances and the beam decays with 3-D cooling with full

cooling power from the beginning of store.

Beam-Beam Interaction

For ion collisions, the beam-beam parameter, or the lin-

ear incoherent beam-beam tune shift, for the weak beam

is

ξ1 = −
Ni,2rp

2πǫn,rms,2
×

Z1Z2

A1

. (3)

Here rp is the classic proton radius. ǫn,rms,2 is the rms

normalized transverse emittance. TheZ andA are the ion’s

charge state and atomic number. The subscript 1 is for the

weak beam and the subscript 2 is for the strong beam.

In the previous RHIC Au runs, the beam-beam interac-

tion was negligible since the beam-beam parameter was -

0.003. In the 2012 Cu-Au run, when turning on 3-D cool-

ing with full cooling power for the two beams from the

beginning of store, the beam-beam parameter for the Cu

beam reached -0.011 from initially -0.004.

Here we perform numerical simulation to calculate the

beam-beam effect to the Cu beam’s dynamic aperture. Fig-

ure 12 shows the Cu beam’s dynamic aperture in the first

4.5 hours in the store. The measured bunch intensity and

TUXA1 Proceedings of PAC2013, Pasadena, CA USA

372C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

01 Colliders

A01 - Hadron Colliders



 0

 2

 4

 6

 8

 10

 12

 14

M
e
a
s
u
re

d
 E

m
it
ta

n
c
e
s
 [
 u

m
 ]

Cu Beam Horizontal
Au Beam Horizontal

 0

 5

 10

 15

 20

 25

 30

 35

 40

 0  0.5  1  1.5  2  2.5  3  3.5  4

B
e
a
m

 D
e
c
a
y
 [
 %

/h
o
u
r 

]

 Time [ hour ] 

Cu Beam
Au Beam

Figure 11: Bunch intensities and measured emittances in

Cu-Au run. The fill number is 16911.

emittances in Fig. 11 were used. In this study, the initial

relative momentum deviation is set to dp/p0 = 0.0015.

The dynamic aperture is given in units of Cu beam’s rms

transverse beam size. From Fig. 12, when the Au beam

was fully cooled at 1 hour from the beginning of store, the

Cu beam’s dynamic aperture is lowest. With slow cooling

of the Cu beam emittance, the Cu beam’s dynamic aperture

is slowly increased.

To avoid the large beam loss in the Cu beam and to max-

imize the integrated luminosity, we decided to turn off or

reduce the Au beam’s cooling gain in the beginning of the

store until the Cu beam got cooled. Figure 13 shows the

beam emittances and beam decays in the fill 16917 where

we intentionally turned off the Au vertical cooling between

0.5 hour to 1.5 hour into the store. When the Cu and Au

beam emittances were comparable to each other, then we

turned on the yellow vertical cooling again. By doing so,

we kept the Cu beam decay below 6%/ hour. Later on

in the rest of 2012 Cu-Au run, we continued to balance

the luminosity and the beam decay through the Au beam’s

stochastic cooling gains. The Cu beam decay was kept be-

low 4%/hour in the whole stores. And the store length was

set to 14 hours, which is the longest store length for the

RHIC heavy ion runs.

CONCLUSIONS

The 2012 RHIC heavy ion run was a great success. It

marked the first collisions of high energy U-U and Cu-Au

ions in RHIC. With a versatile EBIS, powerful 3-D stochas-

tic cooling, and double bunch merging in the injectors, high

precision beam control systems, and many efforts of ma-

chine fine tuning, we reached both detectors’ integrated lu-

minosity goals. In the U-U run, with a new lattice which

gives a higher off-momentum aperture and 3-D cooling,

the particle loss is dominated by the burn-off. In the Cu-

Au run, due to different IBS and cooling rates from both

beams, we intentionally slowed down the Au beam cooling

rate in the Yellow ring in the first several hours to match
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Figure 13: Bunch intensities and measured emittances with

reduced Au cooling rate. The fill number is 16917.

the two beams’ transverse beam sizes and maximize the in-

tegrated luminosity.
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Shemyakin, N. Solyak, R. Stanek, V. Yakovlev, Fermilab, Batavia, IL 60510, USA 

P. Ostroumov, ANL, Argonne, IL 60439, USA   

D.  Li, LBNL, Berkeley, CA 94720, USA 

P. Singh, M. Pande, S. Malhotra, Bhabha Atomic Research Centre, Mumbai-400085, India

Abstract 
A multi-MW proton facility, Project X, has been 

proposed and is currently under development at Fermilab. 

We are carrying out a program of research and 

development aimed at integrated systems testing of 

critical components comprising the front end of Project X. 

This program, known as the Project X Injector 

Experiment (PXIE), is being undertaken as a key 

component of the larger Project X R&D program. The 

successful completion of this program will validate the 

concept for the Project X front end, thereby minimizing a 

primary technical risk element within Project X. PXIE is 

currently under construction at Fermilab and will be 

completed over the period FY12-17. PXIE will include an 

H
-
 ion source, a CW 2.1-MeV RFQ and two 

superconductive RF (SRF) cryomodules providing up to 

25 MeV energy gain at an average beam current of 1 mA 

(upgradable to 2 mA). Successful systems testing will 

also demonstrate the viability of novel front end 

technologies that are expected find applications beyond 

Project X. 

PXIE GOALS AND PLAN 

A unique feature of Project X [1] is the capability of 
delivering a MW-range proton beam to several 
experiments quasi-simultaneously with a beam structure 
that can be adjusted to each experiment’s needs. In the 
suggested scheme, this is achieved as follows: 

(a) Prepare a “nearly CW” beam, in which many RF 
buckets may be empty but the beam current, averaged 
over several µs, is constant. The undesired bunches are 
removed in the Medium Energy Beam Transport (MEBT) 
by a chopping system. This quasi-CW beam has a 
repetitive time structure (RS). 

(b) Accelerate the prepared beam. The optimum 
solution requires acceleration by SRF cavities after MEB 
at 2.1 MeV;  

 (c) Distribute the beam to experimental stations by an 
RF separator at 1 GeV and 3 GeV. 
The RF separation of bunches successfully supports 

multiple experiments operation at CEBAF [2]. The 

acceleration with SRF at low energies has been used for a 

long time at ANL [3] (at much lower average currents) 

and recently is being commissioned at SARAF [4], but 

has not been demonstrated at parameters required for the 

Project X. The wideband chopper, needed to prepare 

bunch patterns, is a unique device currently beyond state 

of the art. 

The PXIE program [5] will address both (a) and (b) 
with the specific goals of demonstrating effective bunch-

by-bunch chopping of the CW beam delivered from the 

RFQ and efficient acceleration of the 1 mA RS beam with 

minimal emittance dilution through at least 15 MeV.  

PXIE consists of an H- ion source (IS); a Low Energy 

Beam Transport (LEBT); a CW 2.1-MeV RFQ; a MEBT; 

two SRF cryomodules (CM) operating at 2K - a Half 

Wave Resonator (HWR) and a Single Spoke Resonator 

(SSR1); a High Energy Beam Transport (HEBT); and a 

beam dump (Fig.1).   

 

Figure 1: PXIE layout. 

The concept of PXIE subsystems was described in [5]. 
The end-to-end simulations can be found in [6]. Main 
beam parameters are shown in Table 1. 

Table 1: Nominal  Beam  Parameters  at  the  Exit  of  Each 
 

 IS/ 
LEBT 

RFQ MEBT HWR SSR1 

Energy, 
MeV 

0.03 2.1 2.1 11 25 

Average 
current, mA 

5 5 1 1 1 

Time 
structure 

DC CW RS RS RS 

 , µm     < 0.25 

|| , keV-ns 
    ≤ 1 

*  is the rms normalized transverse emittance, and 

|| is the rms longitudinal emittance.  
 

The PXIE design and construction is being carried out 
by a collaboration between Fermilab, ANL, LBNL, 
SLAC, SNS, and Indian laboratories in a staged approach. 

RFQ MEBT HWR SSR1LEBT HEBT

 ___________________________________________  

*Work supported by the U.S. Department of Energy under contract 

#nsergei@fnal.gov
                                 No. DE-AC02-07CH11359 

 

Section 

TUYAA1 Proceedings of PAC2013, Pasadena, CA USA

374C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

06 Accelerator Systems

T01 - Proton and Ion Sources and Injectors



The beam is planned to pass through the LEBT in FY14, 
through the RFQ in FY15, and full PXIE parameters are 
expected to be demonstrated by the end of 2018.    

STATUS OF SUBSYSTEMS 

The ion source has been procured from D-Pace Inc. [7], 
was characterized and used in the beam dynamics studies 
at LBNL, and presently is being assembled at Fermilab.  

 

Figure 2: Conceptual design of the LEBT. 

 

The LEBT has been conceptually designed (Fig. 2). The 
2.2 m distance between the ion source and the RFQ 
entrance ensures a low hydrogen flux from the ion source 
into the RFQ. Because the design of the Project X front 
end includes two ion sources for redundancy, the final 
PXIE assembly will include a combining dipole magnet 
though only one ion source will be used. Focusing is 
provided by three solenoids. A chopping system will be 
used for several purposes: to generate a pulse mode 
during commissioning, in a normal operation, to shut 
down injection into the RFQ for machine protection, 
possibly, to interrupt the beam for the residual ion 
removal from the MEBT, and, if found necessary, to assist 
the MEBT chopper.  

One of the concerns is a growth of effective emittance 
due to neutralization following chopper pulses. To address 
this, the LEBT will be assembled first in a simple, straight 
configuration, in which the beam can be neutralized either 
along the entire line or only upstream of the chopper. In 
the latter case, the large distance to the IS allows effective 
clearing of the residual ions by combination of a positive 
potential on a stopping electrode and a constant transverse 
electric field. The ion removal solves the issue with 
temporal changes of the beam envelope but increases the 
emittance growth due to space charge [6]. Experiments 
will show which mode is preferable. Presently, the LEBT 
elements are at various stages of designing, procurement, 
and assembly. 

The 4-vane, 4.4 m 162.5 MHz RFQ (Fig. 3) has been 
designed and the fabrication has started in August, 2013 
at LBNL. The detailed description of the RFQ design and 
status can be found in Ref. [8], and the design of the 
coupler is described in Ref. [9].  The complete assembly 
of the RFQ is planned to be delivered to Fermilab at the 
end of 2014. 

 

Figure 3: The RFQ conceptual design [9]. 

 

 

Figure 4: Scheme of MEBT optics and the beam 

envelope. The thin lines are the central trajectory and 3σ 
envelope (rms_n=0.25 mm mrad) of the passing beam, and 

the thick lines are the Y envelope of the chopped-out 

beam. Red- quadrupoles, blue- bunching cavities. 

 

The design of the ~10 m MEBT was presented in [10], 
and the beam trajectory is shown in Fig. 4.  Its most 
challenging part is the chopping system that forms the 
required bunch pattern by deflecting the undesired 
bunches of the initially CW beam into an absorber. This 
deflection is made by two broadband, travelling-wave 
kickers separated by 180º of the betatron phase advance 
and operating synchronously.  The electric length of each 
kicker is 0.5 m, the plate separation is 16 mm, and the 
plate voltage with respect to ground is ±250V. The plates 
have opposite polarity voltages for bunch passing and 
removal. Presently two versions of the kicker, 

distinguished by the characteristic impedance of the 

kicker structure (50 and 200 Ohm), are being developed.  

 

 

Figure 5: The MEBT kicker. A 3D model of the 50-Ohm 

kicker (left). Part of the vacuum box is removed for the 

presentation purpose. A model of the 200 Ohm kicker 

(right).  

 

In the 50 Ohm version, the beam is deflected by the 

voltage applied to planar electrodes connected in vacuum 

by coaxial cables with the length providing the necessary 

delays (Fig. 5). The kicker prototype is being assembled. 

Two kickers separated by 180º Absorber Differential pumping

Helix 

Input

Helix 

Output

200 Ω
Line

200 Ω
Load
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RF and thermal properties of an 8-plate model with 

electrodes and cable in the final version were successfully 

tested. The kicker will be powered by a commercially 

available RF-amplifier with a specially shaped driving 

signal [11].   

The 200 Ohm kicker [12] consists of two helixes 
wound around grounded cylinders (Fig. 5). Presently it is 
at the stage of the pre-prototype fabrication. 
The 200 Ohm kicker will be driven by broadband, DC 

coupled GaN switches in push-pull configuration being 
developed at Fermilab [12]. Operation of a single switch 
up to 500 V was demonstrated, and recently a fully 
functional 100V driver was successfully tested.  
The kickers displace the undesired bunches by ~6σy to 

the absorber surface. The absorber is specified to 
withstand 21 kW, twice the full nominal beam power, 
focused into a spot with σx,y ~2mm. A preliminary 
conceptual design is complete, and ¼-size prototype has 
been successfully tested with an electron beam (Fig. 6). 
Preliminary results can be found in Ref. [13].   

  

Figure 6: Absorber development: a conceptual design 
(left). Right – the OTR image of a 5.5-kW, 9-mm electron 
beam (bright ellipse) on the surface of the absorber 
prototype.  

Transverse and longitudinal focusing in MEBT will be 
provided by 25 quadrupoles combined into doublets and 
triplets, and by three 162.5-MHz bunching cavities, 
correspondingly. The cavities are at the final stage of 
mechanical design at Fermilab. The quadrupoles and 
dipole correctors have been designed at BARC in India, 
and the prototypes are being tested.  

The PXIE SRF cryomodules are being fabricated at 
ANL (HWR) and at Fermilab (SSR1). The HWR 
cryomodule [14] contains 8 162.5-MHz, nominally 1.7 
MV, β = 0.11 cavities and 8 SC solenoids, with built-in 
dipole correctors and a BPM attached to each solenoid. 
Design of cavities and the cryomodule is complete (Fig. 
7). Prototypes of the RF coupler and solenoid with dipole 
correctors have been build and successfully tested. Nb 
parts for all cavities have been fabricated, and two 
cavities will be tested in FY14. 

 
 

Figure 7: HWR CM design: a cavity-solenoid string  
 

 The SSR1 (Fig. 8) cryomodule consists of eight 325-

MHz single-spoke resonators (β = 0.22) and 4 solenoids.  

Similar to the HWR CM, all solenoids will have corrector 

coils and BPMs. The conceptual design of the 

cryomodule is complete, and most of elements are at the 

stage of technical design.   

 

Figure 8: The SSR1 cavity and solenoid string assembly. 

Details of the SSR1 cavity development is reported in 

[15]. The bare cavity and the He vessel are shown in 
Figure 9. The first SSR1 cavity prototype was 
manufactured by ZANON, the cavity was tested at 
Fermilab’s Vertical Test Stand (VTS) and outfitted with a 
helium vessel. The second prototype was manufactured 
by ROARK, tested and showed acceptable performance. 
Subsequently, ten other SSR1 cavities were manufactured 
and delivered to Fermilab. 

 
Figure 9: SSR1 cavity, bare (left) and dressed (right). 

 

The SSR1 is followed by the HEBT that accommodates 

the beam diagnostics to measure the beam properties and 

the beam extinction for RF buckets emptied by the MEBT 

chopper. Its design is at the conceptual stage (Fig. 10) as 

well as is the PXIE beam dump at the end of the beam 

line. 

 

Figure 10: The HEBT scheme. 

The PXIE will be located in the existing Cryomodule 

Test Facility (CMTF) building which will also include an 

enclosure for ILC and Project X cryomodules testing. A 

String assembly as it 

leaves the cleanroom

Cavity vacuum 
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Beamline isolation 

valve, both ends
Cold coupler 
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    attached to the top lid (left), a cavity with a coupler 
    (right).
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cryo-plant supporting operation of both installations, 

which will have 500 W cooling power at 2 K, is under 

construction. The upstream portion of the PXIE cave, 

long enough to accommodate the warm portion of PXIE, 

has been assembled with concrete shielding blocks. The 

infrastructure, controls, and diagnostics are at various 

stages of design and implementation. 
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HIGH POWER (MW-CLASS) TARGETS FOR PARTICLE BEAMS 

E.J. Pitcher, European Spallation Source ESS AB, Lund, Sweden 
C. Densham, Rutherford Appleton Laboratory, Abingdon, UK

Abstract 
Many applications that use accelerators are demanding 

ever-higher beam powers, which place greater demands 
on accelerator design and operation. Equally demanding 
is the design of targets that can operate safely and 
optimally at these power levels. High-power target design 
considerations include performance optimization, heat 
load, radiation damage and lifetime, safety, operability, 
reliability, and for pulsed beams, dynamic stresses from 
thermal cycling. The design and operation of these targets 
draws upon the experience gained in operating lower 
power targets. 

HEAT LOAD 
Heat load in high-power targets can be a major driver 

in target design. For traditional targets made of solid 
metal, heat load is normally limited by heat flux at the 
target-coolant interface. Deposited power density goes 
linearly with beam power and inversely proportional to 
beam spot area on target. One way to address higher 
beam power is by increasing the size of the beam spot on 
target. 

As beam power on target increases, so does the 
engineering complexity of the target. Solutions that are 
viable at low power, such as cooling at the periphery, are 
no longer viable. Figure 1 shows a spent tungsten target 
from the Manuel Lujan Neutron Scattering Center at Los 
Alamos National Laboratory [1]. This target is a solid 
cylinder of tungsten, 10 cm in diameter by 7.5 cm long, 
encased in an Alloy 718 shell that served to contain the 
water which passed over the tungsten surface to carry 
away the 60 kW of heat deposited by the 800-MeV 
proton beam. Two features are clearly evident. First, the 
target is broken into four quadrants, most likely caused by 
unacceptably high thermal stresses in the target. Second, 
substantial corrosion of the tungsten has occurred, which 
is due to the creation of short-lived highly oxidizing 
radicals in the cooling water. These radicals have been 
shown to be highly corrosive to tungsten [2]. Radioactive 
spallation products within the tungsten enter the coolant 
stream as the tungsten corrodes, leaving the cooling 
components, such as filters, ion exchange columns, 
highly radioactive. 

At the megawatt level and higher, innovative solutions 
to the problem of target cooling have been proposed, such 
as flowing liquid metal [3,4,5,6] and rotating solid targets 
[SNQ, SNS TS2, Bilbao, ESS]. A liquid metal target, 
such as that shown in Fig. 2, has the potential to handle 
very high power densities due to its high heat capacity. 
Two liquid metals that have been successfully 
demonstrated as spallation targets are mercury [4,5] and 
lead-bismuth eutectic [6]. Lithium is proposed as the 
target material for the International Fusion Materials 

Irradiation Facility, (IFMIF) with a baseline 10 MW, 40-
MeV deuteron beam. This project is now completing its 
engineering development and demonstration phase, 
including development of the lithium target [7]. 

At the megawatt level, full-scale thermal testing of the 
target prior to putting it into service is difficult and 
normally cost prohibitive. This is compounded by the 
complexity of trying to simulate the power deposition 
profile of the accelerator beam. As a consequence, 
normally small-scale tests are conducted instead. These 
tests are normally designed to validate uncertainties that 
may exist in the data or models in the simulations used in 
the thermo-mechanical design of the target. 

SAFETY 
Targets for high-power accelerators become radioactive 

as a consequence of beam-induced nuclear reactions 
within the target. For >100-MeV beams, a good rule of 
thumb is that the radioactive inventory within an 
accelerator target is on par with a nuclear fission reactor 
with one order of magnitude less power, e.g., a 1-MW 
proton beam on a spallation target will have a 
radionuclide inventory, as measured in becquerels, on par 
with that of a 100-kW fission reactor. This inventory will 
generate decay heat, or afterheat, following beam 
shutdown that must be removed in a robust and reliable 
manner. 
Because of the risk to workers and the public presented 
by this radioactive material, designers of high-power 
targets do well to adopt a “safety by design” philosophy, 
whereby safety is an omnipresent consideration in the 
design optimization process. A number of recently 
designed high-power targets [APT, SNS, MTS] draw 
from the safety philosophy developed for the nuclear 

 
Figure 1: Broken and corroded Lujan Center tungsten 
target (from [1]). 
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industry. First, hazards are identified, and initiating 
events that may produce these hazards are postulated. 
Those events with high frequency of occurrence and 
potentially high consequences are then selected as 
“design basis accidents.” These postulated accidents 
undergo quantitative analyses to assess potential radiation 
doses to workers and the public. If needed to keep such 
doses within acceptable limits, mitigations are identified 
and incorporated into the design. These mitigations are 
credited safety controls that normally require a higher 
pedigree of design, procurement, installation, testing, and 
maintenance. Wherever possible, incorporation of passive 
safety features into the design is preferred over reliance 
on credited controls, as passively safe features are usually 
simpler to analyze (and therefore defend to regulators), 
more reliable, and lower cost. 

PERFORMANCE 
With respect to targets, beam power increases are 

normally addressed through the introduction of greater 
coolant volume fraction within the target, more structural 
material to accommodate larger thermal and mechanical 
stresses, larger gaps between components for ease of 
servicing, and similar features, which normally contribute 
to a degradation in target performance, for instance 
neutron production or neutrino production. A general rule 
of thumb is that an increase in beam power will not result 
in a proportional increase in performance, but rather will 
be proportional to (beam power)0.8. 

OPERATIONS 
High-power targets operate in intense radiation 

environments. If the beam passes through water that is 
used to cool the target 

As the radioactive inventory increases, the infra-
structure required to operate accelerator targets becomes 
more substantial. Normally hot cells are located near the 
target operating position, and target maintenance or 
replacement requires a means to transfer the activated 
target from its operating position to the hot cell or other 
appropriate facility where the target can be prepared for 
disposal. 

Transport of spent targets can require substantial 
infrastructure. This process normally requires shielded 
casks approved for the transport of radioactive material 
on public roads or railways. One example, shown in 
Fig. 2, is the cask used to transport the spent MEGAPIE 
target to less than 1 km, from the SINQ facility at the 
Paul Scherrer Institute to the Zwilag facility, where it was 
cut up for post-irradiation examination [MEAPIE PIE]. 

RADIATION DAMAGE AND LIFETIME 
The structural material of high power targets is 

subjected to the most severe radiation damage of any 
application, more than fusion reactor first walls and fuel 
cladding in fast reactors (the fuel itself, a non-structural 
material, sees greater radiation damage). The damage is 
due both to displacements of atoms from their lattice sites 

and from the production of helium atoms that can cause 
embrittlement. Figure 4 shows the cross sections for 
proton-induced atomic displacements and helium 
production in iron. The displacement cross section is 
somewhat insensitive to the proton energy, while helium 
production increases steadily with increasing energy. 

RELIABILITY 
Target systems generally exhibit greater reliability and 

availability than high-power accelerators that drive them. 
This is due to the far fewer number of components in a 
target station as compared to a modern accelerator. 
However, the significant cost associated with some of the 
major systems of a target station usually preclude the 
ability to keep one or more spares in inventory. Further, 
many of the components must be handled and replaced 
remotely, which is labor- and time-intensive. The result is 
that, while target station component failures are usually 
rare, when they happen they have the potential to bring 
the facility down for weeks, or in the worse case, months. 

CONCLUSIONS 
Target designers are meeting the challenge of building 

targets that handle the ever-increasing beam power that 
today’s modern accelerators are capable of delivering. 

 

 
Figure 2: Transfer cask and custom trailer for the 
MEGAPIE target at the Paul Scherrer Institute. 
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 BEAM INSTRUMENTATION FOR HIGH POWER HADRON BEAMS 

A. Aleksandrov  
Oak Ridge National Laboratory, Oak Ridge, TN 37830, USA 

 
Abstract  
This presentation will describe developments in the beam 
diagnostics which support the understanding and 
operation of high power hadron accelerators. These 
include the measurement of large dynamic range 
transverse and longitudinal beam profiles, beam loss 
detection, and non-interceptive diagnostics.   

INTRODUCTION 
Beam instrumentation is an important part of any 

accelerator. Modern machines are equipped with large 
numbers of diagnostics for measuring various beam 
parameters as illustrated by the Spallation Neutron Source 
diagnostics map in Fig. 1. Many of the diagnostics 
systems are common for different types of accelerators 
and accelerated particles but some can work in specific 
conditions only. In this paper we will discuss beam 
instrumentation systems used for megawatt-class hadron 
machines with relatively low energy of no more than a 
few GeV (essentially non-relativistic beams). There is a 
significant number of operating and emerging accelerators 
in this class, such as SNS, PSI, J-PARC, ESS, FRIB, 
Project-X and others. The major factors specific for these 
machines are related to their high average beam power: 
• Small fraction of lost beam is of importance. Large 

dynamic range diagnostics are required to follow the 
dynamics of these small fractions. 

• The damage threshold is reached quickly with high 
average beam power. Diagnostics systems for 
machine protection must have a fast response. 

• The power density in the beam core can be very 
large. This can prevent the use of interceptive 
diagnostics. 

• The average peak beam current is large. The space-
charge effects can be significant and affect operation 
of some types of diagnostics. 

Another important factor is the use of a 
superconducting RF linac for all or part of the 
acceleration. Although this is not a necessary requirement 
and some high power accelerators, like the PSI cyclotron, 
do not use it, the majority of new projects include high 
power superconducting linac in the design. This adds two 
more important factors: 
• New damage mechanisms related to the 

superconducting cavities. Additional diagnostics may 
be required to protect the SRF linac [1]. 

• The SRF technology requires maintaining a very 
clean environment for the cavities and the 
surrounding vacuum chambers. This can impose 
severe restrictions on the design of the diagnostics in 

these areas up to complete a ban on using interceptive 
diagnostics, like in the case of the SNS SRF linac.   

 
In the following sections we will discuss how the above 

factors affect the diagnostics requirements and the design 
choices. 

  
Figure 1: The Spallation Neutron Source diagnostics map. 

MACHINE PROTECTION FROM LOST 
BEAM 

 
Protecting the machine from damage by the lost beam 

is the most important application of the beam 
instrumentation. The main damaging factors are: 
• Mechanical damage (melting, cracking, erosion). 

This mechanism is most important at lower energies 
(<10 MeV), where penetration depth for beam 
particles is relatively small. The damage threshold 
depends on many factors but typically it is of the 
order of magnitude of few hundred watts per meter, 
which represent a fraction of lost beam of few persent 
or higher. This level of fractional beam loss can be 
detected by a Differential Beam Current Monitor 
(DBCM) measuring beam current difference at two 
locations along the accelerator. 

• Activation of the accelerator equipment. This 
mechanism is more important at higher energies and 
the commonly accepted threshold of 1 W/m is used 
for protons above 100 MeV, which corresponds to a 
very small fractional loss of 10-5 ÷ 10-7.  As this 
threshold is significantly lower than the mechanical 
damage threshold, protection from the activation will 
automatically provide protection from the mechanical 
damage. Radiation Monitors (RM) are typically used 
for protection from small fractional beam loss at high 
energy [2]. 

The two above mechanisms are common for all types of 
the accelerators and a well-established protection strategy 
typically includes DBCMs at energy below 10 MeV, RMs 
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at energy above 100 MeV and a combination of both in 
the transitional region. As was mentioned in the 
introduction, the use of SRF technology adds additional 
damage factors: 
• Thermal load on the cryogenic system from the lost 

beam. The threshold is typically about 1W/m and it 
does not depend on the beam energy.  

• Degradation of SRF cavity electrical strength due to 
repetitive instantaneous loss with the total energy 
deposition of about few hundreds of Joules. 

At the beam energy above 100 MeV, the protection 
from the first factor is provided by the RMs as the 
threshold is the same as for protection from the activation. 
The situation becomes difficult in the region between 
10 MeV and 100 Mev, where the 1 W/m thresholds is too 
low for detection by both DBCM and RM. As there is no 
high power SRF linac in operation at that low beam 
energy there is no established strategy for cryo-system 
protection.  

The second factor was discovered during the SNS SRF 
linac operation. The baseline SNS Machine Protection 
System (MPS) did not provide protection from a sporadic 
loss of 100% of beam current within a 30-50 µs period of 
time because such events were considered to be safe if 
they happen so infrequently that the average lost power 
does not exceed 1 W/m. As the lost fraction is significant 
the RMs respond within a few microseconds but the 
signal propagation time within the MPS from the detector 
to the beam shut-off mechanism is typically of 15-30 µs 
so that overall response time is of 20-35 µs. A fast DBCM 
with a dedicated line to the beam shut off-device, as 
illustrated in Fig. 2, is being implemented for SRF linac 
protection at SNS [3]. The expected response time of 5-
6 µs is mostly limited by the propagation time in the 
cables.  
 

      
Figure 2: Diagram of the Fast DBCM protection system 
for the SNS Super Conducting Linac. 

BEAM CURRENT AND POSITION 
MEASUREMENTS 

Diagnostics for measuring the beam current and center 
of mass position are required for tuning of any accelerator 
independent of power. Typically, non-interceptive types 
of detectors are used: current transformers and 
electromagnetic pickups. With higher average beam 
power one can expect stronger signals from the detectors. 
An important caveat is that accelerator tuning is usually 
done at significantly lower beam power than in operation 
therefore the diagnostics should have a sufficient dynamic 
range or an adjustable gain to cover the required range of 

the signal strength. Also, depending on how the beam 
power reduction is implemented, an increased time 
response range maybe required. For example, the 
operational SNS beam parameters are 26 mA peak 
current, 1ms pulse width at 60 Hz repetition rate; the linac 
tuning is done with beam current reduced to 5 mA, pulse 
width shortened to 1 µs at 1 Hz. The reduced parameters 
are on the edge of the minimum design parameters for the 
beam position and phase monitors and do not provide the 
best signal-to-noise conditions but they had to be adopted 
to ensure the SRF linac safety. 

TRANSVERSE BEAM CHARGE 
DISTRIBUTION MEASUREMENTS   

Beam charge distribution measurements, usually in 
form of profiles or emittance, are the most challenging for 
high power beams. The biggest problem is that one has to 
have a “probe” inside the beam to sample the charge at 
different locations and the probe should be able to survive 
under a high beam power density. For high power beams 
specifically, as mentioned before, the dynamics of small 
fractions of the bunch are of interest, which requires 
measurement with large dynamic range. Typically, a 
dynamic range of 106 is desirable for understanding beam 
loss mechanism at the level of 1 W/m for 1 MW average 
beam power. In addition, if pulsed or chopped beam is 
accelerated, the diagnostics should have time resolution 
sufficient to resolve detail of the beam time structure. As 
we will show below, it is very difficult to combine all 
three requirements: non-intercepting, large dynamic range 
and good time resolution, in one diagnostic system.  
Many different types of probes have been tried for high 
power beams. The results are summarized in Table 1 
showing the best parameters demonstrated at high power 
hadron machines. The two numbers in parentheses show 
the expected parameters the existing systems are believed 
to be able to achieve with well understood modifications.     
We will discuss these options in more details in the next 
sections. 
 
Table 1: Typical Parameters for Transverse Beam Charge 
Distribution Diagnostics 

 Dynamic range Time 
resolution 

Non-
intercepting 

Solid material 
(wires, screens) 

105 (106) 10 ps No 

Photons  
(laser beam) 

102 (104) 10 ns Yes 

Charged 
particles 
(electrons, 
ions) 

10 10 ns Yes 

Gas (residual, 
jet) 

102 1 µs Yes 

  

Intercepting Diagnostics with Large Dynamic 
Range  
The wire scanner is a typical example of a profile 
measuring system using solid material as a probe. As 
shown in Table 1, wire scanners can provide a very large 
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dynamic range and a good time resolution. The simplest 
way of measuring the result of the beam interaction with 
the wire is to measure the charge collected on the wire. 
Figure 3 shows a typical transverse beam profile 
measured using the charge collection method at SNS. The 
system has a dynamic range of 105, which is currently 
limited by the digitizer resolution. It is believed the 
dynamic range can be improved further by upgrading the 
digital electronics. The advantage of the charge collection 
method is its simplicity and low cost. The disadvantage is 
the slow time response. It is not practical to achieve a 
good time resolution simultaneously with a large dynamic 
range for the charge collection method because the system 
bandwidth has to be limited in order to separate the DC 
coupled charge on the wire from the  AC  coupled signal 
induced by the electrostatic field of the beam. 

 
Figure 3: Typical transverse profiles measured with a wire 
scanner at SNS (red is vertical; blue is horizontal). 

    Measuring the number of beam particles scattered by 
the wire is another popular method of obtaining a signal 
from wire scanner. An example of an advanced wire 
scanner system of this type is described in [4] and a 
typical measured profile is shown in Fig. 4. The system 
allows profile measurements with very high temporal 
resolution of about 10 ps by detecting the arrival time of 
each scattered particle. The reported dynamic range is 105.  

   
Figure 4: Typical transverse profiles with high temporal 
resolution measured at PSI (from [4]). 

    Important conditions for achieving large dynamic range 
in wire scanner measurements are good vacuum and small 
beam loss in the vicinity of the device. These conditions 
are difficult to satisfy at the low energy end of a linac or 
in the injector. A simple solution is to use a slit instead of 
the wire and measure charge collected in a Faraday Cup 
behind the slit. An example of slit system with large 
dynamic range and good temporal resolution is given in 
[5]. 

Non-Intercepting Diagnostics 
    The intercepting diagnostics discussed above are well 
developed, can provide large dynamic range and good 
temporal resolution, but they cannot be used if the beam 
power density is too high or clean environment 
requirements forbid any intercepting devices. Non-
intercepting diagnostics are highly desirable in these 
situations. A very good general review of non-
intercepting beam instrumentation is given in [6]. In this 
section we will give more focus to the techniques tested 
with high power hadron beams. 
 
Laser Wire: A laser beam can provide an excellent probe 
for beam profile measurements if the interaction of the 
beam particles with the photons has a significant cross-
section. In the case of H- beam the cross-section for 
electron photo-detachment is large and peaks at the 
wavelengths of readily available commercial lasers as 
shown in Fig. 5. By crossing the beam with a narrow laser 
“wire” and detecting the products of the photo-
detachment reaction (H0 or electrons) the beam profile can 
be measured. An example of a large scale laser wire 
system with multiple measurement locations is described 
in [7]. It is possible to measure not just the profile but also 
the beam emittance using the laser wire as a slit as 
described in [8]. An example of an emittance 
measurement for a 1 GeV H- beam at SNS is shown in 
Fig. 6.  The profiles and emittance can be measured with 
high temporary resolution if a pulsed laser is used (about 
10 ns for a typical Q-switched Nd-YAG laser). The 
dynamic range of about 102 of the SNS laser wire is 
limited by spurious reflections of the laser beam.     
   

 
Figure 5: Electron photo-detachment cross-section vs. 
photon wavelength for H-. 
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Figure 6: A typical emittance measurement using the SNS 
laser emittance monitor. 

It is believed, based on the signal-to-noise 
measurements, that with proper engineering 
improvements the dynamic range could reach 104 or 
higher. In this case, the laser wire would be a rare case of 
the perfect diagnostic: non-intercepting, large dynamic 
range and with good temporal resolution. The biggest 
limitation of this diagnostic is its applicability for H- 
beams only.  
 
Ionization Profile Monitor (IPM): The Ionization 
Profile Monitor (IPM) is a popular non-intercepting 
diagnostic for beam profile measurement, widely used in 
proton and ion accelerators, especially in synchrotrons 
[6]. Its principle of operation is based on imaging of the 
ionization trace left by the beam in the residual gas by 
transferring the products of the ionization (ions or 
electrons) to a position sensitive charge collector. The 
dynamic range of an IPM is limited by the residual 
pressure gas and the ionization cross-section and typically 
does not exceed ~100. The time response can be of the 
order of few nanoseconds if electrons are collected. In 
order to mitigate distortion of the image by the space 
charge force of the beam a guiding electrical and/or 
magnetic field is used. In the case of high intensity beams 
the required field strength becomes the major factor 
determining the size, complexity and cost of the device. 
An example of an IPM designed for the SNS accumulator 
ring is shown in Fig. 7. 
 

    
Figure 7: A model of an IPM design for the SNS 
accumulator ring. 

Electron Beam Probe: The beam space charge force, 
detrimental for the IPM operation, can be used to an 
advantage in another type of transverse profile monitor: 
the electron beam probe [9]. The principle of operation is 
based on measuring the deflection of low energy electrons 
(or ions), typically in the 10 – 100 keV range, moving 
across the measured high intensity ion beam.  The ion 
beam profile can be derived from the electrons deflection 
pattern under certain conditions. The dynamic ran is 
fundamentally limited by the principle of operation to a 
relatively low number of 10-15. The temporal resolution 
of few nanoseconds can be achieved with pulsed electron 
probe beam. An example of time resolved single turn 
profile measurement in the SNS accumulator ring is 
shown in Fig. 8. 

 
Figure 8: A typical result of a one turn transverse profile 
measurement with the electron beam probe monitor in the 
SNS accumulator ring. 

Residual Gas Luminescence Monitor: Another type of a 
device not sensitive to the space charge forces of the high 
intensity beam is the residual gas luminescence monitor 
[6]. Its principle of operation is based on optical imaging 
of the residual gas luminescence induced by the measured 
beam. A relatively weak signal due to low cross section of 
the process, especially at high energy, requires long 
integration times and limits the dynamic range to no more 
than ~100.      

LONGITUDINAL PROFILE 
MEASUREMENTS 

Measuring the longitudinal bunch profile in high power 
non-relativistic beams is challenging for the same reason 
as transverse measurements discussed above: the 
necessity to put some kind of a probe inside the bunch. 
Naturally, the same types of probes used for the 
transverse measurements have been tried for the 
longitudinal diagnostics. The results are summarized in 
Table 2.       

 
Table 2: Typical Parameters for Longitudinal Bunch 
Profile Diagnostics 

 Dynamic 
range 

Time 
resolution 

Non-
intercepting 

Solid material (wires, screens) 104 1 ps No 
Photons  
(laser beam) 

102  10 ps Yes 

Charged particles (electrons, ions) ? ? Yes 
Gas (residual, jet) ? ? Yes 
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Beam Shape Monitor (BSM) 
Similar to the transverse measurements, the best results 

in terms of dynamic range and temporal resolution are 
achieved with an intercepting diagnostics using a metal 
wire as a probe. The BSM (aka Feschenko device) is a 
widely used device of this type [10]. Its principle of 
operation is based on measuring the profile of a low 
energy electron bunch created by the secondary emission 
from a wire positioned inside the measured ion beam. The 
electron bunch profile is measured using the RF 
deflection technique. A dynamic range of 104 with 
temporal resolution of a few picoseconds can be achieved 
as illustrated by Fig. 9. Further reduction of the temporal 
resolution is limited by space charge distortion of the low 
energy electron bunch. The dynamic range is limited by 
the ion beam scattering in the wire.      

 
Figure 9: A typical measurement of the longitudinal 
bunch profile in SNS linac using BSM. 

Laser Wire 
The only operationally demonstrated non-intercepting 

type of longitudinal profile diagnostic with a good 
temporal resolution of few tens of picosecond and 
dynamic range of ~100 is based on the electron photo-
detachment form H-, similar to the laser wire described 
above [11]. A typical measurement of the longitudinal 
bunch profile in the SNS injector is shown in Fig. 10.    

 

 
Figure 10: A typical measurement of the longitudinal 
bunch profile in the SNS injector using the laser wire 

The dynamic range in this case is limited by a relatively 
poor vacuum at the device location. The temporal 
resolution is limited by the transverse ion beam size. The 

method is applicable for H- beams only and this is its 
major limitation.   

Non-intercepting BSM 
There is an ongoing effort to develop a longitudinal 

diagnostic based on the IPM principle [12]. There are 
significant obstacles to overcome: complex electro-optical 
transport line, low signal and distortion from the ion beam 
space charge. A typical measurement with a low intensity 
heavy ion beam is shown in Fig. 11.      

 

 
Figure 11: A typical measurement of the longitudinal 
bunch profile at GSI using the non-intercepting BSM 
(from [12]). 
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Abstract

We have developed a cost-effective, fast rotating wire

scanner for use in accelerators where high beam currents

would otherwise melt even carbon wires. This new design

uses a simple planetary gear setup to rotate a carbon wire,

fixed at one end, through the beam at speeds in excess of 20

m/s. We present results from bench tests, as well as trans-

verse beam profile measurements taken at Cornells high-

brightness ERL photoinjector, for a beam energy of 4 MeV

and beam currents up to 35 mA.

INTRODUCTION

Recently, a new regime of beam parameters has be-

come accessible with the advent of very intense photoin-

jectors, such as the Cornell ERL photoinjector, which fea-

ture very high average beam currents (up to 100 mA) and

low transverse beam emittances (<1 mm-mrad rms nor-

malized) [1, 2]. The beam energy out of the photoinjec-

tors is near or below 10 MeV, with very large beam powers

(on the order of MW) contained inside a small beam cross-

section (diameter of 1 mm or less).

This parameter range poses special challenges for diag-

nostics at full beam current operation, particuarly due to

the beam’s high charge density. First, the beam power den-

sity is high enough that any material intercepting the beam

will melt on the order of 10’s of microseconds or less. Sec-

ond, the beam energy is low enough that synchrotron or

diffraction radiation, which are often the method of choice

for beam profile measurements at higher energies, are gen-

erally not available without introducing strong magnetic

fields or placing apertures undesirably close to the beam

for diffraction radiation.

One obvious candidate for a beam profile diagnostic ca-

pable of measuring MW type electron beams is a wire scan-

ner that can sample the beam profile at a suitable trans-

verse resolution (on the order of microns or even better) [3].

However, particle beams with small transverse dimensions

and high intensities require a wire scanner with a very fast

scanning speed, as these beams can melt even carbon wires

- one of the best materials for withstanding extremely high

temperature rises[4]. For example, a beam current of 100

mA and both an electron beam diameter and a wire diame-

ter of 34µm, like those found in the Cornell photoinjector,

require a minimal scanning speed of 20 m/s. In this paper,

∗This work was supported by the financial assistance from the National

Science Foundation (Grant No. DMR-0807731).
† ib38@cornell.edu

we describe the design and show tests of a simplified wire

scanner capable of reaching this speed and optimized for

a large quantity reproduction, resulting in significant cost

reduction.

WIRE SCANNER CONSTRUCTION

The principle of operation of the new wire scanner is

illustrated in Fig. 1. It consists of a stationary gear G1 and

a smaller gear G2 rotating around the gear G1. The blade

attached to the gear G2 holds the carbon fiber cemented on

its end. If the center of the small gear moves with the linear

velocity vg then the fiber scanning speed is

vs = vg

( R

R2

+ 1

)

, (1)

where R2 is the radius of the gear G2 and R is the distance

from the center of the gear G2 to the electron beam. Un-

certainty of the beam position along the fiber results in the

scanning speed variation

δvs
vs

=

δR
R2

+ 1

R
R2

+ 1
≈

δR

R
, (2)

where it is assumed that δR ≪ R,R2. In the current pro-

totype R = 82.4 mm, so for δR = 5 mm the relative scan-

ning speed variation is δvs/vs = 0.061. This value sets the

absolute precision of the transverse bunch profile measure-

ment.

Figure 1: A 3D rendering of the gears setup. (1) - vacuum

flange; (2) - beam pipe; (3) - blade with attached carbon

wire; (4) - stationary gear G1; (5) - rotating gear G2; (6) -

rotating gear box.
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Figure 2: A photograph of the wire scanner. (1) - stepper

motor; (2) - ferrofluidic rotary feadthrough; (3) - vacuum

flanges; (4) - vacuum flange with viewports; (5) - beam

direction.

A photograph of the wire scanner is shown in Fig. 2. The

only custom made parts are the aluminum gear box and the

fiber holding blade. These are installed between a pair of

standard high vacuum flanges with a 337 mm outer diam-

eter and an inner hole with a 152 mm diameter. Another

set of two vacuum flanges of diameter 203.2 mm enclose

the setup. One of the flanges is equipped with three optical

view ports for monitoring the carbon fibers condition be-

tween scans. The rotation is provided by a ferrofluidic ro-

tary feedthrough (Thermionics FRMRE-275-38CL) driven

by a stepper motor. The maximum scanning speed is deter-

mined by the moment of inertia of the rotating parts (motor

rotor, rotary feedthrough, gear box, and the blade), the fric-

tion in the gears and ball bearings, and the maximum torque

rating of the rotary feedthrough. The gears and ball bear-

ings were lubricated with Dicronite - a high vacuum com-

patible lubricant. Bench tests confirmed that mechanical

friction is sufficiently small, and, with the existing moment

of inertia of the system and torque limit of the feedthrough

(1.06 Nm) scanning speeds can reach up to 30 m/s.

The starting position at the beginning of the scan is cho-

sen so that the fiber is located slightly outside of the beam

pipe. During the acceleration stage, the gear G2 makes

an almost complete revolution around the gear G1 and the

carbon fiber reaches its maximum velocity when it crosses

the center of the beam pipe. Afterwards, the mechanism is

decelerated and the fiber is stopped just outside the beam

pipe, opposite its starting position. In order to avoid abrupt

changes in the wire’s acceleration, which lead to excessive

vibrations, the velocity profile is programmed to follow a

smooth sinusoidal curve for a nominal scanning speed of

20 m/s.

BENCH TESTS

In contrast to other wire scanners described in the lit-

erature [3, 5], the carbon fiber is attached to the rotating

blade only by one end, so that a large amplitude vibration

– up to 1 mm or more – can be easily excited. This should

be compared to typical wire vibration amplitudes not ex-

ceeding 10µm in instruments with stretched wires fixed at

both ends [6]. The oscillation speed will add to the wire

scanning speed and, as a result can, affect the beam profile

measurement. In the prototype instrument the oscillation

frequency of the wire, ω = 75 ± 2 Hz, was determined

experimentally by shining a laser onto the vibrating wire

and tuning the laser pulse frequency until the image of the

wire, obtained using a standard CCD camera, became sta-

tionary. Given the maximum amplitude of the oscillation

A0 = 5mm (as determined by direct observation with the

video camera), the wire scanning speed can be modulated

by up to ωA0 = 0.4m/s.

In order to verify these estimates, a bench test designed

to measure speed variations along the wire due to oscilla-

tions was performed. Specifically, a modulated laser was

used to capture multiple images of the moving wire in a

single CCD frame. The wire scanner was evacuated to a

pressure of approximately 10−7 torr during these tests, and

the laser beam was sent through the beam pipe using two

flanges with optical windows. Figure 3 shows a frame ob-

tained for a wire moving at 20 m/s using a laser pulse dura-

tion of 7 µs and a pulse frequency of 8 kHz. The laser pulse

frequency of 8 kHz causes the wire oscillations to manifest

as a slight broadening of the image. The laser light scat-

tered by optical imperfections is removed by subtracting

the frame without the wire.

The wire speed was calculated by measuring the distance

between adjacent wire images in the scanning direction,

and the results are shown in Fig. 4. Wire speed variations

are observed both along the wire and in the scanning direc-

tion, pointing to the presence of the higher order vibrations.

The average speeds determined at two wire scanning posi-

tions -2.0 mm and 0.4 mm are 20.2 ± 0.2 m/s and 20.0

± 0.3 m/s respectively. The uncertainty is well within the

estimate of 0.4 m/s based on the assumption that the ampli-

tude of the fundamental wire vibration is less than 5 mm.

The conclusion is that the wire scanning speed uncertainty

is approximately (0.3 m/s)/(20 m/s) = 0.015, or 1.5%.

Figure 3: Three images of a wire captured on a single cam-

era frame during a scan. The wire is moving at 20 m/s in

the upward direction.
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Figure 4: Wire speeds calculated at different locations

along the adjacent wires shown in Fig. 3. The circles rep-

resent values calculated using the top and middle wires,

while the squares use the middle and bottom wires. The

error bars are smaller than the symbol size for some points.

BEAM TESTS

Beam tests of the new wire scanner were performed af-

ter installation in the chicane section of the Cornell ERL

photoinjector [2]. X-rays produced when the wire crosses

the electron beam were detected using a combination of

a scintillator crystal and a silicon photomultiplier sensor

(MicroSM-60035-X13 by SensL). The detector output was

sampled at a rate 2 million samples per second with the

aid of a digital acquisition device (Agilent U2500A USB

DAQ). At a scanning speed of 20 m/s, this corresponds

to a distance sampling interval of 10µm, compared to the

34±1µm diameter of the carbon fiber used in these experi-

ments. Data acquisition can be triggered either by the step-

per motor controller (DMC-2183 by Galil Motion Control)

at a preset wire position, or by the control software after a

fixed time interval.

In order to test the dynamic range of the instrument, sev-

eral sets of tests were performed for beam currents varying

from 250µA to 35 mA, at a beam energy of 4 MeV and a

bunch repetition rate of 1.3 GHz. The measured beam pro-

files were normalized by subtracting an offset and dividing

the amplitude by the value of the current in mA. Results are

shown in Fig. 5. The total area under the curve is preserved,

confirming the good linearity of the detection system. As

bunch charge is increased, a systematic broadening of the

profile is observed that is the result of space charge repul-

sion.

At low beam currents the profiles can be obtained us-

ing a luminescent viewscreen. Figure 6 shows a compari-

son of the viewscreen and wire scanner profiles measured

for the same beam current of 20µA, which was obtained

by decreasing bunch charge to 0.015 pC. A regular beam

loss monitor photomultiplier was used for the wire scanner

signal detection this time. Both curves are in very close

agreement, confirming that both diagnostics are consistent

for low bunch charge values.

Figure 5: Wire scans at different beam currents, where the

data is normalized to 1 mA current.

Figure 6: Comparison of the beam profile obtained with the

wire scanner (solid line) and the luminescent viewscreen

(broken line) for 20µA average beam current (0.015 pC

bunch charge).
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THE DOE-HEP ACCELERATOR R&D STEWARDSHIP PROGRAM* 

Eric Colby, Michael S. Zisman#, U.S. Department of Energy, Washington, DC 20585, USA

Abstract 
Since the Accelerators for America’s Future (AfAF) 

Symposium in 2009, the U.S. Dept. of Energy’s Office of 
High Energy Physics (DOE-HEP) has worked toward 
broadening its accelerator R&D activities beyond its 
support of only discovery science to include medicine, 
energy and environment, defense and security, and 
industry. Accelerators play a key role in many aspects of 
everyday life, and improving their capabilities will 
enhance U.S. economic competitiveness and the scientific 
research that drives it. In 2011, a community task force 
was initiated by DOE-HEP to develop more fully the 
information from the original AfAF Symposium. 
Subsequently, a DOE-HEP concept (coordinated with the 
other cognizant Office of Science program offices) was 
developed for accelerator R&D stewardship. Here, we 
describe the evolution of the stewardship task starting 
from its origins in the ongoing DOE-HEP accelerator 
R&D program, the mission of the new program, and 
initial steps being taken to implement it. Several 
initiatives are currently being considered to launch the 
program, and these will be indicated. Involvement of the 
accelerator community in developing ideas for future 
stewardship activities will be crucial to the ultimate 
success of the program. 

ORIGIN AND MOTIVATION 
Although DOE-HEP has historically taken a broad 

view of its accelerator R&D program, an effort to 
examine stewardship needs more formally began in 2009 
with the sponsoring of the Accelerators for America’s 
Future Symposium [1]. The report from this symposium, 
published in 2010 [2], identified the importance of 
accelerator technologies to broad sectors of the U.S. 
economy, including discovery science, medicine, defense 
and security, energy and environment, and industry. It 
also called out the needs for improved interagency, inter-
program, and industry-agency coordination, and 
highlighted the value of expanded training and education 
of accelerator scientists and engineers. 

In 2011, the Senate requested [3] DOE to prepare a 10-
year strategic plan for “accelerator technology research 
and development to advance applications in energy and 
the environment, medicine, industry, national security, 
and discovery science.” In preparation for developing 
such a strategic plan, Dr. Jim Siegrist, Associate Director 
of Science for High Energy Physics, in consultation with 
other Office of Science (SC) Associate Directors, asked 
Norbert Holtkamp from SLAC to convene a community 
task force to review and expand upon the findings of the 
earlier AfAF report. This group met during the period 
November 2011–February 2012 and provided information 

to: 
 identify research opportunities with potential for 

broad national benefits 
 summarize the status of key research and 

technology areas identified 
 identify possible impediments to successful 

accelerator R&D stewardship activities for the 
broad user base envisioned 

The task force report [4] was very helpful in preparing 
the DOE-HEP strategic plan, which was sent to Congress 
in October 2012. 

DESCRIPTION OF STEWARDSHIP 

Relationship with Current Program 
The ongoing HEP accelerator R&D program develops 

the basic science and technologies needed to design, 
build, and operate state-of-the-art accelerators. Such 
accelerators are essential for making discoveries in HEP. 
Moreover, as is clear from the studies in Refs. [2] and [4], 
accelerators are likewise essential for serving the broader 
communities of medicine, defense and security, energy 
and environment, and industry as well as the discovery 
science community. 

As indicated schematically in Fig. 1, there is already a 
strong connection between current R&D thrusts and 
stewardship program needs. The center portion of the 
figure lists the 8 program thrusts of the current HEP 
accelerator R&D program. The columns on the left 
indicate the science goals that motivate the program, 
namely, the desires for higher particle or photon beam 
quality, for higher beam intensity, and for higher beam 
energy (or, equivalently, more compact accelerators) and 
how they overlap with the program thrusts. The columns 
to the right indicate the overlap between the broader 
accelerator community needs and the ongoing R&D 
program thrust areas. The complete overlap with the 
needs of discovery science is by design, as this 
community has, to date, been the only consumer of the 
R&D work. It is interesting, however, that there is also 
substantial overlap with the needs of the other accelerator 
communities. We conclude from this that the existing skill 
set is already well matched to the needs of the broader 
accelerator community. 

Accelerator Stewardship Mission 
The mission of the accelerator R&D stewardship 

program is to support fundamental accelerator science and 
technology development of relevance to many fields, and 
to disseminate accelerator knowledge and training to the 
broad community of accelerator users and providers. 

Carrying out this new mission—in addition to carrying 
out the current HEP programmatic accelerator R&D 
effort—will be accomplished through: 

 ___________________________________________  

*Work supported by U.S. Dept. of Energy, Office of Science, Office of 
High Energy Physics 
#michael.zisman@science.doe.gov 
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Figure 1: Connections between accelerator R&D thrust 
areas, science goals, and application needs (adapted from 
Ref. [4]). 

 
 Facilitating access to national laboratory 

accelerator facilities and infrastructure for both 
industrial and other U.S. governmental agency 
users or developers of accelerators and related 
technology 

 Working with accelerator user communities and 
industrial accelerator providers to develop 
innovative solutions to critical problems, to the 
benefit of both the broader user communities and 
the DOE discovery science community 

 Serving as a catalyst to broaden and strengthen 
the community that relies on accelerators and 
accelerator technology 

These elements are part of the accelerator R&D 
strategic plan. 

STEWARDSHIP PROGRAM INITIATION 
The steps envisioned to launch the stewardship 

program include: 
1. Immediately augmenting existing programs to 

provide opportunities for industrial and federally 
funded users at DOE facilities by increasing 
support staff and funding for test facilities 

2. In the mid-term (2–5 years), identifying a few 
topical areas with high impact for focused work; 
each area will have its own stakeholder board 

3. In the longer term (5–10 years), select additional 
topical areas for focused work; new stakeholder 
boards will be created as topics are identified 

In the steady state (depending, of course, on available 
resources), the HEP goal is to support at least three 
topical areas at any given time. 

In preparation for item 1, an initial survey of available 
national laboratory infrastructure and capabilities was 
carried out in 2012. A follow-up meeting with the 
national laboratories to plan for stewardship activities at 
their test facilities is planned for early 2014. 

Several potential topical areas have been identified for 
mid-term support (item 2). These include: improved 
particle beam delivery and control for cancer therapy 
facilities; laser development addressing the specific needs 
of the accelerator community, namely, high peak power, 

high average power, and high electrical efficiency; and 
energy and environmental applications of accelerators. 
One motivation for this last possibility is shown in Fig. 2, 
which gives the projected energy use of the SC 
accelerator laboratories compared with the anticipated 
mandated reductions. The SC accelerator complex energy 
usage is ~1000 GW-hr/yr, and is currently projected to 
increase about 50% by 2018. Without substantial 
improvements in efficiency, the challenge in meeting the 
mandated reductions is obvious. 

For the longer term topics, we expect to solicit 
community input via workshops and discussions with 
other federal agencies. 

Initial Topical Workshops 
For the first two topics being considered under item 2 

above, workshops were held to assess needs in these 
areas. The first, the Ion Beam Therapy Workshop, was 
organized jointly by DOE-HEP and the National Cancer 
Institute and took place in Bethesda, MD, from January 
9–11, 2013. The second, the Laser Technology for 
Accelerators Workshop, was organized by LBNL and 
took place in Napa, CA from January 23–25, 2013. Both 
meetings were small and tightly focused, with attendance 
by invitation only. Representatives from the stakeholder 
agencies were also in attendance. Reports from the two 
workshops [5, 6] are available on the DOE-HEP website. 
A limited number of industrial observers were 
accommodated at each workshop, but did not participate 
in the preparation of the workshop reports. 

Criteria for “Good” Accelerator R&D 
Stewardship Activities 

In this section we provide some initial guidelines on 
choosing candidate activities for accelerator R&D 
stewardship. These should not be interpreted as hard and 
fast rules, but rather as an indication of the criteria that 
might be applied in the evaluation process. 

1. The application must involve accelerators or 
accelerator-related technology having synergy 
with and benefitting the primary HEP mission. 

 
 

 
Figure 2: Projected energy usage of the SC accelerator 
complex through FY20 (bars). The red line indicates the 
decrease of 28% in green-house gasses (GHG) from 
FY08 to FY20 mandated by EO13514. 
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2. There must be non-trivial intellectual 

involvement of the institution. 
Good: build an accelerator technology 
component (usually WFO*) 
Better: design an accelerator technology 
component (possibly WFO) 
Best: design, build, and test an 
accelerator technology component 
(stewardship) 

3. The activity must be reasonably consistent with 
the mission of the institution and minimally 
impact its primary SC program(s). 

Good: activity maintains core skill or 
facility needed for the mission 
Better: activity expands core skill or 
facility needed for the mission 
Best: activity develops new core skill or 
facility needed for the mission 

4. The institution must arguably be the best 
provider of the capability or service (and not 
compete with an existing business). 

Good: capability not unique, but 
institution is nearby to customer 
Better: capability is leading and 
institution is nearby to customer 
Best: capability is unique to provider 

5. The customer benefitting from the stewardship 
activity must endorse the goals. 

Good: customer participates in task 
definition and writes letter of support 
Better: customer and institution partner; 
some cost sharing from customer (e.g., 
1:10) 
Best: customer and institution partner; 
substantial cost sharing from customer 
(e.g., 1:1) 

HOW YOU CAN ENGAGE 
As we launch the accelerator R&D stewardship 

program, it is important that the accelerator community 
participate fully in its implementation. This can be done 
in a number of ways: 

 Read the stewardship program description [7] 
and workshop reports found in Refs. [4–6]. 

 Respond to the Test Facilities Pilot Program call 
(national laboratories only) by identifying 
potential test facility customers and 
understanding their needs, and by responding to 
the meeting charge when it comes out. 

 Prepare for topical area calls by starting to gather 
ideas and thinking about potential Collaborative 
Accelerator Research Teams (CARTs); be aware 
of related calls, e.g., the NIH P20 call for a 
National Center for Particle Beam Radiation 

                                                           
*
 Work For Others activity. 

Therapy Research [8] and the new DOE 
SBIR/STTR topical area for laser technology. 

 Propose new, challenging topical areas; these 
should be “customer driven” and result in a 
potential solution that is broadly useful within a 
time frame of ≤ 10 years. 

TAKE-HOME MESSAGES 
Here we summarize the main points of the accelerator 

R&D stewardship program. 
 Eligibility for the program will be broad; it is not 

a national-laboratory-only program. 
 The “customer” must actively desire and 

participate in the activity; a pure technology 
push by potential providers is not sufficient. 

 Activities should accrue some measureable 
intellectual benefit to HEP. 

 Stewardship topical areas should address high-
impact challenges on a roughly 5–10 year 
timescale; the intent is to solve problems and 
move on to other challenges. 

 Handling intellectual property (IP) remains a 
challenge; existing WFO mechanisms provide a 
precedent, but IP will likely need to be handled 
case-by-case. 

ACKNOWLEDGMENTS 
We would like to thank Jim Deye (NCI) Cathy Bailey 

(NCI), and Christie Ashton (DOE) for help organizing the 
Ion Beam Therapy Workshop, and Wim Leemans and 
Martha Condon (both LBNL) for help organizing the 
Laser Technology Workshop. We are grateful to our 
DOE-HEP colleagues Jim Siegrist, Michael Procario, 
Glen Crawford, and L.K. Len for support and 
encouragement in launching the accelerator R&D 
stewardship effort. 

REFERENCES 
[1]http://www.acceleratorsamerica.org/workshops/agenda

.html 
[2] http://science.energy.gov/~/media/hep/pdf/accelerator-

rd-stewardship/Report.pdf 
[3] Senate Report 112-075, p. 93. 
[4] http://science.energy.gov/~/media/hep/pdf/accelerator-

rd-stewardship/Accelerator_Task_Force_Report.pdf 
[5] http://science.energy.gov/~/media/hep/pdf/accelerator-

rd-stewardship/Workshop_on_Ion_Beam_Therapy_ 
Report_Final_R1.pdf 

[6] http://science.energy.gov/~/media/hep/pdf/accelerator-
rd-stewardship/Lasers_for_Accelerators_Report 
_Final.pdf 

[7] http://science.energy.gov/hep/research/accelerator-rd-
stewardship/ 

[8] http://grants.nih.gov/grants/guide/pa-files/PAR-13-
096.html 

TUOBA2 Proceedings of PAC2013, Pasadena, CA USA

390C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Accelerator Technology

T29 - Technology Transfer



ADVANCES IN PHOTOCATHODE TECHNOLOGY AT CORNELL
UNIVERSITY∗

S. Karkare† , I. V. Bazarov, L. E. Boulet, M. Brown, L. Cultrera, B. Dunham, N. Erickson,
G. Denham, A. Kim, B. Lillard, T. P. Moore, C. Nguyen, W. Schaff, K. W. Smolenski, H. Wang,

CLASSE, Cornell University, Ithaca, New York, USA

Abstract
Beam brightness from modern day photoinjectors is lim-

ited by the photocathode. A multifaceted photocathode de-
velopment program has been undertaken at Cornell Uni-
versity with a goal to develop the ultimate photocathode
which has high quantum efficiency, low mean transverse
energy, quick response time and a long lifetime. Posi-
tive affinity cathodes like CsK2Sb and Na2KSb have been
grown using different kinds of alkali metal sources (alkali-
azide and pure metal), characterized and tested in the Cor-
nell ERL photoinjector. Novel layered structures of various
III-V semiconductors like GaAs and AlGaAs grown using
Molecular Beam Epitaxy (MBE) and activated to negative
electron affinity using Cs and NF3 are also being investi-
gated. Surface and photoemission diagnostics like Auger
spectroscopy, LEED, RHEED and the 2D-electron energy
analyzers have been connected in vacuum to the photocath-
ode growth and preparation chambers to fully characterize
the surface and emission properties of the materials grown.
A Monte Carlo based simulation has also been developed to
predict photoemission from layered semiconductor struc-
tures and help design novel structures to optimize the pho-
toemission properties.

INTRODUCTION
Photocathodes used in photoinjectors that power modern

and future 4th generation light sources like the ERL’s and
FEL’s have extremely stringent requirements. Moreover,
the maximum achievable beam brightness from photoin-
jectors is limited by the photocathode [1]. For example,
the photocathode in the Cornell ERL injector is required
to have a high (> 3%) QE (quantum efficiency) at 520nm
laser wavelength, short (< 2ps) response time, minimum
possible MTE (mean transverse energy) with typical val-
ues being 150meV and a long lifetime during high cur-
rent (∼100mA) operation. Metallic cathodes are rugged
and have a fast response time, but have very low (< 0.1%)
QE. Semiconductor cathodes provide a high QE in the visi-
ble and UV range. For this reason semiconductor cathodes
are the choice for several photoinjectors around the world.
However, they have very stringent vacuum conditions for
longevity [2].

Several of the key emission properties required from
semiconductor cathodes are conflicting. For example, at
longer wavelengths, negative electron affinity (NEA) semi-

∗This work has been funded by NSF under grant number DMR-
0807731, DOE under grant number DE-SC0003965
† ssk226@cornell.edu

conductor cathodes give a small MTE (∼25meV) but have
a long (>100ps) response time [3]. Furthermore, the de-
tailed physics of photoemission and the origin of the key
photoemission properties like QE, response time and MTE
are not well understood for semiconductor cathodes. This
is largely due to lack of conclusive and self-consistent ex-
perimental data hampered by the demanding vacuum re-
quirements and experimental difficulties associated with
measuring key photoemission properties of MTE and re-
sponse time from these cathode materials.

EXPERIMENTAL FACILITIES
A campus-wide photocathode investigation program has

been initiated at Cornell University in order to address the
need for experimental data. Both positive electron affin-
ity (PEA) alkali-antimonide and NEA semiconductor pho-
tocathodes are under investigation. The alkali-antimonide
photocathode growth chamber and GaAs activation cham-
bers are connected in vacuum to surface analysis chamber
with auger spectroscopy, RHEED and LEED capabilities.
Abilities to measure spectral response, surface QE scan,
activate NEA semiconductor cathodes using Cs and NF3

while measuring QE at different wavelengths simultane-
ously have also been incorporated. Advanced photocath-
ode diagnostics such as the electron energy analyzer [4] to
measure simultaneously, transverse and longitudinal elec-
tron energy distributions have also been developed and
added to the setup. Figure 1 shows the picture of the multi-
purpose vacuum system devoted to photocathode research.
The entire assembly is under ultra high vacuum with a pres-
sure of less than 10−10 Torr throughout and less than 10−11

Torr in the GaAs preparation chamber and the surface anal-
ysis chamber. Samples can be transferred from one part of
the assembly to another in vacuum via use of magnetically
coupled transfer arms.

Multialkali photocathodes developed and characterized
here can be transferred to the Cornell ERL injector for
studying their performance in a DC photoemission gun
under high voltage (350kV) and high beam currents (>
70mA) [5] via a vacuum suitcase capable of maintaining
a pressure of a few 10−10 Torr during the transfer. An-
other facility is a semiconductor MBE reactor used to grow
and activate III-V semiconductor photocathode structures.
New layered structures of GaAs/AlGaAs can be grown
with graded doping levels in order to optimize photoemis-
sion characteristics. These structures, once grown in the
MBE reactor can be capped with a thick As layer and be
transported in air to either the multipurpose photocathode
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Figure 1: Photocathode growth and analysis chamber.

research chamber or to the DC photoemission gun, without
contaminating the surface. The As layer can then be re-
moved by heating the surface to about 350◦C for one hour
prior to the NEA activation.

ALKALI-ANTIMONIDE CATHODES
Characterization and High Current Operation

Various multialkali cathodes are routinely grown for
use in the Cornell ERL injector using ALVATEC [6] al-
kali metal sources. Cs3Sb, K2CsSb and Na2KSb have
been successfully grown and characterized w.r.t their spec-
tral response, MTE and response time in the photoinjec-
tor [7, 8, 9]. The results obtained have been summarized
in Table 1. It can be seen that Na2KSb gives a noticeably
lower MTE than the Cs cathodes. Further Na2KSb is also
known to withstand higher temperatures making it more
suitable for high current operation. Successful high cur-
rent operation has been demonstrated by extracting 65mA
of beam current from Na2KSb cathode in the Cornell pho-
toinjector for a period greater than 8hrs. The QE degra-
dation during this operation had a 1/e lifetime constant of
66hrs [9].

Table 1: QE, MTE and Response Time Characterization of
Multialkali Cathodes

Cathode QE @ 532nm MTE @ 532nm Response
time

Cs3Sb 4-5% 160meV < 2ps
K2CsSb 7-10% 160meV < 2ps
Na2KSb 4-7% 120meV < 2ps

Investigating Alkali Metal Sources
Although multialkali cathodes have been successfully

and reliably grown with the ALVATEC alkali metal
sources, it has been found that the exact reproducibility of
the growth process is difficult. The alkali metal flux chang-
ing over time and between individual dispensers is the main
reason causing this lack of reproducibility. This makes it
difficult to automate the cathode growth process. With this

goal in mind various alkali metal sources are being investi-
gated.

Along with ALVATEC sources, alkali antimonide cath-
ode growth has been successfully demonstrated at Cornell
using SAES dispensers [10], alkali azides and pure metal
alkali sources. SAES dispensers are easy to handle and
very reliable but have some drawbacks. They have to be
heated to a temperature exceeding 600◦C for alkali metal
evaporation. Furthermore, the alkali metal flux from these
sources is very small and hence they need to be placed very
close to the substrate, increasing the substrate temperature
due to radiative heating from the substrate and hindering
cathode growth.

Alkali azides are stable compounds in air and decompose
to release alkali metal vapor and nitrogen only when heated
close to the melting point at about 300◦C. This makes them
easy to handle outside vacuum. They are cheap and the flux
of alkali metal released is large. However, during the alkali
metal evaporation the nitrogen released can cause the pres-
sure to rise above 10−5 Torr. Very fine temperature control
(to a fraction of a degree) of the furnaces is required to
avoid excess pressure in the chamber. Such tight tempera-
ture control is one of the challenges to a successful use of
these sources.

Pure metal alkali sources have been tested to some extent
and have been found to be easy to operate for photocathode
growth. But, pure alkali metals are strongly reactive and
hazardous to handle in open air. A proper facility to insert
these sources into the vacuum chamber through an inert
gas atmosphere needs to be developed to avoid handling
difficulty. Considering the stability and reliability of the
sources, the pure metal alkali sources appear to be optimal.
The above results are summarized in Table 2.

III-V SEMICONDUCTOR CATHODES

Monte-Carlo Simulation of Photoemission
A Monte-Carlo based simulation has been developed

to explain the process of photoemission from GaAs [11].
This simulation is based on Spicer’s 3-step photoemission
model. Electrons are excited by photons from the valence
band to the conduction band. The electrons are then trans-
ported within the GaAs bulk. During this transport they
undergo scattering with phonons and holes and lose energy.
The ones that reach the surface can get emitted into vacuum
via tunneling through a surface potential barrier. This sim-
ulation successfully describes the spectral response and re-
sponse time of GaAs cathodes without the use of any ad hoc
parameters. Upon assumption of an elastic surface scatter-
ing that causes electrons to be emitted in a cosine angular
distribution w.r.t. the surface normal, the Monte-Carlo code
gives MTE values very close to the measured ones [12].
The exact value of NEA is extremely sensitive to the vac-
uum conditions and surface cleanliness. It can differ from
activation to activation and hence is the only free param-
eter allowed in the simulations. The code has now been
extended to layered structures with graded doping.
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Table 2: Comparison of Alkali Metal Sources

Source Capacity Stability Thermal load on substrate Effect on vacuum Handling outside vacuum

SAES Poor Good Significant Negligible Stable in air
ALVATEC Good Poor Not measurable Negligible Stable when unused

Azides Good Poor Not measurable Rises to 10−5 Torr Stable in air
Pure metal Good Good Not measurable Negligible Needs inert gas environment

Figure 2: Measured and simulated spectral response of lay-
ered and non-layered GaAs cathode.

Layered Structures
Novel layered structures of GaAs/AlGaAs with graded

doping can be grown to optimize photoemission proper-
ties. So far layered structures have been grown to maximize
QE [13]. The Monte-Carlo modeling predicted a simple
structure consisting of 100nm undoped GaAs layer over a
substrate doped to 5×1018cm−3 using carbon would have a
smaller MTE and a smaller QE as compared to completely
p-doped GaAs. Such a structure was grown using MBE and
activated to NEA. The MTE and spectral response were
found to be in reasonable agreement with the values ob-
tained from the Monte-Carlo simulation [14]. Figs. 2 and
3 show the comparison of the spectral response and MTE,
respectively, of the layered and non-layered structures.

FUTURE WORK
We have concluded that pure metal sources are optimal

for growing alkali-antimonide cathodes reproducibly. De-
veloping an automated growth procedure using pure metal
sources and growing advanced alkali-antimonide cathodes
like the S-20 photocathode and characterizing it are among
the next natural steps. The Monte-Carlo simulation has
already allowed us to predict and realize new low emit-
tance cathodes.This opens a way to systematic theory-
driven investigations of more complicated layered struc-
tures optimizing certain photoemission properties. Simu-
lations are continually being improved by including new

Figure 3: Measured and simulated MTE of layered and
non-layered GaAs cathode.

relevant physics especially pertaining to the surface. Capa-
bility of activating and characterizing NEA cathodes within
the MBE growth chamber is being implemented to skip the
step of As capping and to ensure a clean and atomically flat
surface.
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CONTINUED DEVELOPMENT AND TESTING OF  

CARBON NANOTUBE CATHODES AT RADIABEAM* 

J.J. Hartzell#, L. Faillace, R. Agustsson, S. Boucher, A. Murokh, A. S. Smirnov, RadiaBeam 

Technologies, Santa Monica, CA 90404, USA 

B. C. Regan, W. Hubbard, UCLA, Los Angeles, CA 90095, USA  

Abstract 

RadiaBeam is continuing to develop carbon nanotube 

(CNT) cathodes for DC-pulsed and radio frequency (RF) 

driven electron sources. CNT cathodes, if fully realized, 

are capable of producing very high current density with 

low thermal emittance, due to ambient operating 

temperature. Experimental results of CNT cathodes are 

presented, including the high-voltage tests, and life time 

studies. CNT cathodes potential applications in 
accelerator science and microwave industry are discussed, 

and near term plans to test the CNT cathodes in the RF 

environment are presented. 

INTRODUCTION 

Carbon nanotubes are allotropes of carbon with a 

cylindrical nanostructure and exceptional electrical and 
mechanical properties [1]. They are typically fibers with a 

diameter of 1 to 50 nm, coming in either single-wall or 

multi-wall strands and an aspect ratio of up to 1000. Due 

to this very high aspect ratio, they have extremely large 

field enhancement factors, allowing efficient emission of 

electrons [2] at fields of only a few MV/m. Stable currents 

of more than 1μA have been measured from a single CNT 
fiber [3]. CNTs can also be fabricated in large, dense 

arrays, making them ideal as a cathode material. Peak 

current densities as high as 50 A/cm
2 have been reported 

from a macroscopic cathode operating in pulsed mode [4].  

The use of a cathode fabricated with CNT technology 
has a high potential to replace thermionic cathodes in 

vacuum electronic devices, such as TWTs. Due to their 

high field enhancement factor, it is possible to operate in a 

“cold” field emission regime with relatively high current 

densities and affordable voltages in a much wider 

temperature range, including at room temperature [5]. 

Moreover, CNT cathodes are able to provide high current 

beams from a very small total gun size. 

CNT CATHODE PRODUCTION 

After early initial testing, we have focused on 

producing CNT cathodes via electrophoretic deposition 

(EPD) (see Figure 1).  This method has proven to be rapid 

and economical.  We are able to produce and characterize 

approximately one cathode per week.  This allows us to 

produce a large number of samples with varying 

properties (deposition density, annealing temperatures, 

etc) to find the best combination of performance and 

durability. 
 

 

Figure 1: EPD deposition showing a very high density of 

CNTs. 
 

As compared to earlier efforts, we have modified the 

substrate design to reduce the time required for machining 
and to accommodate the compact chemical vapor 

deposition (CVD) furnace that we helped our 

collaborators build. Our plan to eventually test the CNT 

cathodes inside the RF Gun at A0 (Fermilab) led to a 

design that has a reusable holder and removable cathode 

substrates.  Figure 2 shows the new reusable holder with a 

variety of substrates ready for deposition. 
 

 
Figure 2: Reusable cathode holder with molybdenum 
cathode substrate on the LEFT, based on Fermilab's A0 

gun.  Two undeposited cathodes (stainless steel and 

copper) on the RIGHT. 
* This work is supported by DOE Grant DE-SC0004459  
# Hartzell@radiabeam.com 
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As we are near the point of having optimized our EPD 

process, we are beginning early production tests of the 

CVD process.  A computer controlled quartz tube furnace 

and digital mass flow controllers comprise the basic CVD 

production system.  Unlike EPD, CVD allows us to grow 

CNTs directly on the substrate, offering more control of 
the microscopic properties of the deposition.  We begin 

with elemental nickel nanoparticles (20 nm diameter, 

MKnano), which we suspend in isopropanol and then 

spin-coat onto the desired substrate. Since single 

nanotubes tend to grow from each nanoparticle and tube 

diameter is proportional to catalyst size [6] we check 

nanoparticle density via SEM to ensure they are 

sufficiently dispersed. For initial CVD process 

optimization we used silicon wafers as growth substrates, 

exploring the gas flow and temperature parameter space 

and characterizing samples in a SEM to develop a suitable 

growth recipe. We then adapted this recipe for growth of 
CNT on Ni nanoparticles dispersed onto Cu substrates, as 

we eventually wish to grow nanotubes directly onto 

copper cathodes. After a few trial growths, adjusting to 

reduce the significant amount of carbon which deposits 

onto the copper as graphene, we were able to successfully 

grow carbon nanotubes directly onto copper surfaces (See 

Figure 3). 

 

 

Figure 3: CNTs deposited onto a copper substrate via 
CVD.  The red arrow points to a blurred CNT, indicating 

that it was only attached at one end, and was free to 

vibrate in the SEM. 

CNT CATHODE TESTING 

In order to be used in the gun (both DC and RF) for 

injection into an accelerator, the cathodes must have a 
sufficient current emitted at reasonable electric fields.  

Our initial goal is to make cathodes that are stable at 

~20MV/m. We employ a pulsed mode test station for 

initial characterization.  The test station has a variable gap 

of 0-25 ± 0.02 mm, can apply 0-2.5 kV, and a minimum 

pulse length of 5 µs.   

For each cathode we study, we perform a series of 

individual runs, each at the same fixed electrode spacing. 

Each run consists of measuring the current while 

incrementally increase the voltage from 0 V until the 

cathode arcs.  We then turn off the power supply to allow 

the system to stabilize and then repeat.  Doing this allows 
us to progressively increase the maximum electric field 

the electrodes will support until we reach a stable 

operating point.  From measuring the emitted current 

across the voltage range after each arc, we can clearly see 

that the emitted current is reduced as each arc damages a 

portion of the CNTs (see Figure 4).  Once we reach a 

certain electric field, any loosely attached pieces of 

carbon are pulled off or a particularly long CNT is burnt 

off the cathode, initiating an arc.  After the breakdown, 

the cathode can support a stronger field, albeit at a lower 

current, until the next breakdown.  To confirm this idea, 

we used adhesive tape to mechanically remove all but the 
most strongly attached CNTs from the cathode the 

repeated the test.  This substantially increased the voltage 

handling at the expense of reducing the emitted current. 

 

 

Figure 4: A series of runs on the same cathode, each 

ending in a breakdown.  A final run after using tape to 

clean the cathode improves the voltage handling. 

After using pulsed mode testing to evaluate a large 
number of cathodes, we select the best candidates and 

begin lifetime studies in a CW mode test station.  This test 

station also has a variable gap of 0-25 mm, but the voltage 

range is extended up to 20 kV and continuous average 

current of 110 mA.  A custom fabricated water cooled 

anode can dissipate the full energy the power supply can 

deliver. 

Preliminary results show that after an initial burn-in 

period of approximately 4 hours, the cathode emission 

stabilizes at about 70% of the initial current (see 

Figure 5).  Some degradation of emission is expected as 

the longest CNTs erode until all of the CNTs are 
approximately the same length and emitting the same 

average current.  
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Figure 5: Lifetime study of small CNT cathode showing 

initial decay of current, stabilizing after approximately 4 

hours. 

PLAN FOR TESTS IN RF 

ENVIRONMENT 

The initial high power tests inside an RF gun will be 

performed at the FNAL-A0 beamline at Fermilab. As 

discussed, our cathode design is compatible with their 

interchangeable cathode system.  After verification in an 

RF environment, we will test our cathodes in a 

dual-frequency gun Radiabeam has designed and will 

fabricate (which will be given to Fermilab for general use 

after the experiments).  The dual frequency gun uses the 

interference of a harmonic frequency with a primary 

accelerating frequency to effectively gate the emission of 

the CNT cathode to the proper phase of the acceleration 
RF.  Since the CNT cathodes have a distinct threshold 

voltage, unlike thermionic cathodes, the bunch length can 

be made much shorter, eliminating the need for a 

bunching structure before injection into the accelerator.   

We have started the RF design and engineering of a 

DESY/PITZ-like High-fidelity Gun. The preliminary 3D 

model is shown in Figure 6. The RF power is fed from the 

beam output pipe by means of a rectangular-coaxial 

transition. This will allow us to keep perfect field 

symmetry inside the Gun cells, eliminating any higher 

order mode field components that can deteriorate the 

beam quality. The cooling system, also shown in the 
picture, permits very high repetition rate operation. 

 

 

Figure 6: 3D CAD model of the high-fidelity RF Gun 

(Pitz-like). 
 

This gun design will be adapted to use two frequencies 

(1.3 and 3.9 GHz) over the next several months. 

Fabrication is scheduled to begin in early 2014. The RF 

power test of the high-fidelity gun will be performed at 

Fermilab, with the CNT cathode, by the end of August 

2014. 

CONCLUSIONS 

In summary, Radiabeam has made significant progress 

in bringing CNT cathodes to the point of experimental 

evaluation. Further testing must be done to fully 

characterize the emission and the lifetime, particularly for 

cathodes produced via CVD. The upgrades to the pulsed 

mode test system have greatly increased our throughput of 
samples, speeding up the optimization of our deposition 

processes.  The CW mode test station was built and is 

evaluating samples under 100% duty cycle conditions to 

ascertain the effective lifetime of CNT cathodes.    
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NOVEL METHODS FOR EXPERIMENTAL CHARACTERIZATION OF 3D 

SUPERCONDUCTING LINAC BEAM DYNAMICS 

A. Shishlo
#
, ORNL, Oak Ridge, TN 37831, USA 

Abstract 
This paper describes an approach to measure initial 

Twiss parameters in transverse and longitudinal directions 

at the entrance of a linac with independent short 

accelerating cavities. For the transverse plane the usual 

technique of transverse profiles is used, and for the 

longitudinal direction a recently developed non-

intercepting method is applied. The new method is based 

on a beam position monitor amplitudes analysis. The 

applicability of the methods are discussed and 

demonstrated on an example of the Spallation Neutron 

Source superconducting linac. 

INTRODUCTION 

Beam loss in accelerators should be low enough to 

allow “hands on” maintenance. This goal is achieved by a 

good design of the machine and a precise tuning before 

the operation phase. According to its design, the 

superconducting linac (SCL) of the Spallation Neutron 

Source (SNS) accelerator should be a almost loss-free 

part of the machine due to large apertures and low 

residual gas pressure. During the commissioning, it was 

found that SCL had significant beam loss and could be 

activated above the “hands on” maintenance level when 

the beam power reaches a design value of 1.4 MW. 

Fortunately, this beam loss was reduced to an acceptable 

level by reducing the strength of the quadrupoles in the 

SCL without a clear understanding the loss mechanism. 

After that, the power of SNS accelerator was not limited 

by SCL beam loss. Recently, the SCL beam loss 

mechanism was identified as intra-beam stripping (IBSt) 

[1,2]. IBSt is a process of stripping one loosely-bound 

electron from one of two H
-
 ions colliding inside the 

bunch. The neutral hydrogen atom created in this collision 

will not see any focusing fields, and it will be lost on the 

beam pipe. The reaction rate of IBSt is proportional to the 

square of the particle bunch density, so the reducing of the 

SCL quadrupole strengths made the beam bigger 

transversely and reduced the density and beam loss. The 

process of a quadrupole focusing fields tuning is and was 

a purely empirical beam loss reduction based on readings 

of Beam Loss Monitors (BLM). All previous attempt to 

use a model based approach to the SCL loss reduction 

failed, and this paper is an attempt to explain why we did 

not succeeded before. 

RATIONALE 

IBSt beam loss is defined by the core of the bunch 

where the most particles are located. It allows us to 

describe this loss with a simple envelope model instead of 

complicated and slow particle-in-cell tracking codes. 

After certain assumptions (the Gaussian particles 

distribution in the bunch), the only parameters needed for 

the loss calculation are Twiss parameters of the bunch for 

all three directions along the linac [1]. To calculate these 

Twiss parameters we need the following components: 

• A validated envelope tracking accelerator model. 

• The measured initial Twiss parameters for all three 

dimensions. 

The present work describes how to get these 

components for the SNS superconducting linac tuning. 

The problem of loss reduction based on this model and 

the initial Twiss parameters is a subject of future studies. 

THE SNS SUPERCONDUCTING LINAC 

The SNS superconducting linac consists of Medium 

and High Beta sections named in accordance with the two 

types of superconducting cavities designed for 

geometrical relativistic β= 0.61 and 0.81 beams. The first 

section has 11 cryomodules with 3 cavities in each 

module, and the High Beta section has 12 modules, 4 

cavities per module. Each 805 MHz cavity has 

independent control of the field gradient and phase. 

According to the design, the cavity field gradients in each 

section should be all the same, but in reality they are not. 

Instead, the gradient of each cavity is set to be as high as 

possible for stable operation. The input energy of the SCL 

is 185.6 MeV; the output energy is about 930 MeV, and it 

is defined by existing cavity gradients; the design peak 

current is 38 mA and the design energy 1 GeV. The bunch 

frequency of 402.5 MHz is defined by a normal 

conducting part of the linac. The SCL has 32 stripline 

beam position monitors (BPMs) installed along the linac 

between cryomodules and in the cavity-free part of SCL. 

The BPMs measure the transverse positions of the beam, 

the arrival phases of the bunches, and the amplitudes of 

the Fourier harmonics of the bunch longitudinal 

distributions at the bunch frequency. The SCL is also 

equipped with 9 Laser Wire (LW) Stations to measure 

transverse profiles of the beam. Four LWs are installed at 

the beginning of each of the two sections (one LW after 

each of the first four superconducting cavities) and one 

LW at the end of SCL. 

XAL ONLINE MODEL 

All simulations and analysis performed for this work 

used the XAL Online Model (OM) [3]. The OM is an 

envelope tracking accelerator code similar to TRACE3D 

[4]. The OM tracks the envelope parameters through the 

SCL lattice using transport matrices for each quadrupole, 

each RF gap in the accelerating cavities, and each drift 

space. The space charge kicks are accumulated in the total 
 ___________________________________________  

# shishlo@ornl.gov 
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transport matrix describing the transformation of the 

envelope from the beginning to an arbitrary point in SCL. 

The parameters of the lattice, such as the quadrupole field 

gradients, are taken from the control system. The field 

gradients and phases of the superconducting cavities are 

found after an analysis of the phase scans. The cavity 

phase scan is a process of collecting the BPM phases and 

amplitudes for a cavity phase changing from -180
0
 to 

+180
0
. All downstream cavities have the RF pulse 

blanked so they will not affect the beam, and the number 

of bunches in the pulse train is limited to about 200 to 

avoid beam loading of the cavities. Figure 1 shows the 

results of a phase scan of the first SCL cavity Cav01a. 

The phase difference between two BPMs are analysed as 

a time-of-flight measurement to get the amplitude of the 

cavity in the online model and the phase of its first 

accelerating gap. The phase set-point of each cavity was 

chosen to be 18
0
 less than the position of the maximal 

acceleration (see Fig. 1). These settings are usual for the 

production tune of SCL. 

 

Figure 1: The BPM 01 and 02 phase difference during the 

phase scan of the first SCL cavity. Points are 

measurements, and the red line is an OM simulation. 

After the online model lattice is initialized we can start 

the procedure of measuring the initial Twiss parameters 

for the transverse and longitudinal directions. In the 

presence of space charge forces these tasks are coupled, 

and they should be performed by iterations. We intend to 

do this in the future, but here we present analyses of the 

transverse and longitudinal data that were acquired about 

one year apart just to demonstrate the applicability of the 

methods. We will start with the algorithm and data 

analysis for horizontal and vertical directions. 

TRANSVERSE PROFILES ANALYSIS 

To get the initial Twiss for the horizontal and vertical 

directions from multiple profile measurements we will 

use the techniques described in [5]. Let’s consider one 

direction. The transformation coordinates of the particle 

between the beginning of the lattice and the profile 

measurement device are defined by the transport matrix 

from the envelope model 

������� = ����(�) ���(�)���(�) ���(�)� ∙ �������
where ��, ���  and ��, ���  are  coordinates of the particle 

at points 0 and 1, and �(�) is a transport matrix. By 

calculating the square of both sides of the first equation of 

the (1) system and averaging over the whole ensemble of 

particles in the bunch, we have the expression for the 

squared RMS beam size 〈���〉 
 〈���〉 = (���(�))�〈���〉 + 2���(�)���(�)〈����� 〉+(���(�))�〈����〉, 

 

where 〈���〉, 〈�� ��� 〉, and 〈����〉  are  the  correlations  of 

the coordinates for the initial state. By using several 

profile monitors or modifying the optics of the lattice we 

can get as many different transport matrices �(�), � =1, … , � and equations for the beam RMS sizes as we 

want. All this information can be represented by the 

following matrix equation 

�〈���〉⋯〈��� 〉� = ����(�)� 2���(�)���(�) ���(�)�⋯ ⋯ ⋯���(�)� 2���(�)���(�) ���(�)�
� ∙ � 〈���〉〈����� 〉〈����〉 �

 

Assuming we have the measured RMS beam sizes ��, ��, … �� we can find the initial correlations 〈���〉, 〈�� ��� 〉, 
and 〈����〉 by minimizing the sum  = ∑ "#$%&〈'$%〉(%)$%��*�                                (3) 

where +� denotes the  rms error  of  the  measured ���. This 

error is obtained from the fit to the i-th profile which 

determines ��. 
The equation (3) is a typical linear Least Square 

Method problem, and the solution is 

� 〈���〉〈����� 〉〈����〉 � = (,-.,)&�,-. ����⋯��� �              (4) 

where ,  is � × 0  matrix  from  equation (2) and W is a 

diagonal weight matrix .�� = 1/+�2                               (5) 
A symmetric 3 x 3 covariance matrix 

 2 = (,-.,)&�                                 (6) 

defines  the  errors  for  the initial correlation values found 

from (4) +〈'3%〉 = 42��,   +〈'3'35 〉 = 42�� ,     +〈'35%〉 = 4266     (7) 

After the initial correlations are found, the Twiss 

parameters emittance, alpha, and beta are defined by 

equations 7 = 4〈���〉〈����〉 − (〈����� 〉)�                     (8) 9 = −〈����� 〉/7                                         (9) : = 〈���〉/7                                              (10) 

The error of any scalar function of initial correlations ;(<=) <= = >〈���〉, 〈����� 〉, 〈����〉?-                      (11) 

is given by  (+(;))� = (∇AB=;)- ∙ 2 ∙ (∇AB=;)                    (12) 

Formulas (7) are special cases of this general formula. 

It also allows estimating the errors for the initial Twiss 

parameters (8-10). 

All together formulas (4 – 12) describe the transverse 

profiles analysis including the error analysis. 

,                        (1) 

.  (2)

,

,

,
,

.

.

.

.

TUYB2 Proceedings of PAC2013, Pasadena, CA USA

398C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 Beam Dynamics and Electromagnetic Fields

D04 - High Intensity in Linear Accelerators - Incoherent Instabilities, Space ..



Space Charge Effects 

In the presence of space charge the transport matrices 

in (2) will be dependent on the initial Twiss parameters 

for the longitudinal and transverse directions. As for the 

longitudinal Twiss parameters, there are several possible 

ways to find the initial values. First, we can blindly use 

the design parameters. Second, for the SCL we can use 

the methods described in this paper later. For the 

transverse parameters the transport matrices dependency 

makes the equation (2) a transcendental one, and there is 

no exact analytic solution for it. 

To solve (2) in the presence of the strong space charge 

a two steps method was used. In the beginning, a general 

nonlinear fitting package was used to find the initial 

parameters that will minimize the S function (3). Then the 

transport matrices generated by the OM for these initial 

Twiss parameters were used in (4) and (7) to get a new set 

of these parameters and their error estimation. If these 

two sets were close enough assuming their errors, we 

concluded that the problem is solved. This method does 

not guarantee a uniqueness of the solution, because the 

fitting routine can find several local minima. This 

situation can be resolved by increasing the number of 

measurements with the lattice configurations providing 

the reduced errors (7). These additional measurements 

should be planned ahead by using the preliminary 

estimation for the initial Twiss. The rule of thumb from 

[5] is a 90
0
/(N-1) betatron phase advance distance 

between each measurement. The exact effect of each 

additional measurement should be estimated by (7). 

Unfortunately, even these measures cannot guarantee a 

uniqueness of the solution and correctness of the error 

estimation. 

Twiss Parameters Correlations  

The diagonal elements of the covariance matrix 2 (6) 

include information about errors of 〈���〉, 〈����� 〉, and 〈����〉 parameters (7), and the non-diagonal elements of 2 

describe their correlations. The graphical representation 

of these correlations on two dimensional plots like the (:, 7) plane could be very beneficial. As we will show 

later, sometimes it helps to explain the nature of very high 

errors of the Twiss parameters. The algorithm for plotting 

these correlations starts with the diagonalization of 2  2 = (,-.,)&� = C ∙ D ∙ C-                 (13) 

where D  is  a  diagonal  matrix,  and  C is a transformation 

matrix for the 〈���〉, 〈����� 〉, and 〈����〉 parameters to a new 

set of variables E= E= = C- ∙ <=,					<= = >〈���〉, 〈����� 〉, 〈����〉?-         (14) 

For E= the covariance matrix D is diagonal. Therefore, 

the errors of E= are defined by the diagonal elements of D 

(similar to (7)), and they are not correlated. The possible 

values of E= are inside the rectangular region with the 

center defined by (14) and widths	G2 ∙ 4D��, 2 ∙ 4D��,2 ∙ 4D66, H. The surface points of this region can be easily 

projected onto any planes representing Twiss parameters 

correlations. 

SCL LASER WIRE PROFILES ANALYSIS 

To measure the transverse beam profiles in the SNS 

superconducting linac we use Laser Wire (LW) stations 

[6] instead of traditional wire scanners. LW stations 

perform nonintrusive measurements based on a photo-

detachment process. The scans can be done even during 

1 MW operation. The dynamic range of the LW 

measurement is lower than the traditional wire scanners, 

so in our analysis we used only beam sizes calculated as a 

Gaussian fit to the profiles. Figure 2 shows a typical laser 

wire profile with a fit, and the high level of noise does not 

allow us to calculate RMS of the profile directly. All 

measurements discussed in this section were performed in 

2011 and 2012. Since then the SCL LW system was 

significantly improved [6]. 

 

Figure 2: LW1 profile measurement and a Gaussian fit. 

Earlier we reported that our attempts to improve SCL 

beam size beating failed because we could not find the 

initial Twiss parameters at the entrance [7]. After applying 

the analysis described in the previous section, it was 

found that the Twiss parameters errors were too big to 

make any meaningful conclusions. The detailed study of 

these errors showed the strong correlation between the 

emittance and Twiss beta parameter values.  

 

Figure 3: A correlation between the emittance and the beta 

Twiss parameter. The red dot is a central point found in 

the nonlinear fit. 

As example, Fig. 3 shows this correlation with the 

region calculated with formulas (13) and (14) from the 

“Twiss Parameters Correlations” section of this paper. 

The possible range for the emittance is from almost 0 to 

1.4 π*mm*mrad and the beta parameter is from 0 to 

400 m. The beta range could be narrowed down if the 

emittance value is considered as a known parameter. 

The initial transverse Twiss parameters measurement 

was improved after the error control (formulas (6) and (7) 

and multiple lattice configurations) was implemented. It 

,

.
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was found that the quad gradients should be increased by 

10% -15% to reduce the error to an acceptable level. 

 

Figure 4: Transverse beam sizes at first 4 LW stations in 

SCL for 9 different quad settings. Blue and red colors are 

for horizontal and vertical directions respectively. Points 

are LW results, and curves are the model with the same 

initial Twiss. 

Figure 4 shows the excellent agreement between LW 

measurements and the OM simulations for 9 lattice 

settings. These data were taken for all SCL cavities 

switched off and a low peak current to eliminate space 

charge effects. For the production peak currents 28-

35 mA and the RF cavities switched on the agreement 

between the model and LW data was good for the first 

three LW stations. The measured transverse Twiss 

parameters at the entrance of SCL for the production tune 

for 37 mA peak current are shown in Table 1 (emittance 

normalized, rms). Unfortunately, we could not predict the 

transverse beam sizes downstream for the whole SCL 

linac. At that moment, we realized that we need more 

precise information about the longitudinal Twiss 

parameters and a verified model for the longitudinal 

dynamics calculations. The next section will describe our 

approach to this problem. 

Table 1: Transverse Twiss Parameters 

Direction Alpha 
Beta 

[m] 

Emittance 

π*mm*mrad 

Horizontal -0.55±0.22 2.35±0.84 0.40±0.08 

Vertical 0.66±0.14 7.7±1.8 0.38±0.05 

LONGITUDINAL TWISS PARAMETERS 

Recently at SNS, a new method of measuring of the 

rms longitudinal Twiss parameters of a beam in linear 

accelerators was developed [8]. The method is based on 

using sum signals from BPMs sensitive to the 

longitudinal charge distribution in the bunch. The 

applicability of the method was verified with direct 

longitudinal profile measurements by the Bunch Shape 

Monitor (BSM) at the end of Coupled Cavity Linac 

(CCL) which is a part of the linac preceding the SCL. The 

method is fast and simple, and can be used in linear 

accelerators where interceptive diagnostics are not 

desirable. The previously developed method based on 

transmission and beam loss measurements [7, 9] is less 

accurate and is much more time and effort consuming. 

The new method is based on the same formulas (2-10), 

and the BPMs are used to measure the longitudinal rms 

sizes. 

BPM and Longitudinal RMS Size of Bunch  

At the SNS linac the sum signal of a BPM is 

proportional to the Fourier amplitude of the longitudinal 

bunch distribution at the frequency of the BPM system I = J ∙ K ∙ 1/L� �MNOPQ�                           (15) 

where J is an amplitude of  the  beam  current  harmonic 

at the BPM frequency R; ζ is a factor describing the 

transfer function of the BPM including the pickup 

geometry, amplifier gain etc.; S is the radius of the pickup 

aperture; T is the speed of light; β and γ are relativistic 

factors; and L� is the modified Bessel function. In the case 

of Gaussian longitudinal bunch shape I = U ∙ K ∙ V�WX−(R�Y)�/2Z/L� �MNOPQ�          (16) 

where U is the total charge of  the  bunch and  �Y  is  the 

RMS bunch time length. The calibration constant (U ∙ K) 
can be measured as BPM amplitude at the production 

SCL tune when	R�Y ≪1. Inverting equation (16) with 

respect to �Y we get the bunch length from the BPM sum 

signal for formulas (2-10). 

The main assumption that was used for the formula 

(16) is a Gaussian shape of the longitudinal density of the 

bunch. Figure 5 shows the longitudinal bunch distribution 

at the end of CCL which has an almost perfect Gaussian 

shape. For the production tune, during the acceleration of 

the bunch by SCL cavities, we keep the bunch short 

enough to avoid non-linear distortion from the cavities 

and beam loss. Therefore, we are confident that we keep 

the Gaussian shape of the bunch through the whole SCL. 

 

Figure 5: The longitudinal beam profile measured by the 

BSM in the CCL. 

Longitudinal Twiss Parameters Analysis 

In [8] it is shown that a simple measurement with a 

coasting beam is not accurate enough to get useful initial 

longitudinal Twiss parameters. The errors of these 

parameters are too big. As a solution, it was suggested to 

use a phase scan of the RF cavity placed between the 

initial point and the BPMs. In the case of the phase scan, 

the number of different longitudinal transport matrices �(�) in (2) increased to �\ × �]^_ where �\ and �]^_ 

,

,
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are the number of the cavity phase points and the number 

of BPMs, respectively. For a phase scan step of 5
0
 �\ × �]^_ = 72 × 15 = 1080 measurements. It is also 

important that during the scan the cavity performs 

different focusing-defocusing transformations with the 

bunch in the longitudinal phase space. Fortunately, we 

already have the results of the phase scans of all SCL 

cavities that we used to initialize the SCL lattice of the 

OM model. A picture of the BPM amplitudes during the 

phase scan of the first SCL cavity is shown in Fig. 6. 

 

Figure 6: The BPM amplitudes during a Cav01a phase 

scan. Points are measurements, lines are from OM model. 

The phase scan data were taken at the peak current of 

30 mA which is different from the 37 mA during the 

transverse Twiss measurements, but we used the same 

transverse Twiss parameters anyway. This makes our 

analysis somewhat inconsistent, and in the future we plan 

to perform transverse and longitudinal analysis on the 

same set of data. After the analysis, we found longitudinal 

Twiss parameters at the entrance of the first SCL cavity 

are α = -0.78 ± 0.02 , β =  8.1 ± 0.2 [m/rad], ε = 0.60 ± 

0.01 [π•mm•mrad] (XAL OM units). 

Then we performed the same analysis for each SCL 

cavity in the Medium Beta section (unfortunately we 

scanned only this part). This gave us measured 

longitudinal Twiss parameters along the SCL. We also 

used the initial Twiss and the initialized OM lattice to 

simulate the same parameters. The Twiss parameters 

obtained two ways are shown in Fig. 7. 

 

Figure 7: The longitudinal Twiss 9 and : parameters 

along SCL. 

We have a relatively good agreement between the 

measured and simulated Twiss, but they do not agree 

inside error bars. The differences can be explained by the 

very strong longitudinal over-focusing of the bunch where 

the space charge effects are strong and the envelope 

model could be less accurate. Figure 7 demonstrates a 

poor matching in the longitudinal direction for the 

existing SCL tune. 

CONCLUSIONS 

The practical approach to the 3D beam characterization 

is suggested and tested on the example of the SNS 

superconducting linac. The new method of the 

longitudinal Twiss parameters measurement is developed 

and used. This is the first time the longitudinal parameters 

have been measured continuously along the linac. The 

role of the space charge effects should be studied further. 

The applicability of the XAL OM for the linac tuning is 

demonstrated. 
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SPACE-CHARGE COMPENSATION FOR HIGH-INTENSITY LINEAR
AND CIRCULAR ACCELERATORS AT FERMILAB∗

M. Chung† , L. Prost, V. Shiltsev, Fermilab, Batavia, IL 60510, USA

Abstract
Space-charge effects have long been recognized as a fun-

damental intensity limitation in high-intensity linear and
circular accelerators. As the mission of the US high energy
physics program is pushing the Intensity Frontier, it is very
timely to explore novel schemes of space-charge compen-
sation that could significantly improve the performance of
leading high-intensity proton accelerator facilities such as
Project-X. In this work, we present two activities at Fer-
milab on space-charge compensation experiments based
on residual gas ionization: 1) neutralized beam transport
of continuous-wave (CW) H− beam in Project-X Injec-
tor Experiment (PXIE); and 2) trapped electron plasmas
for space-charge compensation in the newly proposed Inte-
grable Optics Test Accelerator (IOTA) ring. Characteristics
of the stability in the beam-plasma system, the dynamics of
beam neutralization, and the transition between neutralized
and un-neutralized beam transports are discussed for each
experiment.

INTRODUCTION
The main idea of space-charge compensation considered

in this work is based on the long-known fact that the nega-
tive effect of Coulomb repulsion can be mitigated if beams
propagate through a plasma column of opposite charge.
The plasma column can be formed by beam-induced resid-
ual gas ionization and/or by external plasma sources. This
idea has been successfully applied to transport high-current
low-energy proton and H− beams into the RFQ in many
linacs [1]. In circular machines, partial neutralization by
ionization electrons was attempted with notable improve-
ments in beam intensity, namely an order of magnitude
higher than the space-charge limit [2].

BASIC DEFINITIONS
The time needed to generate enough electron-ion pairs

for full space-charge compensation is called charge-
neutralization time [1], τn = 1/ngσivb. The number den-
sity of the oppositely charged particles np (electrons for
positive ion beams; positive ions for negative ion beams)
grows linearly with time, and we have np ≈ nb or fn ≈ 1
after the time duration of τn. Here, fn = np/nb is the
fractional charge neutralization. Note that the background
gas density ng[m−3] = 3.54 × 1022 × p[Torr] � nb for
nominal pressure range p = 10−7 − 10−5 Torr. For the 30
keV H− beam for the PXIE LEBT, σi = 5× 10−20m2 and
τn ≈ 236 µs for p = 10−6 Torr. For a 2.5 MeV proton

∗Work supported by Fermilab Research Alliance, LLC under Contract
No. DE-AC02-07CH11359 with the United States Department of Energy
†mchung@fnal.gov

beam for the IOTA electron column, σi = 1.5 × 10−21m2

and τn ≈ 862 µs for p = 10−6 Torr.
The electrostatic potential created by the uniform beam

is φ(r = 0) = Vs [1 + 2 ln (rw/rb)] , where, Vs = Ib(1 −
fn)/(4πε0vb) > 0 (< 0) for positive (negative) ion beams.
Note that φ(r = rb) = 2Vs ln(rw/rb) and φ(r = rw) = 0.
Here, rb is the radius of the beam with constant density nb
and velocity vb, and rw is the radius of a perfectly conduct-
ing cylindrical wall.

PLASMA PROCESSES
We consider two cases: an H− beam and a proton beam.

Here, we listed only the dominant plasma processes for the
space-charge compensation.

• H− beam:

H− + H2 → H(fast) + H2 + e (1)
H− + H2 → H− + H+

2 (slow) + e (2)
e + H2 → H+

2 (slow) + 2e (3)

For the case with no solenoidal fields, ionization electrons
are expelled by the beam space-charge immediately and
the slow ions are oscillating inside the potential well of
the beam. Initially, the ion density profile becomes highly
peaked around beam center [3]. After a time duration of
τn, a steady state is obtained. There is a critical value
for the gas density, ng,cr, in which τi,exit = τn, i.e.,
ng,cr ≈ (1/τi,exit)/vbσi [1]. Here, τi,exit = rb/2vi is the
average time for an ion to exit the beam, and vi =

√
Ti/mi

is the ion thermal velocity. It is often assumed that Ti is
on the order of 0.1 eV [1]. When ng = ng,cr, the poten-
tial difference between the beam center and edge, Vs = 0
and fn = 1 at the steady state. For ng < ng,cr, Vs < 0
and fn < 1. In this case, the beam is not fully neutral-
ized and the system is essentially composed of two species
(ne � ni ∼ nb). For ng > ng,cr, the beam becomes
overcompensated, i.e., Vs > 0 and fn > 1. In this case,
eVs ∼ Te and vi ≈

√
Te/mi.

For the nominal pressure range of PXIE, we always
have ng < ng,cr, which is good for minimizing stripping
loss, but not favorable for achieving full compensation. To
achieve full compensation, use of Xe as a background gas
is often considered, which decreases the critical density by
a factor ∼ 45. Also, to reduce the loss of the H+

2 ions
through the longitudinal drift, positively biased electrodes
may be used.
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Figure 1: PXIE LEBT layout schematic.

p+ H2 → p + H+
2 (slow) + e (5)

e + H2 → H+
2 (slow) + 2e (6)

Positive ions are expelled by the beam space-charge, but at
a much slower rate than the electrons. Therefore, space-
charge compensation could exhibit a nonlinear phase in the
beginning, particulary at high gas pressure. The ionization
electrons have considerably higher thermal velocity than
the ions, thus as Vs approaches to zero after a time duration
τn, the electron loss increases and the space-charge com-
pensation process slows down [3].

On the other hand, when we apply a uniform solenoidal
field, the ionization electrons are confined close to the
transverse position they are born from, and their den-
sity profile is similar to that of the proton beam. For
non-relativistic electrons, the Larmor radius is rL =
(3.37[µm])

√
T⊥[eV]/(B0[T]). In the 0.5 T normal-

conducting solenoid considered in IOTA, we have rL < 0.1
mm for perpendicular kinetic energy T⊥ < 200 eV.

PXIE LEBT: H− BEAM
PXIE will have a DC H− source (30 keV, up to 10 mA),

a low energy beam transport (LEBT) system with three
solenoid magnets (see Fig. 1), a CW RFQ, a medium
energy beam transport (MEBT) system with wideband
chopper, and two superconducting cryomoules (HWR and
SSR1). The functions of the PXIE LEBT are 1) to transport
and match the beam to the RFQ optical inputs; 2) to act as
the first layer of the machine protection system; and 3) to
provide pulsed (chopped) beam for commissioning of the
beam line downstream [4].

Neutralization greatly reduces the beam space charge ef-
fects, most importantly, the emittance growth. As men-
tioned above, the PXIE LEBT should be operating in both
pulsed and DC modes. In the pulsed mode, a chopper re-
moves the neutralizing particles, and the beam becomes un-
compensated and may behave quite differently than in the
completely compensated case. For PXIE, the 5-mA beam
space charge is relatively low, for instance, compared to
the beam at SNS (∼ 50 mA). Simulations showed that

a scheme where the beam would be uncompensated in a
part of the LEBT is possible, and such scheme was de-

Figure 2: WARP 3D simulation of the transition from neu-
tralized to un-neutralized transports in the PXIE LEBT.
Electrode keeps positive ions (blue dots) from drifting into
the un-neutralized region. For the un-neutralized region,
we assume the vacuum is so good that there is little ion-
ization processes. Note that most electrons (green dots) are
expelled.

vised [4]. This scheme will minimize differences of the
beam transport characteristics between the pulsed and DC
operations, and allows for more space after the chopper
for the absorber and diagnostics. Un-neutralized trans-
port can be realized by properly biasing the electrodes and
ensuring a good vacuum. However, the beam emittance
will increase during the transition from neutralized to un-
neutralized transports. In this regard, it is important to in-
vestigate whether the emittance growth is acceptable or not
(e.g., by measuring the emittance using an Allison emit-
tance scanner).

Up to the second solenoid, on the other hand, neutral-
ization of the beam is maintained in a steady-state manner.
Stability of this beam-plasma system can be affected by
collective processes, such as dynamic decompensation, and
electron and/or ion oscillations [5]. While beam neutral-
ization experiments have been carried out elsewhere (see,
for example, Refs. [1, 3, 5] and references therein) space-
charge compensation in CW negative hydrogen beams is
relatively less well understood. The PXIE LEBT config-
uration is quite unique as it allows to investigate both the
transient and steady-state nature of the space-charge com-
pensation of a negative hydrogen beam. Simulations using
WARP 3D PIC code are in progress to address the unique
characteristics of the PXIE LEBT (see Fig. 2) [6].

IOTA E-COLUMN: PROTON BEAM
A new storage ring (IOTA) is under construction at Fer-

milab to demonstrate the concept of nonlinear integrable
lattices [7]. After initial experiments on the single-particle
characteristics in the IOTA using electron beams, per-
formance demonstrations in the space-charge dominated
regime using proton beams will be followed [8]. One of

•Proton beam:

p+ H2 → H(fast) + H+
2 (slow) (4)
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Figure 3: A conceptual layout of the electron-column ap-
paratus for space-charge compensation in the IOTA ring.

the key R&D items is to investigate if space-charge com-
pensation can be realized in the ring. The necessary con-
ditions for effective space-charge compensation in the ring
will be 1) the total defocusing effect by beam space charge
over the ring is cancelled out by the focusing effect in the
electron column; 2) the transverse profile of the electron
density is the same as that of the proton beam; 3) the sys-
tem of electrons and protons is dynamically stable [9, 10].
For the electron column concept considered here, electrons
are generated internally through beam-induced residual gas
ionization without special electron sources and optics. In
the electron column concept, conditions 2 and 3 can be
achieved if protons and electrons are immersed in a longitu-
dinal magnetic field which is a) strong enough to freeze the
electron density distribution; b) strong enough to suppress
the e-p instability; c) weak enough to allow positive ions
to escape transversely, in addition to longitudinal draining;
and d) well matched to the ring optics to avoid beta-beat
excitations.

The interaction between trapped electrons and circulat-
ing proton beams is subject to two-stream instability. It
will degrade the quality of both the electron column and the
main beam. It is well-known that the increase of the confin-
ing solenoidal field and Landau damping through momen-
tum spread can suppress the instability. In addition, there
are two unique instability suppression possibilities in the
proposed experimental setup. One is self-stabilization of
the e-p instability by the accumulation of secondary ions.
It is observed [2] and also theoretically confirmed [11] that
if there are not only electrons but also some residual ions
in the cloud, the ions tend to short-out the electrostatic per-
turbations whose wavelengths are less than the transverse
beam size rb. The residual ion formation could be con-
trolled by the proper choice of working pressure, solenoidal
field, and electrode voltage (e.g., see a conceptual appara-
tus in Fig. 3). The other possibility is to increase Lan-
dau damping by a broad tune spread enabled by a special
nonlinear lattice in the IOTA ring. This nonlinear lattice is
designed to be integrable, and thus can create a large tune
spread and zero resonance strength.

Figure 4: WARP 3D simulation of the plasma formation
and trapping in the e-column. A uniform solenoid keeps
both electrons (green dots) and ions (blue dots) in the beam
path. Ions are slowly escaping longitudinally. To resolve
cyclotron motion of the electron, the time step has been set
to ∆t ≤ 0.25× 2π/ωce.

Simulation of the plasma formation and trapping in the
e-column is in progress using WARP 3D code (see Fig.
4). The simulation will eventually be coupled to a tracking
code for the ring, to understand the effects of the nonlinear
lattice and e-p instability.

CONCLUSION
Two experiments on space-charge compensation (one in

a linac, and the other in a ring) are planned at Fermilab. Ad-
vanced simulation tools (e.g., WARP 3D PIC code [6]), and
dedicated beam/plasma/gas diagnostics and controls could
enable detailed understanding of the space-charge compen-
sation processes, and eventually allow to achieve intense
beams with improved stability and quality.
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EXPERIMENTAL VERIFICATION OF SINGLE-BUNCH

ACCUMULATION LIMIT DEPENDENCE ON IMPEDANCE AT THE APS
∗

V. Sajaev† , B. Borland, Y.-C. Chae, L. Emery, ANL, Argonne, IL 60439, USA

Abstract

One of the unique features of the Advanced Photon

Source is operation with a small number of intense bunches

— the standard operating mode has 24 16-nC bunches,

while in a special operating mode one of the bunches has

a charge of 60 nC. Such high single-bunch currents are

achieved by a combination of high operational chromatic-

ity and transverse bunch-by-bunch feedback. In the near

future, more narrow-gap insertion device vacuum cham-

bers will be installed, which will increase the impedance

of the storage ring and make operation with high single-

bunch current more problematic. Simulations exist that

quantify the effects of increased impedance on the APS

single-bunch accumulation limit; however, no direct exper-

imental verification has yet been performed. In this pa-

per, we will present a measurement of the single-bunch

accumulation limit as a function of impedance. Different

impedance values were achieved by changing the storage

ring beta functions.

INTRODUCTION

The Advanced Photon Source (APS) is a 7-GeV third-

generation synchrotron light source that has been in opera-

tion for almost 20 years. Presently, APS operates in three

fill patterns: 24 equally spaced bunches — a pattern that is

used for 60% of the time; 324 equally spaced bunches; and

a special “hybrid” mode where one 60-nC bunch is sep-

arated from a train of weaker bunches by 1.5 µs. Total

operating beam current is always 102 mA.

To achieve stable high-current single bunches, we oper-

ate at high chromaticities. Before introducing transverse

bunch-by-bunch feedback, the operating chromaticity was

+7 in both planes for the 24-bunch fill pattern and +11 for

the “hybrid” pattern. The biggest downside of operating

with high chromaticity is low lifetime. Even though APS

operates in top-up mode, there is still a limit on how low

the lifetime can be. The introduction of the feedback al-

lowed us to lower chromaticity to +4 for the 24-bunches

fill pattern and to +9 for the “hybrid” pattern.

The APS transverse impedance consists of three approx-

imately equal parts [1]: the resistive-wall impedance of

small-gap insertion device (ID) vacuum chambers, the geo-

metrical impedance of the transitions from large- to small-

gap chambers, and the geometrical impedance of the rest

of the ring. Presently, there are 32 small-gap ID chambers

∗Work supported by the U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357.
† sajaev@aps.anl.gov

installed. Of them, one has a 5-mm full gap, eight cham-

bers have a 7.5-mm full gap, and the rest have an 8-mm

gap. All ID chambers are 5 m long and are made of alu-

minum. At the time this work started, three ID locations

were still unoccupied, meaning that three more small-gap

vacuum chambers still needed to be installed. This would

increase transverse impedance by about 6% and could af-

fect our ability to provide users with 60 nC in a single

bunch.

As we work on the APS Upgrade [2], a few things are

clear: the lattice will be as strongly focusing as possible

resulting in small dynamic aperture and short lifetime, the

ID vacuum chambers will have as small gaps as possible

resulting in higher impedance, and we still would need to

provide high-charge bunches to the users performing tim-

ing experiments. In this situation, we need a good under-

standing of impedance effects in the APS and confidence in

our simulation tools. We have developed an experimental

program that would allow us to verify our simulation and

predictive abilities.

SIMULATIONS

Simulation of the single-bunch accumulation limit is

done by multi-particle tracking using elegant [3]. The

impedance of the whole ring is represented as a single

lumped element for each plane using the ZTRANSVERSE

and ZLONGITUDINAL elements in elegant, which take

calculated impedance as input. The ring itself is repre-

sented as a linear map of one sector (element ILMATRIX)

with chromaticity. Special elements like cavities, radiation

effects, etc. can be inserted between sectors. The simu-

lated bunch consists of 200k particles, which is required

for correct simulation of longitudinal effects. Wake poten-

tials of all elements are computed using GdFidl [4] and a 1-

mm-long bunch, in order to extend the resulting impedance

bandwidth. Wake potentials are separated into dipole and

quadrupolar components.

The simulated accumulation limit is strongly affected by

the injection conditions, namely by the residual oscilla-

tions of the stored bunch. First, we used the most realistic

approach and simulated both stored and injected bunches.

But later we noticed that the losses that occur at the ac-

cumulation limit all come from the stored beam and are

not affected by the injected bunch. After that, we simpli-

fied the simulation to a simple kick of the stored bunch.

Ideally, there should be no vertical oscillations occurring

after the injection, but due to small coupling inside the in-

jection bump there is always some vertical motion of the
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stored beam. This vertical motion is what affects the ac-

cumulation limit the most. The amplitude of the vertical

motion is a free parameter that we used to reach an agree-

ment with measurement. It was achieved at the amplitude

of 0.3 mm. This amplitude of the vertical kick was then

used for simulations that were intended to predict changes

in the accumulation limit due to impedance variations. Fig-

ure 1 shows the result of the accumulation limit simulation

as a function of vertical impedance, where the impedance

is normalized to the present value. We can see that the

accumulation limit changes very quickly in the vicinity of

the present impedance value. Therefore, it is important to

verify these results before any design decisions are made

based on this plot.

Figure 1: Single-bunch current limit as a function of ver-

tical impedance. The impedance axis is normalized to the

value for the current APS storage ring impedance.

To estimate the effect of different small-gap vacuum

chambers on the accumulation limit, we have developed a

simple spreadsheet that uses scaling laws taken from theory

and simulations [5]: the effect of transitions is scaled as gap

in the power of 2.4, and the resistive wall effect is scaled as

gap in the third power, while the impedance effect is taken

from a fit to the data in Figure 1. The spreadsheet was also

used to calculate the expected results for the experiments

described below.

EXPERIMENTAL RESULTS

The simplest way to vary the effective impedance in

the storage ring is to change beta functions at impedance

locations. Since about two-thirds of the vertical wake

comes from the small-gap ID vacuum chambers, we need

to change beta functions at ID locations. For operational

convenience, we need to maintain the betatron tune close

to its original value of 19.24; therefore, if beta function is

increased at an ID location, it has to be decreased inside

the sector. About one-third of the vertical wake is gener-

ated outside of the ID chambers; therefore, the reduction of

vertical beta function outside of the ID chambers decreases

the overall effect of beta function change on the effective

impedance. Luckily, the simulations showed that the ef-

fect on the accumulation limit is still sufficiently large and

should be visible in the experiment [6].

Lattice Development

We developed five lattices with vertical beta function in

the ID ranging from 3.0 m to 5.0 m with 0.5-m steps. Fig-

ure 2 shows a set of five vertical beta functions for one

sector (APS consists of 40 nearly identical sectors). The

changes to the horizontal beta function were kept to a min-

imum. Also, when adjusting chromaticity, we excluded the

sextupoles located inside the injection bump to keep injec-

tion conditions as close to the original as possible. All five

lattices were implemented during machine studies. As al-

ways, the beta functions were measured and corrected to a

high accuracy using the response matrix fit [7].

Figure 2: Vertical beta functions of one sector with ID

value changing from 3 m to 5 m.

Accumulation Limit Measurement

The measurement of the accumulation limit is simple in

essence: the injection is performed into a single bunch un-

til no more charge can be injected or there is a drop-out of

the stored bunch. In reality, however, it is hard to achieve

a good reproducibility of this measurement because the ac-

cumulation limit is a complicated parameter depending on

many variables. To ensure that all possible conditions are

reproduced as closely as possible, for every lattice we fol-

lowed the identical procedure:

• the lattice is corrected and coupling is minimized us-

ing the response matrix fit;

• the chromaticity is set to +11 in both planes, bunch-

by-bunch feedback is tuned off;

• the orbit is well corrected;

• the injection conditions are reproduced — the injected

beam trajectory is recovered, the stored beam closed

bump in the horizontal plane is matched and spurious

vertical oscillations of the stored beam after the kick

are minimized;

• rf voltage is always maintained at 9 MV.

Figure 3 shows the results of the accumulation limit mea-

surement for all five lattices as a function of the normal-

ized effective vertical impedance. The accumulation limit

is also normalized to the limit of the initial lattice. The ver-

tical error bars show the accuracy of the accumulation limit
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measurement. The impedance error bars are calculated as-

suming 3% errors in the lattice beta functions. We can see

a reasonable agreement between measurements and simu-

lations.

Figure 3: Comparison of measured and simulated accumu-

lation limits as a function of vertical effective impedance.

To further validate our impedance model, two spare

small-gap vacuum chambers were installed in two free sec-

tors in May 2013. The expected increase of the vertical

impedance due to this installation was 4% and the expected

reduction of the accumulation limit was about 3 mA. The

accumulation limit measurement procedure as described

above was followed to measure the limit before and after

the installation. A reduction by 2 mA was measured as

shown in Figure 4, where the dependence of the accumula-

tion limit on chromaticity is presented before and after the

installation.

Figure 4: Accumulation limit as a function of chromaticity

before and after the installation of two small-gap vacuum

chambers.

Local Impedance Measurement

We also have measured the local impedance before

and after installation of the two new chambers. The lo-

cal impedance is obtained by analyzing response matrices

measured at different values of the single-bunch current [8].

It is known that impedance acts on the beam as a defocus-

ing element, so a response matrix fit can be used to mea-

sure this defocusing effect locally. In detail, the measure-

ment and impedance determination is as follows: With a

single bunch in the storage ring, the response matrix mea-

surement is done for several beam currents. Then, the re-

sponse matrix fit is performed for every measurement. The

results of these fits is the set of beta function files — one

for each beam current. The beta functions vary slightly

from one file to another due to the defocusing effect of the

impedance. The betatron phases from these files are com-

bined for every location in the storage ring (for example,

for all BPMs) to calculate the local betatron phase slope

with current. The result of this processing is the betatron

phase slope with current as a function of s along the stor-

age ring. Then, a small number of artificial quadrupoles are

used to reproduce the betatron phase slope dependence on

s. The strengths of these quadrupoles will be proportional

to the local impedance values. Here we need to empha-

size that this approach works only for the vertical plane. In

the horizontal plane at the APS the tune shift with current

is very small due to smaller impedance and due to contri-

butions from quadrupolar wakes that counteract the dipole

wakes and make tune shift with current very small. Figure

5 shows the results of local impedance measurements be-

fore and after installation of new ID chambers. We can see

a clear difference at the locations of the new chambers.

Figure 5: Local impedance distribution before and after

installation of new vacuum chambers. A rectange shows

where the chambers were installed.

CONCLUSIONS

We have developed a model that predicts how the

single-bunch accumulation limit changes with storage

ring impedance. We have varied the effective vertical

impedance of the storage ring by changing beta functions at

the small-gap vacuum chamber locations and measured the

accumulation limit as a function of effective impedance.

The measurements agreed reasonably well with the predic-

tions. We have also verified the model by installing two

new small-gap vacuum chambers and comparing the result-

ing accumulation limit reduction with predictions.
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BEAM PHYSICS IN FUTURE ELECTRON HADRON COLLIDERS

A. Valloni∗, O. Bruning, M. Klein, D. Schulte, F. Zimmermann, CERN, Geneva, Switzerland

Abstract
High-energy electron-hadron collisions could support a

rich research programme in particle and nuclear physics.
Several future projects are being proposed around the
world, in particular eRHIC at BNL, MEIC at TJNAF in the
US, and LHeC at CERN in Europe. This paper will high-
light some of the accelerator physics issues, and describe
related technical developments and challenges for these
machines. In particular, optics design and beam dynamics
studies are discussed, including longitudinal phase space
manipulation, coherent synchrotron radiation, beam-beam
kink instability, ion effects, as well as mitigation measures
for beam break up and for space-charge induced emittance
growth, all of which could limit the machine performance.
Finally, first steps are presented towards an LHeC R&D fa-
cility, which should investigate relevant beam-physics pro-
cesses.

INTRODUCTION
Particle colliders for high energy physics have been at

the forefront of scientific discoveries for more than half
a century. Leptons have been used to probe the partonic
structure of the proton from the late 1960s, starting in fixed
target deep inelastic scattering experiments, and continuing
to the e-p collider HERA. With the first e-p collider HERA,
remarkable results have been obtained on the parton struc-
ture of the proton, which are now crucial for the interpre-
tation of the LHC data and include the discovery of a high
density gluon and sea quark component in the proton. One
can thus reflect on the valuable insight gained in reveal-
ing the structure of matter and evaluate priorities for future
e-p or electron-ion (e-A) colliders [1]. Despite previous
successes, many fundamental physics aspects have not yet
been verified experimentally, and several future projects are
under consideration in the USA and Europe and have good
prospects of becoming operational and deliver results in the
next 20 years. These projects intend to extend the knowl-
edge achieved at HERA, and to provide new exploration
tools by involving lepton collisions with heavy ions as well
as with polarized protons and polarized light ions. These
proposed colliders come in two varieties. One is an elec-
tron linear accelerator colliding with a proton or ion ring
accelerator, the other, an e-ring accelerator colliding with a
hadron ring. All of the future e-A colliders are based on the
extension of already existing machines: LHeC at CERN
[2], ENC at GSI [3], eRHIC at BNL [4] and MEIC at TJ-
NAF [5]. Two colliders, ENC and MEIC are based on the
ring-ring (RR) scenario, while the BNL and CERN teams
selected the linac-ring (LR) option with energy recovery.
The physics programs to a large degree are complimentary

∗alessandra.valloni@cern.ch

to each other and to the LHC physics [6]. In particular,
with highest energies, the LHeC can be made a next Higgs
factory. New ideas and technologies are applied in the ac-
celerator designs and the intent of this paper is to present
the key accelerator physics issues, referring to 3 possible
future machines which are quite different in approach: eR-
HIC, MEIC and LHeC. This paper is organized as follows.
The first part contains a brief overview on the parameter
choices of the main future colliders worldwide. The focus
here is on an understanding of the central characteristics of
each machine and of the various common challenges. In
the second part, among all the possible issues that these
accelerators present, some selected subjects are described
with related studies to analyze and compare the merits of
different approaches. Special emphasis will be placed on
the clear identification of the beam physics limits and ac-
celerator technology limits highlighting aspects that need
to be addressed by further research. The final section con-
tains a summary of the future plans at CERN with special
regard to the scientific and technical R&D activity for the
development of an LHeC ERL test facility which will allow
addressing relevant physics issues.

FUTURE ELECTRON-ION COLLIDERS
Since the very beginning, the focus of the e-p and e-A

colliders studies has centered on achieving ultra-high lumi-
nosity and higher center-of-mass energy (CME). The eR-
HIC and ELIC machines consider their operation at the
CME area of 20÷100 GeV, with luminosities ranging in
1032÷1034 cm−2s−1 values. Compared to the other ma-
chines, the LHeC provides the unique possibility of ex-
ploring e-p collisions in the TeV center of mass regime.
The LHeC will collide the 7 TeV protons circulating in the
LHC, therefore representing an interesting possibility for a
further exploitation of the existing LHC infrastructure in-
vestment, with a high energy e-beam at a single collision
point. As a result of the combination of SC accelerating
structures and the energy recovery technique, a luminosity
at least 2 orders of magnitude greater than the one achieved
by HERA can be reached. The proposed machine layout
consists of a 500 MeV polarized injector, two CW 10 GeV
SC linacs and a recirculator system. Each beam recircu-
lates up to 3 times through both linacs to boost the energy
to 60 GeV. As the beam is focused and collided, it is bent
by 180◦, and then it is sent back through the first linac, at a
decelerating phase. During deceleration the energy stored
in the beam is converted to RF energy and the final beam,
at its original injection energy, is directed to a beam dump.
The baseline 60 GeV ERL option proposed can give an e-p
luminosity of 1033 cm−2s−1 (extensions to 1034 cm−2s−1

and beyond are being considered), a beam current of 6.4
mA, with less than 100 MW total electrical power required.
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A similar approach of exploiting an existing beam facility
and adding an accelerator for another species is taken in
the collider projects eRHIC at BNL. The eRHIC design is
based on one of the RHIC hadron rings which can accel-
erate polarized light ion beams to 100÷130 GeV/nucleon
and polarized protons up to 325 GeV, and a new 5÷30 GeV
multi-pass ERL to accelerate polarized electrons. It means
that eRHIC will cover the CME range from 44.7 GeV to
197.5 GeV for polarized e-p, and from 31.6 GeV to 125
GeV for electron heavy-ion collisions. The machine will
rely on SRF technology for production and acceleration
of electrons, cooling of hadron beams and realizing crab
crossing collision scheme. The injection system consists
of a 10 MeV linac and 600 MeV single-pass ERL. Two
2.45 GeV SRF linacs in combination with six passes form
the main ERL to generate 50 mA of polarized e-current.
Multiple collision points are possible.

In the present baseline the central part of the proposed
MEIC is a pair of figure-8 shaped storage rings, which ac-
commodate the colliding electron and ion beams, respec-
tively. The electron ring is made of normal conducting
magnets and will store an e-beam of 3 to 11 GeV. The
CEBAF SRF linac serves as a full-energy injector into the
electron collider ring, requiring no further upgrade for en-
ergy, beam current, or polarization beyond the 12 GeV up-
grade. The ion collider ring is made of high-field SC mag-
nets and will store a beam with energy of 20 to 100 GeV
for protons or up to 40 GeV per nucleon for light to heavy
ions. The ion beams are generated and accelerated in a
new ion injector complex. In addition, two large figure-8
high-energy collider rings will be added for a future en-
ergy upgrade for reaching up to 20 GeV electrons, 250 GeV
protons or 100 GeV/u ions. The upgraded high-energy col-
lider can use the same experimental halls and, possibly, the
same detectors as MEIC, and the medium-energy ion col-
lider ring would then serve as the final booster in the staged
acceleration of ion beams.

CHALLENGES
Each of the future e-A colliders faces significant chal-

lenges and an intense accelerator R&D program is needed.
A list of primary beam dynamics concerns is the following:

• e-beam energy losses and energy spread caused by the
interaction with the beam environment (cavities, resis-
tive walls, pipe roughness);

• incoherent and coherent synchrotron radiation (SR)
related effects: energy losses, transverse and longitu-
dinal emittance increase of the e-beam;

• effective energy loss and energy spread compensation
schemes;

• e-beam filling patterns; ion accumulation;

• e-beam break-up (BBU), single beam and multi-pass;

• e-beam-ion and intra-beam scattering effects;

• e-beam polarization: depolarization effects;

• possible effects due to crab cavities;

• detailed beam dynamics with coherent electron cool-
ing (CeC);

• beam-beam effects, including the e-beam disruption
and the hadron beam kink instability.

Some of these topics will be discussed in the following sec-
tions.

Electron Beam Polarization
A key feature of e-A colliders is high polarization (over

80%) of the e-beam at all collision points. Many issues
have to be carefully considered, such as a polarized source,
self-polarization and depolarization, polarization time, and
spin rotator. The MEIC electron ring is designed to store,
manipulate and preserve a highly polarized e-beam. The
MEIC polarized beam is provided by the CEBAF acceler-
ator. Currently, the electron polarization from CEBAF at
6 GeV is above 85%. It is expected that a similarly high
polarization will be achieved after completion of the 12
GeV upgrade. The equilibrium electron polarization is ar-
ranged to be vertical in the arcs of the figure-8 collider ring
and anti-parallel to the arc dipole magnetic fields (see Fig.
1), in order to take advantage of the preservation of polar-
ization by the Sokolov-Ternov (S-T) effect. Longitudinal

Figure 1: Diagram of polarization orientation at MEIC [5].

polarization is achieved at the collision points by utilizing
90◦ universal spin rotators (USR) each of which consists
of a set of solenoids and dipoles placed at the end of an
arc. To eliminate the transverse coupling introduced by the
solenoids, each solenoid is split into two equal halves and 5
quadrupoles (in 3 families) are inserted between the halves.
One or more spin tuning solenoids are needed to control
the closed orbit spin tune and keep it away from reso-
nances. Figure 2 illustrates how the USR works by showing
a step-by-step rotation of an electron spin. The equilibrium

Figure 2: Schematic drawing of the USR at MEIC [5].
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beam polarization and its lifetime depend on competition
between the S-T effect and radiative depolarization. The
calculated equilibrium polarization and lifetime show sig-
nificant depolarization even with perfect alignment. First
calculations confirmed that the spin rotators and the sec-
tions between them are the main source of depolarization.
The latter must be suppressed by spin matching which can
be performed by manipulating the optics and layout of the
lattice to achieve spin transparency between the two spin
rotators. Regarding LHeC, Fig. 3 depicts the calculated
spin vector spread, without any spin rotators, as a function
of momentum spread for particles at 20, 40 and 60 GeV.
While at eRHIC the loss of polarization is acceptable, for
the high energy of LHeC the effective polarization can be
reduced by 10% due to the spread of the spin vectors. For
this reason to produce longitudinally oriented polarization
at the LHeC collision point, a design with two spin rotators
has been adopted. A low energy spin rotator first brings
the polarization into the vertical direction and later a high
energy spin rotator close to the IP realigns the spin vector
in the longitudinal direction. The LHeC high energy spin

Figure 3: Angular spread of the spin vectors for off-
momentum particles at 20, 40 and 60 GeV in the LHeC
complex [7].

rotator consists of 4 helical dipoles with alternating helic-
ity, similar to the RHIC proton spin rotator, placed in the
straight section between the end of the second linac and the
final focusing system. Besides saving space by being short,
this approach also has the advantage of providing an inde-
pendent full control of the direction of the polarization, as
well as a nearly energy-independent spin rotation for the
same magnetic field. The ∼MW SR power emitted by the
60 GeV e-beam passing through the spin rotator determines
the minimum length of the system. In the present design,
for a 60 GeV e-beam, the magnetic fields of the inner and
outer pairs are 0.46 T and 0.37 T, respectively [2].

Optics Design and SR in Return Arcs
Control of SR effects on beam phase-space such as cu-

mulative emittance and momentum growth due to quantum
excitations is important for a high luminosity collider. In
this section we briefly revisit the impact of SR from bend-
ing magnets for the intense beam at eRHIC and LHeC. The
lattice design for both ERL based machines includes arcs
placed above each other connected to the linacs by splitters

and combiners. For LHeC a quasi isochronous arc optics
design has been adopted, which simultaneously ensures a
small value of emittance dilution and low momentum com-
paction, and therefore mitigates both transverse emittance
growth and bunch length increase. The choice of large arc
radius (1 km) is dictated by limiting energy loss due to SR
at top energy (60 GeV) to less than 1%. Energy losses from
resistive wall and coherent SR have both been shown to
be negligible compared with the energy loss due to inco-
herent SR. The standard arc building block is 52 m long,
and contains 4 quadrupoles and 2 (split into 10) dipoles.
The values of the curly-H function and M56 are taylored as
required by emittance dilution and isochronicity or beam
size conditions, respectively, for arcs of different energies,
transiting from a quasi-isochronous optics yielding a small
beam size for the 2 lowest energy arcs, to a TME-optics for
the 2 arcs at highest energy. The LHeC arc dipoles have
a 25 mm gap and a maximum field of 0.264 T, at 60 GeV.
The highest energy arc (before the final collision), gives a
net normalized emittance increase of 4.5 µm. All the lower
arcs together, with less emittance preserving optics, con-
tribute a total of about 25% of the last arc, so that the total
emittance dilution is 5.6 µm. At the interaction point, the
SR induced RMS energy spread is only 2·10−4, at the fi-
nal arc, after deceleration, the energy spread reaches about
0.22%, while at the beam dump it grows to a full 4.5%.
The e-beam looses about 2 GeV over all arc passes and the
highest compensating RF voltage required is 750 MV for
the energy loss at 60 GeV.

The lattice of the 6-passes for the eRHIC ERL arcs is based
on low-emittance near-isochronous arc modules, support-
ing perfect isochronicity of complete paths. The standard
building block is 35 m long, and contains 7 dipoles and 9
quadrupoles. The eRHIC arc dipoles have a gap of 5 mm
and, at 30 GeV, a maximum field of 0.43 T. In view of the
small gap and high beam current, resistive-wall wake fields
and surface-roughness effects are under careful investiga-
tion. At 30 GeV peak lepton energy, with a dipole bending
radius of 234 m, the total energy loss per electron due to
SR is about 770 MeV over all arc passes; at 20 GeV it is
only 150 MeV. A single double harmonic compensator at
(almost) the highest energy delivering 389 MeV per pas-
sage compensates for the energy loss from SR and other,
smaller effects like resistive wall and linac-cavity HOMs.

Multipass BBU and Beam-beam
In ERLs, the excitation of HOMs induced by the recircu-

lating e-bunches can add up constructively and cause insta-
bilities. Depending on the details of the machine optics, the
deflection produced by a mode can translate into a trans-
verse displacement at the cavity after recirculation. The
recirculated beam induces, in turn, an HOM voltage which
depends on the magnitude and direction of the beam dis-
placement. Thus, the recirculated beam completes a feed-
back loop which can become unstable if the average beam
current exceeds the threshold for stability. BBU is of par-
ticular concern in the design of high average current ERLs
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utilizing SRF technology. If not sufficiently damped by
the HOM couplers, dipole modes with quality factors sev-
eral orders of magnitude higher than in normal conduct-
ing cavities can exist, providing a threat for BBU to de-
velop. The BBU threshold is increased by the natural chro-
maticity of the arcs if the latter is uncorrected [9]. A thor-
ough suite of simulations to characterize the BBU instabil-
ity have been conducted for the two ERL based machines
LHeC and eRHIC. The LHeC BBU study is based on a new
code that assumes point-like bunches and takes a number
of dipole wakefield modes into account. A cavity-to-cavity
frequency spread of the wakefield modes can also be mod-
elled. In the simulation, one can offset a single bunch of
a long train by one unit and determine the final position
in phase space of all other bunches. Figure 4 shows the
multi-bunch BBU adopting ILC-type (1.3 GHz) and SPL-
type (720 MHz) cavities for a bunch with 3·109 electrons.
The beam remains stable in both cases. Another key limit-

Figure 4: Multi-bunch BBU. Amplitudes along the full
simulated train for the baseline lattice of LHeC [8].

ing factor to collider luminosity is beam-beam interactions.
These can cause serious emittance growth of the collid-
ing beams and fast reduction of luminosity. In particular
the collision distorts the e-beam, which may be mitigated
by proper matching of the exit beamline. The beam-beam
effect can also amplify a perturbation and, thereby lower
the BBU threshold. In Fig. 5 multi-bunch BBU including
beam-beam effects is shown, again for two different cavity-
types and for a bunch with 3×109 electrons. The beam re-
mains stable in both cases but with a very small margin in
the case of the ILC-type cavities.

Fast Beam-ion Instability
Collision of beam particles with the residual gas in the

beam pipe leads to the production of positive ions that can
be trapped in the beam. Their presence modifies the beta-
tron function of the beam and can also lead to a BBU-like
instability, since bunches with an offset will induce a co-
herent motion in the ions (and vice versa) [10]. This can
in turn lead to a kick of the ions on the following bunches.
The LHeC whole racetrack is ∼9 km, 1/3 of the LHC cir-
cumference, so that ion clearing gaps can be incorporated
in the bunch train whose arrival times for successive passes
coincide in the linacs and which, in addition, always corre-
spond to the same partner hadron bunches in the LHC (so

Figure 5: Multi-bunch BBU with beam-beam effect. Am-
plitudes along the full simulated train for the baseline lat-
tice of LHeC [8].

that the LHC would comprise hadron bunches which col-
lide on every turn and some others which never collide). In
these clearing gaps the ions drift away from the beam orbit.
A good vacuum quality is also needed to further slow down
the build up of a significant ion density during the bunch
train passages between successive clearing gaps. For the
LHeC cold linacs, with a clearing gap of 10µs every 30µs,
partial gas pressures of 10−11 hPa at 1.8 K are required at
the position of the beam to render the residual fast beam-
ion instability harmless, whereas a partial pressure below
10−9 hPa should be sufficient in the warm arcs. Similar
tolerances apply to eRHIC.

Electron Cooling
Cooling of ion and hadron beams at collision energy is

of critical importance for the performance of eRHIC and
MEIC. An effective cooling process would allow to cool
the beams beyond their natural emittances and also to either
overcome or to significantly mitigate limitations caused by
the hour-glass effect and intra-beam scattering. New con-
cepts have been proposed recently to cool hadron beams.
The most notable one among them is CeC. It is an e-beam
based cooling system in which the accompanying e-beam
provides feedback, similar to stochastic cooling, with an
extremely high frequency bandwidth (THz range) by use
of the FEL amplification mechanism in an undulator. This
concept has been adopted for the eRHIC design. A sketch
of the schematic layout is shown in Fig. 6. In the modula-

Figure 6: General schematic of CeC [11].

tor, each hadron induces density modulation in e-beam that
is amplified in the high-gain FEL; in the kicker, the hadrons
interact with the self-induced electric field of the e-beam
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and receive energy kicks toward their central energy. The
process reduces the hadron energy spread, i.e. cools the
hadron beam. A recent proposal is to use the microbunch-
ing instability instead of the FEL process as amplifier for
the CeC scheme [12].

The MEIC baseline design does not invoke the CeC
method, but it adopts a scheme of multi-stage cooling for
supporting its high luminosities. Electron cooling is uti-
lized not only for assisting ion beam formation but also dur-
ing collisions. The latter is particularly important for pre-
serving the collider luminosity and its lifetime by suppress-
ing IBS induced heating. The scheme utilizes e-cooling
at four different stages (at the pre-booster, injection and
top energy, during collision) of the ion beam life cycle
for achieving distinct goals in beam formation and mainte-
nance. Figure 7 illustrates the e-cooler based on a magne-
tized photocathode gun, an ERL and a compact circulator
ring. A high charge electron bunch from an injector is ac-
celerated in an SRF linac up to 55 MeV and then sent to
a circulator ring with an optically matched cooling chan-
nel for the ion bunch. The e-bunch circulates a large num-
ber of revolutions (up to 100) in the circulator cooler ring
before its quality degrades significantly due to intra- and
inter-beam scattering, and then returns to the same SRF
linac for energy recovery. The e-cooling happens in both
long straight sections as the circulator ring is placed in the
vertex of the figure-8.

Figure 7: Schematic drawing of an ERL circulator cooling
facility for MEIC [5].

FUTURE PLANS AT CERN
The development of a CW SC recirculating ERL for

LHeC would prepare for many possible future projects.
With some additional arcs, using 4 instead of 3 passes
through the linacs, a machine like the LHeC ERL (with-
out energy recovery) could also operate as Higgs factory
γγ collider. The LHeC project will pursue the construction
of a dedicated ERL test facility, the design of which will
be prepared over the next two years. This test facilty could
later be converted into the LHeC injector, including energy
recovery. The purposes are first, confirming the feasibil-
ity of the LHeC ERL design by demonstrating stable in-
tense e-beams with the intended parameters (current, bunch
spacing, bunch length); secondly, testing novel components
such as a (polarized) DC electron gun, SC RF cavities, cry-

omodule design and feedback diagnostics; finally, experi-
mental studies of the lattice dependence of stability crite-
ria. The realization of this facility will allow addressing
several physics challenges such as maintaining high beam
brightness through preservation of the 6D emittance, man-
aging the phase space during acceleration and energy re-
covery, stable acceleration and deceleration of high current
beams in CW mode operation. The design must also allow
addressing other performance aspects such as longitudinal
phase space manipulations, effects of coherent SR, longi-
tudinal space charge and ions, halo and beam loss and mi-
crobunching instability.

SUMMARY
Electron-hadron colliders provide outstanding research

potential. Several proposals aiming at very high luminos-
ity, two-to-four orders of magnitude beyond the luminosity
demonstrated by HERA, are under consideration in sev-
eral laboratories all over the world. All these projects pro-
mote advanced research in accelerator physics and tech-
nologies. Additional R&D is needed. Further improve-
ments to overcome the state-of-art include investigation
of polarized electron guns, high-energy deuteron and pro-
ton polarization, integration of the detectors and colliders,
high-energy e-cooling, high current and high brightness
beam ERL operation, along with more detailed studies of
multi-bunch BBU, beam-ion instability and beam-beam ef-
fects.

ACKNOWLEDGEMENTS
We wish to thank Vadim Ptitsyn and Yuhong Zhang for

providing material for this paper. Helpful discussion and
valuable input from all members of LHeC Study Group
Collaboration are thankfully acknowledged. This work is
supported by the European Commission within the oPAC
project under Grant Agreement 289485.

REFERENCES
[1] ICFA Beam Dynamics Newsletter, 58, (2012).

[2] J. L. Abelleira Fernandez, et al., [LHeC Study Group Col-
laboration], arXiv:1206.2913 [physics.acc-ph].

[3] A. Lehrach, et al. 2011, Journal of Physics: Conference Se-
ries, 295,1.

[4] V. Ptitsyn, et al., at 42nd ICFA Advanced Beam Dynamics
Workshop on High-Intensity.

[5] S. Abeyratne, et al., arXiv:1209.0757 [physics.acc-ph].

[6] LHeC Collaboration, ’On the Relation of the LHC and the
LHeC’, arXiv:1211.5102, (2012).

[7] M. Bai, et al., CERN-ATS-2011-110.

[8] D. Schulte, ICFA mini-workshop on ”Beam-Beam Effects
in Hadron Colliders”, 2013.

[9] V. N. Litvinenko, PhysRevSTAB.15.074401.

[10] T. O. Raubenheimer, F. Zimmermann, PhysRevE.52.5487.

[11] V. N. Litvinenko, et al., Proceedings of PAC ’11, THOBN3.

[12] D. Ratner, PhysRevLett.111.084802.

TUZAA2 Proceedings of PAC2013, Pasadena, CA USA

412C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

01 Colliders

A02 - Lepton Colliders
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Abstract

Collimation with hollow electron beams is a technique

for halo removal in high-power hadron beams. The concept

was tested experimentally at the Fermilab Tevatron collider

using a hollow electron gun installed in one of the Tevatron

electron lenses. Within the US LHC Accelerator Research

Program and the European HiLumi LHC Design Study, we

are investigating the applicability of this technique to the

Large Hadron Collider and a conceptual design is being de-

veloped. We review some of the main topics related to this

study: motivation; halo removal processes; development of

hollow electron guns; effects on the proton beam core; and

integration in the LHC machine.

INTRODUCTION

Hollow electron beam collimation is a new technique

for beam collimation and halo scraping [1, 2, 3]. In a

hollow electron beam collimator, a magnetically confined,

pulsed, low-energy (a few keV) electron beam with a hol-

low current-density profile overlaps with the circulating

beam over a short section of the ring. If the electron distri-

bution is axially symmetric, the beam core is unperturbed,

whereas the halo experiences smooth and tunable nonlin-

ear transverse kicks. The electron beam is generated by a

hollow cathode and transported by strong solenoidal fields.

The size, position, intensity, and time structure of the elec-

tron beam can be controlled over a wide range of parame-

ters.

The technique still relies on robust conventional collima-

tors to absorb particles, but it has several features that can

complement a classic multi-stage collimation system. In

the case of high-power proton beams, for instance, scrap-

ing is smooth, controllable, and the issues of material dam-

age and electromagnetic impedance of the collimator jaws

are mitigated. In addition, a depletion zone is generated

between the proton beam core and the collimator edges,

making local energy deposition less sensitive to beam jitter,

collimator movements, orbit and tune adjustments, or fast

failures in the case of crab-cavity operation. In the case of

ion collimation, it may be possible to reduce uncontrolled

losses due to fragmentation. Hollow electron beam col-

∗ Fermilab is operated by Fermi Research Alliance, LLC under Con-

tract No. DE-AC02-07CH11359 with the United States Department of

Energy. This work was partially supported by the US DOE LHC Accel-

erator Research Program (LARP) and by the European FP7 HiLumi LHC

Design Study, Grant Agreement 284404. Report number: FERMILAB-

CONF-13-355-APC.
† Email: 〈stancari@fnal.gov〉.

limation is also being evaluated in comparison with other

halo scraping techniques, such as tune modulation [4].

Hollow electron beam collimation is based on the tech-

nology of electron cooling and electron lenses. Electron

lenses were developed for beam-beam compensation in

colliders [5], enabling the first observation of long-range

beam-beam compensation effects [6]. They were used

for many years during regular Tevatron collider operations

for cleaning uncaptured particles from the abort gap [7].

Thanks to the reliability of the hardware, one of the two

Tevatron electron lenses could be used for experiments

on head-on beam-beam compensation in 2009 [8], and

for exploring hollow electron beam collimation in 2010–

2011 [2, 3]. Electron lenses for beam-beam compensation

were built for the Relativistic Heavy Ion Collider (RHIC)

at Brookhaven National Laboratory and are currently being

commissioned [9].

The Tevatron experiments on hollow electron beam col-

limation were conducted on antiprotons, mainly at the end

of regular collider stores. In some cases, the electron beam

was turned on for the whole duration of the fill. Because

of the flexible pulsing pattern of the high-voltage modula-

tor [10], the electron beam could be synchronized with a

subset of bunches, providing a direct comparison with the

unaffected beam.

The technique may provide a unique option to comple-

ment the LHC collimation system, but extending it from

one machine to another is not trivial. To study these is-

sues, a conceptual design of hollow electron beam collima-

tion for the LHC upgrade is being developed within the US

LHC Accelerator Research Program (LARP) and the Euro-

pean FP7 HiLumi LHC Design Study. If approved by the

CERN management, this may then develop into a technical

design in 2014, with the goal to build the devices in 2015–

2017 and install them during the next long LHC shutdown,

currently scheduled for 2018. In case of a resource-limited

timeline, installation during the following long shutdown

in 2022 is also an option.

HALO SCRAPING

For scraping the halo of a 7-TeV proton beam, we en-

vision the inner radius of the electron beam to be placed

between about 4σ and 6σ of the LHC proton rms beam

size σ = 0.32 mm. This size is derived from the nomi-

nal normalized rms emittance ε = 3.75 µm and the typical

amplitude function at the candidate locations, β = 200 m.

Scraping of elliptical proton beams is possible by displac-
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ing the electron beam, but for simplicity we focus on round

beams.

For stability and for transport efficiency, the field in the

guiding solenoids should be as large as possible. Based

upon previous experience and technical feasibility, we con-

sider configurations where the gun, main (superconduct-

ing), and collector solenoids have fields in the ranges

0.2 T ≤ Bg ≤ 0.4 T, 2 T ≤ Bm ≤ 6 T, and 0.2 T ≤ Bc ≤
0.4 T, respectively. This implies magnetic compression

factors k ≡
√

Bm/Bg in the range 2.2 ≤ k ≤ 5.5, which sets

the required sizes of the cathode inner and outer radii. The

1-inch electron gun cathode built for this purpose, for in-

stance, has inner radius rci = 6.75 mm and an outer radius

rco = 12.7 mm. After magnetic compression, these radii

translate to 1.2 mm = 3.9σ ≤ rmi ≤ 9.5σ = 3.0 mm and

2.3 mm = 7.3σ ≤ rmo ≤ 18σ = 5.7 mm in the interaction

region inside the main solenoid. The LHC primary colli-

mators will be placed at around 6σ from the beam axis.

The scraping experiments at the Tevatron with 0.98 TeV

antiprotons were done with peak electron beam currents up

to 1.2 A, and halo removal times ranged between seconds

and minutes, depending upon the radius and intensity of the

electron beam.

The transverse kicks generated by the hollow electron

beam are nonlinear and have a small random component

due to noise in the electron beam current. These kicks in-

teract with the lattice nonlinearities and with the sources of

noise in the machine. Therefore, the kicks needed to obtain

a given halo removal rate may not be directly proportional

to the magnetic rigidity of the circulating beam — a linear

machine with low noise may require larger electron beam

intensities.

Tracking simulations in the Tevatron lattice with the

Lifetrac code showed that relatively small electron currents

can significantly enhance halo removal [11]. The removal

rates are sensitive to the shape of the electron beam and to

the distribution of the halo population. In the absence of

experimental data, tracking codes can give rough but con-

servative estimates of the removal rates. Numerical sim-

ulations of the LHC lattice with the SixTrack code indi-

cated that, in the absence of beam-beam interactions and of

diffusion processes, removal of 7-TeV protons with a 1-A

electron beam current would be slow [12]. Higher electron

yields and different pulsing schemes were therefore pur-

sued to extend the capabilities of the technique.

A 1-inch-diameter hollow electron gun based on a tung-

sten dispenser cathode was developed and characterized at

the Fermilab electron-lens test stand [13, 14]. The per-

veance of this gun is 5.3 µperv. This implies a peak yield

of over 5 A at 10 keV. This yield should be sufficient to

have a detectable effect on 7-TeV protons.

One can also exploit the flexibility of the electron beam

pulsing pattern. Most of the Tevatron scraping experiments

were done with the same turn-by-turn excitation intensity

on the bunches of interest, but, for beam-beam compensa-

tion purposes, the high-voltage modulator was designed to

handle bunch-by-bunch adjustments, with 10%–90% rise

times of 200 ns [10]. Fast abort-gap cleaning was achieved

by turning on the electron beam every 7th turn, in res-

onance with the betatron oscillations of the uncaptured

beam.

In the LHC, one could certainly change the electron

beam current turn by turn, synchronizing the voltage

change with the abort gap, for instance. (Bunch-by-bunch

adjustments every 25 ns or 50 ns are probably unneces-

sary.) This flexibility opens up the possibility to operate

the hollow electron lens in different pulsing modes: con-

tinuous — the same voltage is applied every turn; resonant

— the voltage is changed turn by turn according to a si-

nusoidal function (possibly including a frequency sweep to

cover the tune spread of the halo), or with the same am-

plitude, but skipping a given number of turns (as in the

Tevatron abort-gap cleaning mode); stochastic — the volt-

age is turned on or off every turn according to a random

function, or a random component is added to a constant

voltage amplitude. These modes of operation were simu-

lated with tracking codes [12]. Both the resonant and the

stochastic mode give significant and tunable halo removal

rates. While the first is sensitive to the details of the tune

distribution (lattice nonlinearities, beam-beam parameter),

the stochastic mode is much more robust.

Using collimator scans, it was possible to measure the

effects of collisions and of the hollow electron lens on halo

diffusion in the Tevatron as a function of betatron ampli-

tude [15, 16]. Diffusivities in action space with and without

collisions were also measured at the LHC [17]. Halo sup-

pression is the main consequence of the drift and diffusion

enhancement by the electron beam, but we intend to further

investigate other important aspects, such as the increase in

impact parameters and its effect on collimation efficiency.

UNDESIRED EFFECTS ON THE CORE

The core of the circulating beam is unaffected if the dis-

tribution of the electron charge is axially symmetric. One

possible cause of asymmetry is the space-charge evolution

of the electron beam. Other sources of asymmetry are the

bends that are used to inject and extract the electron beam

from the interaction region.

The electron beam was turned on for several hours dur-

ing some Tevatron collider stores. With aligned beams and

continuous operation, no deterioration of the core lifetimes

or luminosities were observed. Only a limited number

of experiments were done in resonant mode (by skipping

turns).

The current-density profiles generated by the hollow

electron guns were measured in the Fermilab electron-lens

test stand as a function of beam current and axial magnetic

field. Space-charge evolution of the electron beam profiles

is mitigated by increasing the guiding magnetic fields. For

main fields above 2 T and beam currents up to a few am-

peres, we estimate that transverse current-density profiles

are practically frozen.

The calculation of the electric fields from the measured

current density profiles and the generation of the kick maps
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caused by the bends is described in a separate paper [18].

These fields are being used as inputs for tracking simu-

lations to estimate beam lifetimes and emittance growth

rates. For the Tevatron lattice and working point, the only

azimuthal asymmetry seen to cause extra losses in the core

was the quadrupole component in a particular resonant

mode (pulsing every 6th turn) [11].

FURTHER CONSIDERATIONS

The bunch structure in the LHC is very different from

the one in the Tevatron. This translates into tighter require-

ments on the electromagnetic impedance of the electron-

lens hardware. Another aspect being considered is the pos-

sible extension of this technique to different operational

scenarios, such as scraping during the acceleration ramp,

which do not present impediments in principle, but have

never been tested experimentally.

Diagnostic instrumentation includes accurate beam po-

sition monitoring of the long electron pulses and measure-

ment of the electron beam profiles with wires or with flu-

orescent screens, as done at RHIC. A sensitive local loss

monitor is also required to verify relative beam alignment.

A direct measurement of the halo population, although not

strictly necessary, would greatly benefit this project.

The construction cost of each of 2 electron lenses (one

per beam) for the LHC is estimated to be 2.5 M$ in mate-

rials and 3.0 M$ in labor. Construction of 2 devices would

take about 3 years. Reuse of some of the Tevatron equip-

ment, such as superconducting coils, is possible. Each elec-

tron lens occupies about 6 m of tunnel length. Installa-

tion time is dominated by cryogenic integration (similar to

a stand-alone magnet) and requires at least 3 months for

warm-up, connections, and cool-down. The Tevatron de-

vices had static heat loads of 12 W for the helium vessel at

4 K and 25 W for the liquid nitrogen shield.

CONCLUSIONS

Experimental and numerical studies are being conducted

to support the conceptual design of a hollow electron beam

collimator for the LHC, a promising technique for con-

trolled scraping of very intense beams. A hollow electron

gun with geometrical features and peak current yields ap-

propriate for the LHC was built. Several electron beam

pulsing modes were studied in numerical simulations to

extend the achievable halo removal rates. No effects on

the beam core are expected in the continuous mode of op-

eration. The effect of imperfections in the resonant and

stochastic modes is being evaluated with tracking codes

using kick maps generated from measured and calculated

electron beam charge distributions. Options for instrumen-

tation and diagnostics were considered. No major obstacles

were identified in the integration of the devices in the LHC

ring from the point of view of electromagnetic impedance,

mechanical engineering, or cryogenics.
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Abstract 
In the 2013 RHIC polarized-proton run, it was found 

that the intensity of the RHIC bunch had reached a limit 
due to the head-on beam-beam interaction at intensity of 
2x1011, as we expected from our simulations [1]. To 
overcome this limitation, we have planned to implement 
two electron lenses for beam-beam compensation. During 
and after the 2013 RHIC run, some e-lens systems were 
commissioned. The effect of the e-lens warm solenoids on 
the protons orbit was observed and corrected by orbit 
feedback. The blue electron-lens system was fully tested, 
except for the superconducting magnet; the electron beam 
was propagated from the gun to the collector, and most of 
the instrumentation for the blue e-lens was commissioned. 
The straightness of the superconducting solenoid #2 field 
was measured for the first time. The installation of the 
yellow e-lens system and two superconducting magnets 
are underway.  

INTRODUCTION 
Figure 1 schematically depicts the layout of the 

electron lens that was used during the 2013 run (A), and 
will be implemented for the upcoming 2014 run (B).  

During the 2013 run, all e-lens warm magnets [2, 3] 
were ready and tested with proton beam; we placed the 
superconducting solenoid #1 on the yellow e-lens side 
and replaced the blue superconducting solenoid with a 
spare EBIS superconducting solenoid, which was 
operated at 3T. We tested the blue e-lens system with the 
electron beam. 

For the 2014 run (Figure 1 B), the yellow e-lens system 
will also be available and the two e-lens systems will be 
ready for commissioning. 

For commissioning the e-lens during the 2013 255 GeV 
polarized proton run, we first commissioned a new e-lens 
lattice [4]; then, we studied the effects of e-lens magnetic 
field on the proton beam with the e-lens warm solenoids. 
We found that when the currents from the warm solenoids 
were ramped up, there were some effects on the beam 
 

 
Figure 1: Schematic depictions of the layout of the electron lens during the 2013 run (upper) and the 2014 run (lower).  
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feedback. There were no apparent effects on beam loss, or 
on the beam intensity, emittance, or luminosity.   

We also tested some instrumentation and applications 
for single-bunch beam-beam compensation during the 
2013 polarized-proton run. Two BPMs were 
commissioned for the proton beam and electron beam. 

For commissioning the blue e-lens, we propagated the 
electron beam through a system with a 3T EBIS spare 
superconducting-magnet. The properties of the cathode 
and the profile of the beam were measured with both a 
pinhole scanner and a YAG screen. The beam profile has 
Gaussian distribution. The modulator was commissioned 
with the 80 kHz and the DC beam for 14 and 9.5 hours 
respectively.  

To further investigate the e-lens system reliability and 
make it more robust, several scenarios of system failure 
also were undertaken, such as Machine Protection System 
failure.  

MAGNET EFFECTS DURING PROTON 
STORE  

During the 2013 polarized proton run, we tested the e-
lens warm solenoids with a proton beam. According to 
our simulation [5], the orbit of the proton beam is affected 
by the e-lens warm solenoids, especially in the vertical 
plane.  

Figure 2 shows the distortion of the proton beam during 
the ramp-up of the e-lens warm solenoids with the orbit 
feedback on. 

 
Figure 2: The vertical orbit rms with orbit feedback (top, 
in mm) and the warm magnet currents (bottom, in A).  

The green (Yrms) trace in Figure 2, top, shows that the 
vertical beam rms position changes (~0.15mm) when the 
e-lens warm solenoid is ramped up even with the orbital 
feedback on, but recovered subsequently. A change in the 
orbit feedback parameters later reduced this effect. The 
effects on the horizontal plane were less. 

Although e-lens warm magnets have some effects on 
the proton orbit, Figure 3, it is hard to discern any visible 
effects on RHIC luminosity.   

 
Figure 3: E-lens magnets current (bottom, in A) and 
luminosity (top).  

ELECTRON BEAM COMMISSIONING 
The blue e-lens system was fully commissioned with 

the help of the EBIS spare superconducting magnet, 
including the electron gun [6] and the collector. Figure 4 
shows the perveance measurement of electron gun, which 
is 1.0x10-6 AV-3/2.  

 

 
Figure 4: Perveance measurement of the electron gun. 

We fully tested the electron beam running modes, and 
also demonstrated the system reliability. We ran the DC 
beam (1.256A) and the 80 kHz (parasitic) beam, 
respectively, for 9.5 hours and 14 hours; they were 
stopped intentionally for another test. 

Figure 5 illustrates the 14 hour test of the 80 kHz 
electron beam. The bottom plot is the vacuum in the 
collector, which indicates that electron current was 
available in the collector; the upper plot, the anode 
voltage, denotes that the beam current was constant. 

We also measured the electron beam profile with a 
YAG screen and a pinhole scanner [7]. Figure 6A shows 
the YAG profile for a 70 mA beam; Figure 6B shows the 
profile measured by the pinhole scanner for 1150 mA 
beam. The profile is Gaussian, with a small flat top, 
similar to the profile from the test bench [8, 9]. The total 
beam radius is 2.76 rms widths; the model yielded a value 
of 2.8.   

vertical orbit; we can correct this distortion by beam  
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Figure 5: 80 kHz modulator test with more than a 1A 
beam. 

 

 
Figure 6: YAG screen (A) and pinhole (B) profile 
measurements of the electron beam. 

E-LENS SUPERCONDUCTING MAGNETS  
Two e-lens superconducting magnets were also tested. 

A horizontal test was done for both solenoid #1 and #2. 
With only 2 quenches, solenoid 1 reached 5 T. Solenoid 
#2 reached about 5.5 T. Both magnets have reached 6 T in 
a vertical test, and are expected to reach 6 T in the 
cryostat with further training quenches.  

Figure 7 shows our measurements for the field 
straightness test at 2.83 T for solenoid #2, which was 
obtained at Brookhaven National Laboratory’s 
Superconducting Magnet Department via magnetic needle 
[10]. The measurement was taken only with main coil and 
without fringe coil, anti-fringe coil, and correctors. 

 The green line in Figure7 is the field measurement and 
the red line is the measured deviation from a straight line. 
The blue line is the computed deviation after the 
application of five correctors.  

 

 
Figure 7:  Measurement of the superconducting magnet 
field straightness in the horizontal plane. 

As the blue line in Figure 7 shows, the straightness 
specification of ±50 m is satisfied in X plane from about 
-900 mm to 900 mm without correctors. The uncorrected 
straightness deviation is even less in the Y (vertical) 
plane.  
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Abstract

A high pressure hydrogen gas-filled RF (HPRF) cavity
can operate in the multi-Tesla magnetic fields required for
a muon accelerator cooling channel. A beam test was per-
formed at the Fermilab MuCool Test Area by sending a 400
MeV proton beam through an 805 MHz cavity and quanti-
fying the effects of the resulting plasma within the cavity.
The resulting energy loss per electron-ion pair produced
has been measured at 10−18 to 10−16 J every RF cycle.
Doping the hydrogen gas with oxygen greatly decreases the
lifetime of an electron, thereby improving the performance
of the HPRF cavity. Electron lifetimes as short as 1 ns have
been measured, and electron-ion recombination rates are
on the order of 10−6 cm3/s. The recombination rate of pos-
itive and negative ions in the cavity has been measured on
the order of 10−8 cm3/s. Extrapolation in both gas pressure
and beam intensity are required to obtain Muon Collider
parameters, however the results indicate HPRF cavities can
be used in a muon accelerator cooling channel.

INTRODUCTION

A recent White Paper submitted to the 2013 U.S. Com-
munity Summer Study of the Division of Particles and
Fields by the U.S. Muon Accelerator Program (MAP) out-
lines a staged Muon Accelerator facility based at Fermi-
lab [1]. The report outlines two main programs; a Neu-
trino Factory (NF), and a Muon Collider (MC). For the
case of a MC, a Higgs Factory and multi-TeV collider are
described. Because muons are created with a large initial
phase space, the colliders requires significant (roughly six
orders of magnitude) cooling.

The only cooling method that can work within the
muon’s lifetime is ionization cooling, and a so-called He-
lical Cooling Channel (HCC) has been proposed to do so
[2]. The HCC is composed of normal conducting RF cav-
ities arranged in a helix within a solenoidal magnetic field
(see Fig. 1 & 2). The RF cavities are filled with a high pres-
sure gas to allow operation in multi-Tesla magnetic fields.
A series of six HCC cells, approximately 230 m long, re-
duces the 6D emittance by a factor of 175,000 [3].

∗ freeben@iit.edu

Figure 1: The 2D side view of one cell of the HCC, with
components labeled. RF power is fed through the end. The
solenoid coils are thermally isolated from the RF cavities
[4].

Figure 2: The 3D view of one cell of the HCC [4].

VALIDATION OF HIGH PRESSURE
CAVITIES

A high pressure gas-filled RF (HPRF) cavity has been
demonstrated to work in an external 3 T magnetic field
without an ionizing beam [5, 6]. To validate its use in a
HCC, a beam test using the 400 MeV Fermilab linac proton
beam was performed at the MuCool Test Area (MTA). The
cavity’s performance using various beam intensities, gas
pressures, dopant concentrations, and electric fields were
studied with and without a 3 T magnetic field. Figure 3
shows a schematic of the experimental setup.

As the beam passes through the cavity, it ionizes the gas.
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Figure 3: Schematic of the HPRF beam test setup. The
beam enters from the right, passing through two colli-
mators before impinging on the test cell. The inset plot
shows the normalized electric field amplitude and simu-
lated plasma density distribution as functions of radius.

The number of electron-ion pairs can be calculated:

Npairs =
dE
dx ρL

Wi
(1)

where dE/dx is the stopping power, ρ is the gas density, L
is the path length, and Wi is the average energy required to
ionize a molecule.

Due to the high gas density, ionization electrons quickly
come into equilibrium with the plasma, and drift with
the cavity electric field. The electrons collide with gas
molecules and transfer energy from the cavity to the
plasma. The amount of energy transfered per charged par-
ticle can be evaluated by:

dw = q

∫
v E0 sin(ω t) dt = q

∫
µE2

0 sin(ω t) dt

(2)
where q is the charge of the particle, v is its drift velocity,
E0 is the amplitude of the electric field, and µ is the par-
ticle’s mobility. The effect of the entire plasma is called
plasma loading. To minimize the loading caused by elec-
trons, an electronegative dopant gas can be used.

The results of the beam test are illustrated in Fig. 4 [7].
It can be seen that the addition of oxygen, present in dry
air (DA), greatly decreases plasma loading. Additionally,
there is very little difference between data taken with and
without an external magnetic field.

The electric and magnetic fields inside the cavity as well
as the ionization electrons’ kinetic energy that would be
present in a HCC were producible. However the maximum
gas pressure was 100 atm while in a HCC it would be 180
atm. Additionally, the plasma density peaked at roughly
7×1011 cm−3 while in a real channel, due to the higher gas
pressure and beam intensity, would be roughly 1016 cm−3.
Because of this, the results obtained in this beam test must
be extrapolated to these higher densities.

The energy loss per particle, electron-ion and ion-ion re-
combination rates, and electron capture (by oxygen) time
were measured as functions of electric field, gas pressure,
and dopant concentration in order to extrapolate to the HCC
parameters listed in Table 1.

Figure 4: Typical RF envelopes recorded during the beam
test. The beam is sent through the cavity once the flat top
(Emax) has been reached. The magenta curve represents
an RF pulse without beam.

Table 1: RF Parameters

Parameter Unit MTA Beam Test HCC

RF frequency MHz 801-808 325, 650
Gas pressure atm 20-100 180
Oxygen conc. % 2× 10−4-1 0.2
Peak E field MV/m 5-50 20
External B field T 0-3 4-14

Figure 5 shows the results of the electron attachment
time, τ as a function of gas pressure. A fit to the data was
used to extrapolate the time constant to 180 atm, which
corresponds to 0.14 ns, indicated by the black lines on the
plot.

Figure 5: Electron attachment time as a function of gas
pressure. The data (points) are taken from hydrogen gas
doped with 1% DA (0.2% oxygen), and a fit was used to
extrapolate the value of τ to 180 atm. The electron kinetic
energy was kept constant at 0.4 eV.

PLASMA LOADING CALCULATION
A calculation of the plasma loading using muon accel-

erator beam and HCC RF parameters has been done. The
beam parameters are given in Table 2. The beam bunches
were assumed to be delta functions. The HPRF cavity’s
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length was 10 cm and the stored energy was 19 J at 325
MHz and 4.7 J at 650 MHz.

The electron attachment time, electron-ion recombina-
tion rate, ion-ion recombination rate, and electron energy
loss used in the calculation were based on extrapolations of
measurements made at the MTA. The ion energy loss was
based on classical values for the mobility.

Table 2: Beam Parameters

Parameter Unit Value

# of bunches - 21
Bunch intensity µ/bunch 1011, 1012

Bunch frequency MHz 325
Injection phase degrees 160

The results of the calculations are given in Table 3 & 4,
for the two bunch intensities considered. Luminosity re-
quirements dictate the bunch intensity before the final ac-
celeration. To account for losses, the bunch intensity in the
cooling channel will be between 1011 and 1012.

Table 3: Plasma Loading Results for 1011 Muons per
Bunch. The percent the accelerating voltage has dropped
by the final bunch is given.

Parameter Unit 325 MHz 650 MHz

Energy dissipated J 0.292 0.317
% of total energy - 1.5 6.7
% Vaccel drop - 0.8 3.4

Table 4: Plasma Loading Results for 1012 Muons per
Bunch. The percent the accelerating voltage has dropped
by the final bunch is given.

Parameter Unit 325 MHz 650 MHz

Energy dissipated J 1.84 1.98
% of total energy - 9.7 42
% Vaccel drops - 5.0 24

It can be seen that, due to the larger stored energy, the
325 MHz cavity is only minimally loaded by the plasma,
for either bunch intensity. The 650 MHz cavity experiences
considerable plasma loading at the larger bunch intensity.
This is due primarily to the buildup of ions over the course
of the beam pulse. This is illustrated in Fig. 6. However,
results obtained at the MTA indicate that the mobility of
ions is smaller than the classical mobility, which was used
here. This would have the effect of decreasing the loading
due to ions.

CONCLUSIONS
The initial evidence suggests high pressure gas-filled

cavities will work in a helical cooling channel for a muon

Figure 6: Number of O−
2 ions present in the cavity over the

beam pulse.

accelerator. Extrapolation of parameters obtained at the
MTA suggest that in the highest bunch intensity case, the
accelerating gradient the final 1012 muon bunch would see
would be degraded by 24%. The plasma dynamics inputs
into this calculation were all taken to be conservative, and
in reality the plasma loading should be less.

The effects of higher gas and plasma density must be
considered, and simulations [8] are underway to address
this. Evidence suggests that higher densities have a positive
effect on the cavity’s performance.

Additionally, wakefields and beam loading have not yet
been considered. These are not issues unique to gas-filled
cavities, and may be a serious consideration for 1011−1012

muons per bunch. The impact and mitigation are being in-
vestigated.
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TEST OF OPTICAL STOCHASTIC COOLING IN THE IOTA RING* 
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Abstract 
A new 150 MeV electron storage ring is being built at 

Fermilab. The construction of a new machine pursues two 

goals a test of highly non-linear integrable optics and a 

test of optical stochastic cooling. This paper discusses 

details of OSC arrangements, choice of major parameters 

of the cooling scheme and incoming experimental tests of 

the optical amplifier prototype which uses highly doped 

Ti-sapphire crystal as amplification medium.  

INTRODUCTION 

The stochastic cooling has been successfully used in a 

number of machines for particle cooling and accumula-

tion. Cooling rates of few hours required for luminosity 

control in hadron colliders cannot be achieved in micro-

wave frequency range (~10
9
-10

10
 Hz) usually used in sto-

chastic cooling. Large longitudinal particle density, N/σs, 

used in such colliders requires an increase of cooling 

bandwidth by a few orders of magnitude. To achieve such 

increase one needs to make a transition to much higher 

frequencies. A practical scheme operating in the optical 

frequency range was suggested in Ref. [1]. The method is 

named the optical stochastic cooling (OSC). It is based on 

the same principles as the stochastic cooling but uses 

much higher frequencies. Thus it is expected to have a 

bandwidth of ~10
14

 Hz and can create a way to attain re-

quired damping rates. Fermilab plans to make an experi-

mental test of the OSC in IOTA ring [2].  

In the OSC a particle emits e.-m. radiation in the first 

(pickup) wiggler. Then, the radiation amplified in an opti-

cal amplifier (OA) makes a longitudinal kick to the same 

particle in the second (kicker) wiggler as shown in Fig. 1. 

A magnetic chicane is used to make space for the OA and 

to delay a particle so that to compensate for a delay of its 

radiation in the OA resulting in simultaneous arrival of 

the particle and its amplified radiation to the kicker wig-

gler. A particle passage through the chicane has a coordi-

nate-dependent correction of particle longitudinal position 

which, consequently, results in a correction of relative 

particle momentum, δp/p, with amplitude ξ0 so that: 

 ( )0/ sinp p k sδ ξ= − ∆  . (1) 

Here k = 2π/λ is the radiation wave-number,  

 ( )51 52 56
/

x
s M x M M p pθ∆ = + + ∆  , (2) 

is the particle displacement on the way from pickup to 

kicker relative to the reference particle which experiences 

zero displacement and obtains zero kick, M5n are the ele-

ments of 6x6 transfer matrix from pickup to kicker, x, θx 

and ∆p/p are the particle coordinate, angle and relative 

momentum deviation in the pickup.  

γ

Optical 
ampli f ier

p

QD

B1

B2 B3

B4Q1

Pickup
wiggler

K icker
wiggler

Q2 Q3 Q4

 

Figure 1: OSC schematic.  

For small amplitude oscillations the horizontal and ver-

tical cooling rates per turn are [3]: 

 56 560

56
2

x

s

M Mk

M

λ ξ

λ

 − 
=   

   

ɶ

ɶ
, (3) 

where 
56 51 52 56p pM M D M D M′= + +ɶ  is the partial slip-

factor introduced so that for a particle without betatron 

oscillations and with momentum deviation ∆p/p the longi-

tudinal displacement relative to the reference particle on 

the way from pickup to kicker is equal to 
56 /M p p∆ɶ , and 

D and D′ are the dispersion and its derivative in the 

pickup.  We assume that there is no x-y coupling in the 

chicane. Introduction of x-y coupling outside the cooling 

area allows a redistribution of the horizontal damping rate 

between two transverse planes. The sum of damping rates 

is:  Σλn = kξ0M56/2. 

A non-linear dependence of kick on ∆s in Eq. (1) re-

sults in a dependence of damping rates on amplitudes [3]:  

 
( )

( )
0 1

0 1

( , ) 2 J ( ) J ( ) / ,

( , ) 2 J ( ) J ( ) / ,

x x s s x x x

s x s x s s s

a a a a a

a a a a a

λ λ

λ λ

=

=
 (4) 

where ax and as are the amplitudes of longitudinal particle 

motion due to betatron and synchrotron oscillations ex-

pressed in the units of e.-m. wave phase:   

 ( )( )
( )

2 2 2

1 51 51 52 52

51

2 1 ,

/ ,

x p p p

p

a k M M M M

a k M p p

ε β α α= − + +

= ∆ɶ

 (5) 

ε1 is the Courant-Snyder invariant of a particle, and 

(∆p/p) is the amplitude of particle synchrotron motion. As 

one can see from Eq. (4) each damping rate changes its 

sign if any of amplitudes exceeds the first root, µ0, of the 

Bessel function J0(x). That determines that at the cooling 

area boundary ax =µ0 or ay =µ0 where µ0 ≈2.405. That 

yields the cooling area boundaries: 

 ( )( )
( ) ( )

2

0
max 2 2 2 2

51 51 52 52

0 51max

,
2 1

/ .

p p p
k M M M M

p p k M

µ
ε

β α α

µ

=
− + +

∆ = ɶ

  (6) 

Although M56 and, consequently, the sum of damping 

rates depend only on focusing inside the chicane, 
56Mɶ and 

the ratio of damping rates depend on the dispersion at the 

chicane beginning, i.e. on the ring dispersion. Eq. (3) 

yields the ratio of damping rates,  

 ___________________________________________  
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56 56/ / 1

x s
M Mλ λ = −ɶ  . (7) 

The relative cooling ranges are introduced as ratios of 

cooling area boundaries (∆p/p)max and εmax to the rms val-

ues of momentum spread, σp, and horizontal emittance, ε, 

established by equilibrium between SR damping and heat-

ing. That yields:  

 
  max( / ) / , / .

s max p x
n p p nσ σσ ε ε= ∆ =   (8) 

 As one can see the transverse cooling range does not 

depend on the dispersion but depends on the beta-function 

in the pickup wiggler.   

BEAM OPTICS 

The OSC system will take one of four straight sections 

with length of ~4 m. The cooling chicane consists of four 

dipoles with parallel edges (see Fig. 1) To obtain trans-

verse cooling 
56M  and  

56Mɶ  have to be different. It is 

achieved by placing a defocusing quad in the chicane 

center. Leaving only leading terms in the thin lens ap-

proximation one obtains:  

 

( )

*

56 56

* *

2 , 2 ,

/ / 2 .x s

M s M s D h

D h s D hλ λ

≈ ∆ ≈ ∆ − Φ

≈ Φ ∆ − Φ

ɶ

  (9) 

Here ∆s and h are the path lengthening and the trajectory 

offset in the chicane, Φ=1/F is the defocusing strength of 

the quad, D
*
 is the dispersion in the chicane center, and 

we assume that dD/ds=0. The latter condition is required 

to minimize the equilibrium beam emittance. Similarly, 

using Eq. (8) one obtains estimates for the cooling ranges  

 
( )( )

( )

*

0

*

0

/ 2 ,

/ 2 ,

p p

x

n s D h k

n kh

σ

σ

µ σ

µ εβ

≈ ∆ − Φ

≈ Φ

  (10) 

where * 2 /Lβ β≈  is the beta-function in the chicane cen-

ter, and L is its half-length. As one can see from Eqs. (9)

and (10) ΦD
*
h determines the cooling dynamics. Using 

the bottom equation in (10) we obtain: 

 
*

* 0

2 x

A
D h

knσ

µ

ε
Φ ≈  , (11) 

where A
*
=D

*2
/β*

 is the dispersion invariant in the chicane 

center. As one can see the given wave-length, beam emit-

tance and transverse cooling range uniquely determine 

ΦD
*
h and, consequently, the cooling dynamics.  

The choice of the wavelength of 800 nm was deter-

mined by choice of OA. Although the delay in the OA of 

2 mm is quite small it still presents considerable challeng-

es to the beam optics. Without redistribution of decre-

ments it yields an acceptably low longitudinal cooling 

range, nσp <1. Therefore a redistribution of decrements is 

required but its value is limited by reduction of the trans-

verse cooling range. Decreasing the ring energy from 150 

to 100 MeV reduces the equilibrium emittance and mo-

mentum spread and allows obtaining sufficiently large 

cooling ranges of >2 for both planes. Operation at the 

coupling resonance redistributes SR cooling rates be-

tween horizontal and vertical planes resulting approxi-

mately equal equilibrium transverse emittances and, con-

sequently, twice smaller horizontal emittance. Tables 1 

and 2 present the main parameters of the ring. The ring 

optics is symmetric relative to the chicane center. Figure 

2 presents the dispersion and beta-functions for half of the 

ring. The optics was designed to minimize the equilibrium 

emittance. It requires a minimization of the dispersion 

invariant ( )2 2 2
1 / 2A D DD Dα β α β′ ′= + + +  in the di-

poles. Its initial value of 11 m determined by require-

ments of OSC is quite large and, if not addressed, would 

result in an unacceptably large emittance. An adjustment 

of horizontal betatron phase advances between dipoles 

was crucial to obtain tolerable transverse emittances. Fig-

ure 3 presents the value of A along half of the ring.  

Table 1: Main Parameters of IOTA storage ring for OSC 

Circumference 40 m 

Nominal beam energy   100 MeV 

Bending field   4.8 kG 

Tunes, Qx/Qy 6.36/2.36 

Number of particles  5·10
8
 

Transverse emittances, ε =εx = εy, rms   11.5 nm 

Rms momentum spread, σp  1.23·10
-4

 

SR damping times (ampl.), τs / (τx= τy) 1.4 / 0.67 s 

Table 2: Major parameters of cooling chicane 

Delay in the chicane, ∆s  2 mm 

Horizontal  beam offset, h  20.1 mm 

M56  3.95 mm 

Dispersion in the chicane center, D
*
 307 mm 

Beta-function in the chicane center, β*
 8.59 mm 

Cooling rates ratio, (λx = λy)/λs 1.18 

Cooling ranges (before OSC), nσx/nσs  2.1 / 3.2 

Dipole magnetic field  4.22 kG 

Dipole length  10 cm 

Strength of central quad, GdL   1.58 kG 

 

 

Figure 2: Optics functions for IOTA half ring starting 

from the OSC section.  

OPTICAL AMPLIFIER 

Choice of Ti:Sapphire OA has a few advantages. First, 

it has quite wide bandwidth (~20% FWHM). Second, it 

allows operation in the CW regime; and third, it can de-

liver significant amplification with only ~1 mm signal 

delay. For an OA prototype we bought a highly doped 

(0.5%wt Ti2O3) 2 mm thick Ti: Sapphire crystal from GT 

Crystal Systems. An estimated low power gain is ~100 

(20 Db) with pumping power density of 1.8 MW/cm
2
.  
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Figure 3: Dependence of the dispersion invariant, A, and 

its derivative for IOTA half-ring starting from the OSC 

section. dA/ds is non- zero at dipoles. 

Optical system has two lenses (Fig. 1). The first lens 

focuses the beam radiation on the Ti:Sapphire crystal, and 

the second one focuses the amplified radiation into the 

kicker wiggler. The lenses have the same focal length and 

radius. The focal length was chosen to minimize the size 

of e.-m. radiation on the Ti:Sapphire crystal. A longer 

focal length decreases the spot size at the crystal entrance 

but increases the waist and effects of the field of depth. 

An optimal value of the focal length is 8 cm with lens 

radius of 3.5 mm. The lens radius was determined by a 

compromise between the damping rates growth with the 

radius and an increase of signal delay leading to a drastic 

deterioration of beam optics. The choice of lens parame-

ters results in that the most radiation is within cylinder 

with 30 µm radius where amplification can happen. The 

radiation of pumping laser follows along beam radiation 

axis. Windows in vacuum chamber located along the axis 

allow the pumping light to get in and out together with the 

amplified radiation. The radiation of pumping laser comes 

through the same lenses. Additional matching lenses are 

installed outside the vacuum chamber. The pumping laser 

radiation is focused into 30 µm cylinder with close to 

rectangular power density distribution. It determines the 

laser power to be ~50 W. To reduce the effect of the 

depth of field a 50 cm gap between the cooling chicane 

and the wigglers is introduced.   

 

Figure 4: Rms beam sizes (horizontal – σx, vertical – σy, 

and due to momentum spread - |Dσp|) in vicinity of cool-

ing chicane starting from the center of OSC section. Ver-

tical lines mark location of wiggler. The horizontal line 

shows diffraction limited spot size (HWHM) of amplified 

radiation in the kicker wiggler. 

Cooling the OA to liquid nitrogen temperature is re-

quired. It increases the crystal thermal conductivity result-

ing in an acceptable temperature difference across the 

crystal (~8K) and thermal stresses. Cooling also reduces 

the dependence of refraction index on temperature and, 

thus, optics distortions related to the high pumping power.  

Recently we assembled a prototype OA which will be 

operating in a pulsed regime to avoid problems with cool-

ing required for CW regime. The goal of the measure-

ments is to determine the dependence of phase and ampli-

tude of amplified signal on frequency. It is achieved by 

inserting the OA into one leg of Michelson interferome-

ter. The first measurements are expected soon.          

COOLING RATES  

Parameters of undulators and cooling rates are shown 

in Table 3. The undulator period was chosen so that the 

wavelength of the radiation at zero angle would be at the 

band boundary (750 nm). The cooling rates were comput-

ed using formulas developed in Ref. [4] where additional 

averaging over amplifier band was applied resulting in  

~20% reduction of rates. It was assumed that only radia-

tion within 2 mrad enters the OA. It sets the aperture of 

optical system to 2·3.5 mm and the upper boundary of the 

band to 850 nm.  The effects of e.-m. wave dispersion in 

the OA amplifier were neglected. It was assumed that the 

dispersion in the amplifier is included into the gain, i.e. 

G = 10 implies an amplitude amplification of 10. Conse-

quently, the dispersion makes the power gain to be 

somewhat larger than G
2
. We also neglected incomplete 

overlap of light and particle beams in the kicker undulator 

at the beginning of cooling process when the beam size is 

determined by SR. Figure 4 shows the rms beam sizes in 

the cooling section for the uncooled beam. One can see 

that the beam sizes exceed the radiation spot size. It re-

sults in that the initial cooling rates are about factor of 5 

lower. For the chosen number of particles in the bunch the 

system operates slightly below optimal gain at the begin-

ning of cooling process. We would like to stress that even 

in the absence of amplification (passive system, G = 1) 

the OSC damping exceeds SR damping by more than an 

order of magnitude (see Tables 1 and 3).  

Table 3: Main parameters of OSC 

Undulator parameter, K 0.6 

Undulator period 4.92 cm 

Radiation wavelength at zero angle 750 nm 

Number of periods, m 10 

Total undulator length, Lw 0.50 m 

Length from OA to undulator center 1.65 m 

Amplifier gain (amplitude) 10 

Telescope aperture, 2a 7 mm 

Lens focal length, F  80  mm 

Damp. rates (x=y/s) 160/140 s
 -1 
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FREE-ELECTRON LASERS IN THE SOFT X-RAY REGIME* 
J. N. Corlett#, LBNL, Berkeley, CA, USA 

 
Abstract 

X-ray science in imaging, structure determination, and 
spectroscopy, as well as diffraction/scattering, requires 
intense ultrafast pulses in the soft X-ray range, uniquely 
provided by free electron lasers (FELs). In addition to 
operational soft X-ray FEL facilities, there are FEL 
construction projects under way that include soft X-ray 
laser capabilities, and planned facilities with novel 
capabilities. This paper provides a review of the exciting 
field of existing and planned soft X-ray FELs with 
emphasis on new schemes and new technologies to 
achieve better performance. 

SCIENCE NEEDS FOR SOFT X-RAY FELS 
The scientific innovation expected from the 

construction and operation of X-ray FEL facilities lies in 
their ability to provide tools that offer extreme spatial, 
temporal, and energy resolution. Properties of FEL 
sources are expected to include the ability to reach to the 
ultrafast timescales of atomic motion (about 100 fs), spin 
motion (down to about 1 fs), and electronic motion (down 
to attoseconds), the spatial scale of the atomic bond 
(down to Angstroms), and energy resolution on the scale 
of the bond that holds electrons in correlated motion with 
near neighbors (~10 meV and greater). X-ray FEL sources 
offer unique capabilities to combine information on 
atomic length scales with data on full-scale functional 
systems under realistic operational conditions. In addition, 
these sources have an intensity and brightness needed to 
observe the subtlest of nature’s secrets at these frontier 
space, time, and energy scales, and with elemental 
specificity.  

Critical X-ray science in imaging, structure 
determination, and spectroscopy needs new capabilities in 
the soft X-ray range, accessing K- and L-edges of the 
earth-abundant elements, as well as diffraction/scattering 
in the few to several keV photon energy range. These 
scientific requirements give rise to the following desirable 
FEL performance features: 
• X-ray time structure 

– Control of longitudinal phase space, with Fourier-
transform-limited pulse structure extending from 
~100 fs pulses with ~10 meV bandwidths to sub-
femtosecond pulses with ~10 eV bandwidths 

– Control of longitudinal pulse shape, amplitude and 
phase 

– Synchronization and full integration with 
conventional pulsed laser sources 

– High repetition rate with regularly spaced pulses 
• Full transverse coherence 

– Requirements set by real-space imaging, diffractive 
imaging, and photon-correlation spectroscopy 

– Optical systems to preserve and exploit transverse 
coherence

 

• High peak flux and brightness 
– Requirements set by non-linear effects in materials 

• High average flux and brightness 
– Short-pulse sources with high repetition rates (100 

kHz or greater) providing average flux and/or 
brightness substantially beyond existing sources   

• Tunability, polarization control, and extended photon 
energies 
– Tunability throughout the transition-metal L-edges 

and polarization control and modulation 
– Two-color capability for non-linear spectroscopies 

and X-ray pump/X-ray probe 
• High degree of amplitude and wavelength stability 
• Multiple simultaneous users 

SOFT X-RAY FEL OVERVIEW 
High-gain single pass FELs at wavelengths in the EUV 

and shorter have been operating as photon science user 
facilities for almost a decade – the TESLA Test Facility 
(TTF) became the Free Electron Laser in Hamburg 
(FLASH) in 2003, and user operations began in 2005 with 
lasing at 25 nm [1].  FLASH now operates at wavelengths 
in the water-window (~4 nm) and longer. The LCLS at 
SLAC is the world’s first hard X-ray FEL [2], and also 
operates in the soft X-ray regime with wavelength ~4.5 
nm and shorter [3]. Both of these facilities currently 
operate in SASE mode in the soft X-ray range (although 
the LCLS also offers a hard X-ray self-seeded mode [4]). 
FERMI@elettra is a seeded FEL facility, offering 
improved temporal coherence, with tunable user beam 
currently offered down to 20 nm [5]. The SACLA facility 
currently operates the shortest wavelength FEL, in SASE 
mode [6].  

Upgrades of these facilities are planned or are in 
progress and include development of soft X-ray 
capabilities, in capacity (adding FEL beamlines), and also 
in capability by extending the tuning range, seeding 
(either self-seeding or external laser-seeding) and offering 
tunable undulators and new operating regimes of pulse 
duration and time structure. The FERMI team is now 
commissioning a 2-stage harmonic cascade to reach into 
the water window [7]. Upgrade plans at SACLA include 
the re-location of the SCSS test facility as a soft X-ray 
FEL driver [8].  FLASH-II will add variable-gap 
undulators in a separate beamline driven by the existing 
linac, and seeding. LCLS-II is planned to provide self-
seeded capability from 0.25–5 nm, using a new CW 
superconducting linac. 

The European XFEL [9], SwissFEL [10], and Korean 
PAL-XFEL

 

[11]

 

facilities are under construction, and

 
 ____________________________________________  

*Work supported by the Director, Office of Science, of the U.S. 
Department of Energy under Contract No. DE-AC02-05CH11231 
#jncorlett@lbl.gov 

 

Proceedings of PAC2013, Pasadena, CA USA TUZB1

02 Light Sources

A06 - Free Electron Lasers 425 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



plan for soft X-ray capability, in SASE or in self-seeded 
mode.  

The FLASH and FLASH-II, European XFEL, and 
LCLS-II projects are based on superconducting RF 
technology, and offer very high repetition rate (up to ~100 
kHz at each FEL) providing high average photon beam 
brightness and coherent power. Other facilities and 
projects use normal conducting accelerators and provide 
relatively low repetition rate (up to ~100 Hz). Use of 
normal conducting accelerators operated at high gradient 
is attractive in allowing for a small facility footprint.  

Design studies elsewhere are developing concepts for 
soft X-ray FELs, including SXFEL (Shanghai), IRIDE 
(INFN-Frascati), and LUNEX5 (SOLEIL). Other soft X-
ray FEL facility design studies have recently come to an 
end, including the NGLS at Berkeley Lab, and the NLS in 
the UK.  

In addition to facilities, projects, and design studies, 
there are important R&D facilities contributing to 
understanding of FEL science and technology. Currently 
operating single-pass FEL R&D facilities are NLCTA (at 
SLAC), SPARC (at INFN Frascati), SDUV (Shanghai 
Institute of Applied Physics), and MAX-Lab (Lund, 
Sweden). Proposals for single-pass FEL R&D facilities 
include CLARA (STFC Daresbury). 

OPERATING FACILITIES, AND THEIR 
UPGRADES AND EXPANSION PLANS 

FLASH 
The FLASH facility is a high-gain single pass SASE 

FEL driven by a pulsed superconducting L-band (1.3 
GHz) linac based on TESLA technology, with maximum 
beam energy 1.25 GeV [12]. The time structure is a burst 
mode with up to 3 MHz bunch rate in an 800 µs 
macropulse, 10 Hz repetition rate, delivering up to 5000 
pulses per second. Photon pulses in the wavelength range 
4.2–44 nm, with 10–400 µJ per pulse, and duration in the 
range <50–250 fs, are produced in fixed-gap permanent-
magnet undulators of period 27.3 mm. A Cs2Te 
photocathode provides electron beam in a normal-
conducting L-band RF gun, with charge per bunch 0.02–1 
nC. Peak current at the FEL is typically 1–2 kA. Photon 
tuning is provided by adjusting the electron beam energy, 
and RF and beam-based feedback systems are used to 
enhance stability of beam energy, bunch compression, and 
timing. Development plans include production of shorter 
pulses, and enhanced temporal coherence through laser-
seeding using XUV pulses from an HHG laser, as well as 
high gain harmonic generation (HGHG) using a UV seed 
[13]. 

FLASH-II 
FLASH-II adds a second FEL beamline in a new 

undulator tunnel and a new experimental hall added to the 
facility at DESY. Driven by the same superconducting 
linac, both FLASH-I and FLASH-II are to be delivered 
electron beam in bursts at 10 Hz repetition rate by a beam 
kicker that will distribute bunches from within each 

macropulse [14]. Two photocathode lasers are used to 
generate sub-trains in a macropulse, allowing flexibility in 
intra-train repetition rate, number of pulses per train, 
longitudinal pulse shape, and pulse energy for both FELs. 
The bunch spacing for beam to FLASH-II is 1–25 µs.  
The undulators are 31.4 mm period, with variable gap, 
and allow tuning from 4–13.5 nm in SASE mode at beam 
energy of 1.2 GeV, and longer wavelengths at lower beam 
energy. Construction is under way, and commissioning 
with beam is expected to begin in early 2014. Seeded FEL 
operation is planned, using single-stage harmonic 
generation from a UV seed laser, and initially radiating in 
the range 20-40 nm.  

LCLS 
LCLS demonstrated the first hard X-ray laser operation 

in 2009, with an S-band (2856 MHz) photocathode gun 
and 14 GeV linac driving an FEL with 3 cm period fixed-
gap permanent magnet undulators [2]. The facility 
provides photon wavelength from 4.5 nm to 1.2 Å, in 
pulses of ~3–500 fs, ~2–6 mJ per pulse, at a repetition 
rate of 120 Hz. Charge per pulse is typically ~250 pC to 
optimize brightness. Hard X-ray self-seeding at ~8.2 keV 
results in a factor ~50 reduction in bandwidth compared 
to SASE, and a brightness increase currently limited to a 
factor ~3. LCLS upgrade plans include development of 
capabilities for fs-scale pulses, hard and soft X-ray self-
seeding, two-color generation, synchronized THz, 
multiple-bunch operation, and polarization control [3].	  

LCLS–II 
LCLS-II is a major expansion of the FEL capabilities at 

SLAC, and plans are being developed to build a new 4 
GeV superconducting L-band (1.3 GHz) linac based on 
ILC/XFEL technology developed for CW operation.  The 
linac will drive two FELs, each an adjustable gap 
permanent magnet undulator design. Both FELs will be 
self-seeded, and one tunable over the range 1–5 nm 
(undulator period ~40 mm), the other 0.25–1.2 nm 
(undulator period ~26 mm). The latter will replace the 
existing LCLS undulator, and designed to be driven be 
either the new linac, or the existing S-band linac (for 
harder X-ray and higher per-pulse energy capability, at 
lower repetition rate). Bunch rate from the 
superconducting linac may be as high as 1 MHz, and each 
FEL will typically provide ~100 kHz X-ray pulses with 
uniform spacing, with energy per pulse up to ~2 mJ. A 
high-brightness, high repetition rate injector such as being 
developed at the APEX project may be used as an 
electron source [15]. The facility takes advantage of 
existing SLAC infrastructure in housing the injector, 
linac, RF power systems, beam transport, undulators, X-
ray beamlines and endstations. This approach offers cost 
savings, and upgrade paths both in capacity by adding 
FELs, and capability by implementing new FEL designs. 
The construction project is estimated to complete in 2020. 
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FERMI@elettra 
The first seeded FEL user facility has been operational 

for users since 2012, and currently provides continuous 
tunability from the FEL-1 harmonic cascade over the 
range 20–65 nm (and longer wavelengths to 100 nm 
possible with specific machine setup). A UV seed laser is 
used to modulate the electron beam from a 1.2 GeV S-
band (2998 MHz) GeV linac operating at 10 Hz, radiating 
at up to the 13th harmonic of the seed in 55 mm period 
variable-gap APPLE-II type undulators with polarization 
control. Peak current is ~500 A, as opposed to ~kA used 
in SASE FELs. Pulse energy of up to ~100 µJ can be 
delivered, and relative bandwidth as low as 0.05% (close 
to the Fourier transform limit), wavelength stability 
~7x10-5, and amplitude variations ~10% (measured in the 
EUV) [16, 17]. An upgrade to 50 Hz is under way, by 
implementing a new RF photocathode gun and klystron 
modulators.  
FEL-2 is currently being commissioned, and uses a 

beam of energy ~1.5 GeV (by activating SLED cavities in 
the RF power systems) driving a two-stage harmonic 
cascade using a fresh-bunch approach. The two stages are 
each high gain harmonic generation FELs. The first stage 
is seeded by a UV pulse (~260 nm, the 3rd harmonic of a 
Ti:Sa laser system), and lases at the 4th-6th harmonic. 
The output of this first stage is used to seed the second 
stage modulator, using a chicane to delay the electron 
bunch such that the seed pulse overlaps and modulates an 
unperturbed (“fresh”) part of the electron bunch. The final 
FEL output is obtained at up to ~65 harmonic of the initial 
UV seed. Tuning range is nominally 4–20 nm although 
coherent FEL emission with wavelength as short as 3 nm 
has been observed [18]. 

SACLA 
SACLA opened to users in 2012 and is currently a hard 

X-ray facility, producing photon pulses in a range 5–15 
keV, with 100-400 mJ per pulse in a duration of ~10–15 
fs, at a repetition rate of 10 Hz (60 Hz maximum). The 
undulators are in-vacuum variable-gap, with period 18 
mm. The machine uses an 8.5 GeV, C-band (5.7 GHz), 
linac, with a novel single-crystal CeB6 thermionic cathode 
and combination of VHF, UHF, L-, S-, and C-band RF 
systems in the injector. Bunch charge is ~100–300 pC, 
and peak current >3 kA. SASE	   central	   wavelength	  
stability	   is	   ~3x10-‐4,	   and	   pulse	   energy	   variations	   ~10–
20%	  [6,8].	  

Upgrades are being pursued to provide additional FEL 
beamlines (up to 5 and including one soft X-ray), a 
bunch-by-bunch beam distribution system, hard X-ray 
self-seeding, higher beam energy (to 9 GeV), and 
relocation of the SCSS (SPring-8 Compact SASE Source) 
test accelerator and increasing it’s energy to 450 MeV 
(and potentially 1.4 GeV) to drive a EUV to soft X-ray 
FEL [8]. The soft X-ray FEL uses in-vacuum undulators 
with period 18 mm (same as hard X-ray undulators), and 
initial tuning range is ~15–60 nm, with 50–100 µJ per 
pulse. First operation of the soft X-ray FEL is planned for 
autumn 2015. The SCSS was built in 2005 to demonstrate 

the SACLA concept with a 250 MeV test accelerator, and 
successfully lased at 50 nm, with HHG seeding at 61.5 
nm [19].  

CONSTRUCTION PROJECTS 
European XFEL 

The European XFEL is under construction in Hamburg, 
Germany, and consists of a 17.5 GeV pulsed L-band (1.3 
GHz) superconducting linac serving three initial SASE 
FELs, delivering photons from 0.05–4 nm in pulses of 
~1–100 fs. The time structure is 2700 bunches per 600 µs 
macropulse, at a repetition rate of 10 Hz (average bunch 
rate 27 kHz, and a rate of 4.5 MHz within the 
macropulse). Kickers will provide flexible beam 
distribution with simultaneous operation of three 
experiments. Bunch charge is 0.02–1 nC, and average 
beam power over 500 kW. The injector is a normal-
conducting L-band photo-cathode RF gun of the same 
type in operation at FLASH. The soft X-ray FEL is 
downstream from a hard X-ray FEL, using the same 
beam, and has 68 mm period permanent magnet 
undulators with adjustable gap; the tuning range is 
extended by adjusting the electron beam energy. Average 
soft X-ray power is greater than 100 W [20].  

SwissFEL 
Under construction in Villigen, Switzerland, SwissFEL 

is an X-ray laser facility with two FEL lines covering the 
wavelength range from 0.1-0.7 nm and 0.7-7 nm, 
respectively. An S-band injector delivers beam at 100 Hz 
to a normal-conducting C-band (5.72 GHz) linear 
accelerator. Two bunches of charge 10–200 pC are 
accelerated per RF pulse; one is extracted at 3 GeV for 
soft X-ray generation, while the other continues to be 
accelerated to 5.8 GeV for hard X-ray production. The 
soft X-ray FEL is self-seeded and uses 40 mm period 
APPLE-II type variable gap undulators with polarization 
control, and delivers per-pulse energy of ~100 µJ.  
Commissioning of the linear accelerator and the hard X-
ray FEL will start in 2016; funding for the soft X-ray 
component requires additional approval and construction 
is planned to begin in 2018 [10]. 

PAL X-FEL 
The PAL-XFEL is under construction, and designed to 

have three hard X-ray undulator lines at the end of a 10 
GeV S-band (2856 MHz) linac, and a branch line at 3.15 
GeV for two soft X-ray undulator lines. Initially, one hard 
X-ray and one soft X-ray FEL will be built. The injector 
uses an S-band photocathode gun which delivers two 
bunches of 20–200 pC charge at 60 Hz, bunch delivery to 
the soft X-ray beamline is to be controlled by a kicker 
system. A passive wakefield “dechirper” will be used to 
remove the correlated energy chirp following extraction 
from the linac [21]. The soft X-ray undulators are planned 
to be permanent-magnet adjustable-gap devices with 34 
mm period, and APPLE-II type for the final few gain 
lengths to provide polarization control. Photon 
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wavelength is in the range 1–4.5 nm (longer wavelengths 
using lower beam energy), with ~90 fs pulse duration. 
FEL experiments are planned to begin in late 2016 [11].   

PROPOSALS AND DESIGN STUDIES 
NGLS 

The LBNL-led NGLS collaboration developed design 
concepts for a multi‐beamline soft x‐ray FEL array 
powered by a superconducting linear accelerator, 
operating with a high bunch repetition rate of ~1 MHz. 
The CW L-band (1.3 GHz) 2.4 GeV superconducting 
linear accelerator design is based on developments of 
TESLA and ILC technology, and is supplied by a high-
brightness, high repetition rate VHF-frequency 
photocathode electron gun under development at the 
APEX facility [15]. 300 pC, 500 A peak current, ~300 fs 
electron bunches from the linac are distributed by RF 
deflecting cavities to the array of up to nine independently 
configurable FEL beamlines with nominal bunch rates of 
~100 kHz in each FEL, with uniform pulse spacing, and 
some FELs capable of operating at the full linac bunch 
rate. Undulators are ~20 mm period, Nb3Sn 
superconducting planar devices to provide optimal 
performance, and are being developed in an R&D 
program [22]. Individual FELs may be configured for 
different modes of operation, including self-seeded and 
external-laser-seeded, and each may produce high peak 
and average brightness x-rays with a flexible pulse 
format, including multiple approaches to deliver two-
color X-rays with wide tuning range for each color, and 
with pulse durations in the range ~0.1–100 fs. RF and 
beam-based feedback systems, integrated with fiber-based 
timing and synchronization systems, would provide 
exceptional photon-beam stability and synchronization 
control in a high-rate, CW machine [23]. The effort is 
now stopped. 

SXFEL 
Baseline technical design studies for the Shanghai soft 

X-ray FEL (SXFEL) proposal have been completed. The 
initial configuration is planned to use a 10 Hz normal-
conducting linac using S- and C-band technology and 
would deliver 840 MeV beam energy, driving a laser-
seeded harmonic cascade to reach a wavelength of 8.8 
nm.  Upgrade to 1.2–1.3 GeV would provide photon 
wavelength down to 3 nm. The facility would be built at 
the Shanghai Synchrotron Radiation Facility, in 
collaboration with Tsinghua University [24].  

LUNEX5 
LUNEX5 is a multi-institution proposal coordinated by 

SOLEIL, for R&D and demonstration of advanced FEL 
concepts, including both RF linac and laser wakefield 
accelerators. Seeded FEL techniques, using in-vacuum 
cryogenically cooled PrFeB undulators with 15 mm 
period, would be developed with a 400 MeV 
superconducting linac, and a 0.4–1 GeV laser-plasma 
beam. HHG and EEHG seeding schemes would be 

explored to produce 4–40 nm FEL output in pulses of ~10 
fs duration. A conceptual design report is completed, and 
the project is in an R&D stage [25].  

IRIDE 
The IRIDE concept under development and based at 

INFN Frascati [26] is a high brightness particle beams 
factory based on high duty cycle superconducting linacs. 
The design concept includes FEL oscillators and SASE 
and seeded FELs, operating over a very broad spectrum 
from IR to hard X-ray. 

NLS 
The NLS team in the U.K. developed a conceptual 

design for a 1 kHz coherent light source with FELs 
operating to wavelengths in the range ~1–25 nm, using a 
2.25 GeV CW superconducting L-band (1.3 GHz) linac. 
The pulsed L-band photocathode gun would deliver 200 
pC at 1 kHz, driving HHG-seeded FELs to provide 
temporal coherence and increased brightness. Three initial 
FELs were conceived, using harmonic cascade schemes 
and generating ~20 fs pulses. Upgrade paths to higher 
repetition rate (MHz), shorter X-ray pulses, higher energy 
photons (to 2 keV), and additional FELs and endstations 
were identified [27].   

WiFEL 
A concept for a Wisconsin FEL (WiFEL) has been 

developed based on a CW superconducting L-band (1.3 
GHz) linac fed by a superconducting photocathode gun 
delivering bunches at MHz rate. A staged approach is 
suggested that includes incremental build-out of the 
accelerator and multiple seeded FELs, using harmonic 
cascades and covering a wavelength range down to ~1 
nm, with ~10 fs pulses [28]. 
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MACHINE BASED OPTIMIZATION USING GENETIC ALGORITHMS IN A 
STORAGE RING * 

K. Tian#, J. Safranek, Y. Yan, SLAC, Menlo Park, CA 94025

Abstract 
In this paper, instead of applying GA in the 

conventional numerical calculations, we present a 
successful experimental demonstration of implementing 
GA in real machine based optimization. We conduct the 
optimization of the average vertical beam size of the 
SPEAR3 storage ring using GA. Beam loss rate is chosen 
as the sole objective function because it is inversely 
proportional to the vertical beam size and can be 
measured quickly in SPEAR3. The decision variables are 
the strengths of SPEAR3 skew quadrupoles, by varying 
which we can change both the betatron coupling and the 
vertical dispersion to search for the minimum beam size. 
The results in this paper can shed light on new 
applications of GAs in particle accelerator community, for 
example, optimizing the luminosity of the high energy 
collider in real time. 

INTRODUCTION 
GAs have been successfully applied in areas such as 

designing injector systems [1], diagnosing and designing 
accelerating cavities [2], and optimizing beam optics 
design in storage rings [3]. One core process of the GA is 
to evaluate objective functions from a given set of 
decision variables, i.e. knobs to be adjusted for optimum 
search. In spite of various approaches used in previous 
efforts, all of them evaluate the objective functions based 
on numerical simulations using particle tracking codes. In 
principle, when the optimization targets or their 
correlating parameters are measurable experimentally, it 
is possible to use the real machine as the function 
evaluator to directly measure the objective functions, 
rather than using a computer model. Compared to the 
simulation based optimization, the machine based 
optimization has the most accurate representation of the 
machine condition that includes all lattice errors. 
Moreover, when the physics quantities of interest can be 
measured quickly in experiment but cost long time to be 
calculated in simulations, the machine based optimization 
will excel in speed too. One example of such quantity is 
the luminosity of the high energy colliders. In SPEAR3, 
we have identified a similar parameter of interest that can 
be measured nearly instantaneously. In this paper, we 
report an innovative application of GA to minimize the 
average vertical beam size of the SPEAR3 storage ring in 
real time. To construct the GA, we use 13 skew 
quadrupoles in the storage ring as decision variables and 
the measured beam loss rates as the objective function. 
The results can serve as a proof of principle for using GA 
in machine based optimization. 

MINIMIZE THE VERTICAL BEAM SIZE 
In a storage ring, circulating electrons are lost due to 

collisions with gas molecules and electron-electron 
scattering inside the bunch, where the latter is known as 
the Touschek effect [4]. As in most modern electron 
storage rings, the loss of stored beam current in SPEAR3 
is mainly due to the Touschek scattering. Thus, one can 
derive the simple scaling law between beam loss rates 
dI/dt and vertical beam size as shown below: | | ∝ 	  , 

where I is the stored current and  is the average vertical 
beam size.  

 
Figure 1: Experiment verification of Eq. (1). 

In SPEAR3, Eq. (1) can be directly validated by 
experimentally measured data. During the experiment, 
100 mA beam is filled in SPEAR3. We achieve 20 
conditions in the ring by varying all skew quads in a fixed 
step size. For each condition, we measure the vertical 
beam size at 1Hz with an x-ray pinhole camera [5]. The 
beam loss rate is recorded instantaneously at 1Hz by a 
beam loss monitor (BLM) [6], installed next to the 
SPEAR3 beam horizontal scraper. The scraper is inserted 
close to the beam in order to capture nearly all of the 
beam loss at one point. The global beam loss is also 
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acquired by recording the current decay during 2-minute 
period using a dc current transformer (DCCT). The 
current droop during the entire period of the experiment is 
less than 4%, thus, the stored current can be considered as 
a constant for the analysis in Eq. (1). Sampling 5 out of 
the 20 different cases, we measured the response matrix 
of the ring for each, and then fit the model to the 
measured data using LOCO. Emittance ratio and average 
vertical beam size then can be calculated from the fitted 
model. All results are shown in Figure 1, where the 
monotonic relationship of the measured beam loss 
monitor data, the vertical beam size, and the emittance 
prove the simple scaling law in Eq. (1). 

ALGORITHM DESCRIPTION 
In this section, we will detail the formation of a GA 

based technique in maximizing the beam loss rate of 
SPEAR3 in real time. The algorithm is based on NSGA –
II [7]. 

Objective Functions and Decision Variables 
The normalized beam loss rate measured by the BLM 

next to the scraper is the single objective function in our 
GA formation. The currents, which represent the strengths 
of the skew quadrupoles in SPEAR3, are the independent 
decision variables. After varying the currents of the 13 
skew quadrupoles, the objective function is evaluated 
from the direct measurement of the BLM.  Distinct from 
most other applications of GA, the accelerator serves as 
the function evaluator, instead of a numerical or analytical 
model. The SPEAR3 skew quadrupoles are powered by 
high precision MCOR power supplies featured with fast 
switching. The data acquisition from the BLM is also 
nearly instantaneous.  

Genetic Operations 
Except the first generation, all sequential generations 

are generated via the process of genetic operations. We 
use two of the most popular genetic operators: real-coded 
Simulated Binary Crossover (SBX) [8] and polynomial 
mutation [8]. In each genetic operation, one of the two 
operators is chosen randomly but conforms to a 
predefined ratio. During a crossover, two parents are 
picked to create two children, while one child is generated 
from one parent in the case of mutation. Once a child is 
created, its corresponding objective function is evaluated. 
Eventually, an offspring population is generated. 
Crossover and mutation are governed by the user-
configurable nonnegative tuning parameters ηc and ηm 
respectively. A more detailed discussion of these two 
parameters can be found in the literature such as reference 
[8]. In short, these tuning parameters control the 
probability density function of the likeness between 
parents and children. For mutation, a smaller ηm 

represents less probability to have a similar child, which 
in turn provides a global search to the optimum regardless 
the parent solution. On the other hand, with a bigger ηm, it 
is very likely that the child only varies slightly from the 
parent and the operation is conducting a local search of 

optimum around the parent. The behavior of ηc is quite 
similar to ηm: the children tend to be close to one of the 
parents with large ηc or be randomly generated with small 
ηc.  

The performance and speed of genetic algorithms 
highly depends on specific problems and can be adjusted 
with mutation and crossover tuning parameters. We have 
programmed the code to dynamically adjust these factors 
according to the diversity of the population in the new 
generation. It appears that the optimization progresses 
faster by promoting more global search with relatively 
small mutation tuning parameters in early generations. 
When the population starts to cluster toward the optimum 
region, it helps to save time by using large mutation 
tuning parameter or shrink the search space.  

Replacement, Re-evaluation, and Stopping 
To ensure an elitist approach, the current population is 

replaced by the best solutions chosen from both the 
offspring and the older generation. To maintain a fixed 
population size, the remaining solutions are discarded. As 
the objective functions are measured directly from the 
SPEAR3 machine, the results may change over time due 
to variation of machine condition. Therefore, we re-
evaluate the surviving solutions from all previous 
generations every 10 generations. Limited by the machine 
time available for the experiment, we run the algorithm as 
long as possible, so normally we stop the program 
manually after a certain amount of time.  

RESULTS 

 
Figure 2: Normalized beam loss rates at the scraper 
during the experiment at 1Hz update rate. 

We choose the population size of 120 in each 
generation for reasonably big sample size and relatively 
short time for generating the whole population during the 
experiment. As a result, it takes less than 3 minutes to 
generate one generation.  

Figure 2 shows the results with 211 generations of GA 
optimization.  To reduce the effect of stored beam current 
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as shown by the normalized stored beam current (scaled 
stored current shown as red curve). The optimization was 
paused during the refill and restarted by loading the 
dumped data after the fill. Overall, the algorithm behaved 
well. The normalized beam loss rates grow steadily for 
the first 150 generations, and then start to converge. In 
Figure 3, we compare the skew quadrupoles currents of 
the GA solution and the LOCO solution. The beam loss 
rates for the best solution found using GA are compared 
with the solution found using LOCO in Table 1. Average 
vertical beam size and emittance ratio of the ring with 
these two solutions are also calculated from the fitted 
model using LOCO. 

 
Figure 3: Comparison of the GA solutions and LOCO 
solution. 

The normalized beam loss rate measured with the GA 
solution is increased by 17.9% from that with the LOCO 
solution. According to the scaling law in Eq. (1), this is 
translated to the reduction of vertical beam size by 
15.18%. The calculated values using LOCO fitting show 
a 10.99% reduction of vertical beam size for the GA 
solution.  The discrepancy comes from the accuracy of the 
fitting in LOCO, loss rates measurement, and the 
assumption of solely Touschek effect when deriving the 
scaling law in Eq. (1).  

Table 1: Comparison of Solutions 

 LOCO GA 

 (µm) 7.9617 7.087 
Emittance Ratio 0.0605% 0.0461% 
Normalized Beam Loss rate 2.07 2.44 

SUMMARY 
Genetic algorithms are believed to be especially 

suitable for problems with high complexity where 
traditional gradient-based search methods normally fail to 
optimize. As the storage ring lattice is well designed, the 
coupling optimization of the ring tends to be a well 
behaved problem. This is evident from the final solution: 
out of 13 skew quadrupoles, only 3 are required to be set 

above 5A, while most of others are near zero. This fact 
weakens the advantage of using GA based optimization. 
Nevertheless, with machine based GA, we are able to find 
good solution regardless the time spent. Also, we have 
more confidence in its global validation. In addition, one 
should note that machine based GA may show advantage 
in speed over the traditional gradient based techniques 
when optimizing problems involved with more decision 
variables. As long as the corresponding hardware can be 
set roughly simultaneously, the time cost by machine 
based GA is independent of the number of decision 
variables. However, most traditional algorithms are scaled 
with the number of decision variables in high order. Thus, 
machine based GA can be more valuable for large 
machines. 

The GA techniques we used are far from being refined. 
In future study, we will focus on improving speed and 
robustness.  One possible approach is to create a hybrid 
algorithm that combines both GA and one of the 
traditional techniques for fast local search. When blending 
the two algorithms, it is challenging to maintain their 
original advantage, which requires thorough study. 
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SUCCESSFUL COMPLETION OF THE ALS BRIGHTNESS UPGRADE∗

C. Steier† , A. Madur, B. Bailey, K. Berg, A. Biocca, A. Black, P. Casey, D. Colomb,
B. Gunion, N. Li, S. Marks, H. Nishimura, C. Pappas, K. Petermann, G. Portmann,

S. Prestemon, A. Rawlins, D. Robin, S. Rossi, T. Scarvie, R. Schlueter, C. Sun,
H. Tarwaneh, W. Wan, E. Williams, LBNL, Berkeley, CA 94720, USA;

L. Yin, Q. Zhou, J. Jin, J. Zhang, C. Chen, Y. Wen, J. Wu, SINAP, Shanghai, China

Abstract
The Advanced Light Source (ALS) at Berkeley Lab is

one of the brightest sources for soft x-rays worldwide. A
multiyear upgrade of the ALS is underway, which includes
new and replacement x-ray beamlines, a replacement of
many of the original insertion devices and many upgrades
to the accelerator. The accelerator upgrade that affects the
ALS performance most directly is the brightness upgrade,
which reduced the horizontal emittance from 6.3 nm to
2.0 nm (2.5 nm effective), resulting in one of the lowest
horizontal emittances of operating light sources. Magnets
for this upgrade were installed in late 2012 and early 2013
followed by successful commissioning and user operation
with 2.0 nm horizontal emittance.

INTRODUCTION
Over the years, the brightness of the ALS has been

steadily improved, keeping the ALS the brightest third gen-
eration light source in the energy range below 1 keV (see
Fig. 1). The upgrades included improvements in beam pa-
rameters (current and emittance), addition of new radia-
tion producing devices (Superbends and advanced insertion
devices) as well as stability improvements going hand-in-
hand with the brightness improvements.
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Figure 1: Comparison of the ALS brightness before and a
after the low emittance upgrade with several other existing
light sources.

The recent low emittance upgrade increased the bright-

∗The Advanced Light Source is supported by the Director, Office of
Science, Office of Basic Energy Sciences, of the U.S. Department of En-
ergy under Contract No. DE-AC02-05CH11231.
†CSteier@lbl.gov

ness of the ALS by about a factor three in the bending mag-
net beamlines, and by about a factor two in the existing
insertion device beamlines. The upgrade also opens the
door to a potential further increase of the brightness by po-
tentially implementing reduced horizontal beta functions in
some straights.

BRIGHTNESS UPGRADE LATTICE
The ALS lattice has a triple bend achromat structure,

with a fixed, large defocusing gradient in the bending mag-
nets. Originally, there were only 2 families of sextupoles,
with 4 sextupoles in each arc. An attractive set of possi-
ble upgrade lattices was found with higher straight section
dispersion and an integer tune two units higher than the old
lattice [1]. Those lattices have natural emittances of about
2 nm, compared to the more than 6 nm of the old lattice and
horizontal beta functions of about 20 m in the straights.
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Figure 2: ALS upgrade lattice with 2.0 nm natural emit-
tance at 1.9 GeV.

Later on, more systematic techniques [2, 3, 4] were used
to find the global optimal lattices in terms of emittance or
brightness. In those studies an additional family of low
emittance lattices was found with very small horizontal
beta function (order of 0.5 m) in the straights at much
higher phase advance, which increase the brightness by bet-
ter matching to the photon diffraction ellipse. Such low
beta straights are still under investigation as an insertion
for selected straights.

The high-beta lattices are within the range of the exist-
ing quadrupole magnets. However, the original sextupoles
would not have been strong enough and the dynamic aper-
ture would have been very poor. Both challenges were
overcome with the addition of sextupoles in the straight
sections.
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MAGNET DESIGN AND PRODUCTION
The design [5] of the new sextupoles was performed in

a collaboration by LBNL and SINAP and was finished in
2011. Because of space constraints, 3 different magnet de-
signs are used. One of the families is optimized for small
hysteresis and fast time response and has a closed yoke.
It is used as the primary correctors in the fast orbit feed-
back. All new sextupoles also contain skew quadrupole
coils (half of them have been initially connected to power
supplies). This allows to improve the vertical beamsize sta-
bility in the ALS by providing aa local correction of the
small skew quadrupole errors of the planar insertion de-
vices. Some of the skew quadrupoles in three of the ALS
arcs are also necessary to provide the vertical dispersion
bump for the fs-slicing facility in the upgrade lattice.

Magnet production, carried out at SINAP, started with
prototype magnets just after the design reviews in early
2011. The pole shapes were manufactured by wire edm
on fully assembled magnet cores to achieve excellent field
quality. Manufacturing was completed in summer 2012,
on time to achieve the project installation milestones. Dur-
ing construction there was a detailed quality assurance pro-
gram and all magnets were fully qualified by electrical, me-
chanical, and magnetic measurements. Precise fiducializa-
tion was carried out both mechanically and with the help of
magnetic measurements. All magnets exceeded all impor-
tant field quality requirements.

Installation
Thirteen of the new sextupoles were installed ahead of

the main upgrade shutdown. This allowed to fully test
their corrector functionality (time response, hysteresis) and
to incorporate them into the slow and fast orbit feedback.
The tests confirmed the excellent performance as corrector
magnets and subsequently the remainder of the 48 magnets
was installed during the 2013 spring shutdown (see Fig. 3).
At the same time, all new power supplies and equipment
protection systems were installed. Finally, the top-off inter-
lock ranges were enlarged based on a complete new set of
top-off safety calculations, and the interlocks were retested.

Figure 3: SHD magnet installed between the QF and QD
quadrupoles.

Other Project Activities
In order to create sufficient space in all locations where

new magnets were going to be installed, several modifi-
cations of vacuum chambers and stands were completed
in 2012. Several candidate power supplies for the new
magnets were tested and the control system interfaces for
the selected power supplies were completed. Because of
the new magnets and new strengths of existing interlocked
magnets, parts of the safety analysis for top-off opera-
tion needed to be redone. The analysis was completed in
time for the installation shutdown and no hardware changes
were necessary. The new analysis allowed widening the in-
terlock ranges on many of the top-off interlocked magnets
allowing wide flexibility with the new lattices.

For the fs-slicing facility, the ALS has a complex lat-
tice insertion that manipulates the local coupling and ver-
tical dispersion to spatially separate the sliced beam. The
new lattices required a completely new solution making use
of the additional skew quadrupoles added to the new SHF
magnets just adjacent to the insertion devices. The solu-
tion was found using genetic algorithms [6] and its lattice
functions are shown in Fig. 4.
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Figure 4: New fs-slicing optics that provides the spatial
separation of the energy sliced beam in the new upgrade
lattices.

Beyond the baseline of the project, which is aimed at
delivering higher brightness, work is also going on to study
low alpha modes of operation, which are enabled by the
fact that the new sextupoles allow control of the second
order momentum compaction factor.

COMMISSIONING
Simulations beforehand had predicted excellent dynamic

and momentum aperture as well as lifetime for the opti-
mized upgrade lattices [4, 7]. Fig. 5 shows an measurement
of the momentum aperture of the upgrade lattice by record-
ing the Touschek lifetime as a function of the RF accep-
tance. The measurement confirms that the upgrade lattice
has a larger dynamic momentum aperture than the lattice
used before the upgrade. In fact, during user operations the
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overall lifetime now is as high as before the upgrade, de-
spite the large reduction in horizontal emittance which al-
lowed to further reduce the vertical emittance as well (from
almost 50 pm to below 30 pm).

0 0.01 0.02 0.030

1

2

3

4

5

6

7
Energy acceptance, 1.9 GeV

6 p/p

o [
h]

 

 

IDs open

Figure 5: Lifetime versus RF amplitude scan confirming
improved dynamic momentum aperture compared to the
operation before the upgrade.

Migration to the new lattices was quick (few hours),
after verifying all magnet polarities and magnet transfer
functions in a beam based way in the old lattice. Fur-
ther commissioning included optimizing the harmonic sex-
tupole settings, updating the ID feed-forward (tune, beta
beating, coupling) for the new lattice, implementing the
new dispersion bump for fs-slicing facility and retesting the
top-off interlocks with new ranges. The dispersion bump
was refined after final lattice optimizations. The dynamic
aperture and momentum aperture including the fs-slicing
lattice insertion are similar to the bare lattice results and
commissioning of the new solution went quickly. The new
lattices also provide a larger, intrinsic horizontal separation
of the sliced electron beam. We are currently in the process
of evaluating how to make best use of this and expect that
it will eventually allow a much better signal to noise ratio
for the slicing facility.

Optimizing photon beamlines with new beam spots pro-
gressed quickly and user beamlines were able to resolve
the brightness increase (see Fig. 6). The dynamic aperture
and momentum aperture for the upgrade lattice were con-
firmed to be very close to the expected ones and the Tou-
schek beam lifetime after the upgrade, despite the smaller
horizontal and slightly smaller vertical emittance, as pre-
dicted is larger than before the upgrade, due to the larger
dynamic momentum aperture.

SUMMARY
An upgrade project has been completed improving the

brightness of the ALS by reducing the horizontal emittance
from 6.3 to 2.0 nm. This resulted in a brightness increase
by a factor of three for bend magnet beamlines and at least
a factor of two for insertion device beamlines. The ALS
now has one of the smallest horizontal emittance of all op-

Figure 6: Comparison of the horizontal beam profile be-
fore and after the upgrade measured at one user beamline
showing the factor of three improvement in brightness.

erating 3rd generation light sources. Initial user operations
has been very successful. Most beamlines have been able
to benefit significantly from the upgrade. No interruptions
during the first 5 months of user operations have been re-
lated to the upgrade.

Building on the success of this upgrade, development
work has now started towards a proposal for a more sub-
stantial upgrade of the ALS, that could provide diffraction
limited performance for soft x-rays in the future. Such a
ring, based on nine bend achromats appears feasible and
could replace the current ring in the ALS tunnel [8].
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STUDIES OF THE LOW ENERGY PROTON BEAM HALO EXPERIMENT 
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Ming Meng, Zhencheng Mu, Huafu Ouyang, Peng Chen, Linyan Rong, Biao Sun, jianmin Tian, 

Biao Wang, Shengchang Wang, Wenqu Xin, Taoguang Xu, Lei Zeng, Fuxiang Zhao  
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Abstract 
We report measurements of transverse beam phase-

space properties and transverse beam halo in mismatched 
proton beams in 28-quadrupole FODO transport channel 
following the 3.5-MeV IHEP RFQ. Beam profiles in both 
transverse planes are measured using beam-profile 
diagnostic. The gradients of the first four quadrupoles can 
be independently adjusted to match and mismatch the 
RFQ output beam into beam-transport channel. We also 
compare the measured beam profile with the 3-D 
nonlinear macro-particle code IMPACT simulations in 
the beam halo experiment. Quadrupole scans were used to 
determinate the transverse properties of the RFQ output 
beam. The Gaussian distribution was chosen as the initial 
particle distribution, which is well fit with the measured 
beam-core profile. We match the beam using the least-
squares fitting procedure that adjusted the first four 
matching quadrupoles to produce equal rms beam size in 
the last six wire scanners. Simulations had been fairly 
successful in reproducing the core of the measured 
matched beam profiles, but there are some differences in 
the mismatched beam profiles. 

INTRODUCTION 
The interest in understanding the formation of a halo 

distribution around an intense proton beam has increased 
in recent years with the development of new applications 
requiring such beam, because the beam halo is a major 
source of beam loss and radioactivation in high-power 
and high-current proton linacs. Beam mismatch have been 
identified as the major source of the halo formation [1], 
space-charge forces in mismatched beam are the main 
source of beam halo in high current proton beams. Having 
well matched beam conditions is a fundamental 
requirement for the operation of proton linacs. And the 
macroparticle simulation method is widely used in 
modern accelerator design and beam dynamics studies 
[2]. 

In this paper, we present measurements of transverse 
beam phase-space properties and comparisons of 
simulation results using the code IMPACT [3] with 
experimental measurements of the beam profiles in a 
high-current matched and mismatched proton beam. The 
beam profiles were measured by the wire-scanners. The 
transport line was installed after the radio frequency 
quadrupole (RFQ) accelerator designated for ADS study 
at the Institute of High Energy Physics (IHEP). 

THE BEAM-CORE MATCHING 
EXPERIMENT TRANSPORT LINE 

The 28-quadrupole beam transport line is installed at 
the end of the IHEP RFQ, which accelerates the proton 
beam to 3.54MeV and operates at the frequency of 
352MHz. The purpose of this transport line is the 
experimental study of the beam halo formation and the 
comparison of the experimental data with the simulations. 
The block diagram of this transport lattice is shown in 
Fig. 1. In this line, the first four quadrupoles are 
independently adjustable to match the beam or to produce 
mismatches; the last 24 quadrupoles form an FODO 
lattice. 

The transverse beam profiles are measured using beam 
profile scanners, which consist of wire scanners for 
measurement of the dense beam core and halo scrapers 
for measurement of the outer halo regions [4]. In the 
beam halo experiment, we use the wire scanner to 
measure the beam profiles, and the wire scanner can 
provide intensity measurement over a dynamic range of 
about 103. The philosophy of the scanner placement is the 
following: the first group of two scanners is placed after 
quadrupole 5 and 6, they separately measure the beam 
vertical and horizontal profiles which are used to 
characterize the proton beam output from the RFQ. To 
observe beam profiles of matched or mismatched case, 
another two groups of scanners with 6 scanners for each 
group are placed after quadrupole 17 to 28, covering 
about two mismatch oscillations. 

 

 

Figure 1: Block diagram of beam-core matching 
experiment transport line. 

CHARACTERIZING THE PROTON 
BEAM OUTPUT FROM THE RFQ 

In order to know the details of the beam, quadrupole 
scans and multi-wire scanner were used to characterize 
the transverse beam output from the IHEP RFQ [5]. In the 
scanning process, we kept the other three quadrupoles the 
same gradient 25.40T/m and obtained the Gaussian-like 
beam distributions with different rms radius compared 
with simulations shown in the Table 1 and Figure 2, the 

 ____________________________________________  
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same with horizontal. Due to the lack of longitudinal 
measurements, the beam longitudinal Courant-Snyder 
parameters from the RFQ were predicted by the 
PARMTEQM [6] RFQ simulation code. Table 2 shows 
the results: the beam Courant-Snyder parameters and 
emittances. And the multi-wire scanner results will be 
show in the future, we can find the difference of 
parameters between the quadrupole-scan and the multi-
wire scanners is about eight percent, which is acceptable 
in our experiments. 
Table 1: The rms Vertical Radius Compared with 
Simulations under Different Focusing Strength 

Q 1 ( T/m ) Measurements Simulation 

-21.04 2.96±0.06 mm 2.94 mm 

-23.57 2.46±0.05 mm 2.50 mm 

-25.19 2.20±0.08 mm 2.27 mm 

-26.90 2.10±0.06 mm 2.10 mm 

-29.34 1.96±0.06 mm 1.98 mm 

 

Figure 2: The beam measured vertical profiles compared 
with simulations under different focusing strength. 

Table 2: Unnormalized Emittances and Initial Courant-
Snyder Parameters from Quad Scan Analysis 

 α  β(mm/mrad) Emittance rms 
Unnormalized 

Horizontal 3.443 0.42 3.66 
mm-mrad 

Vertical -0.165 0.10 5.45 
mm-mrad 

Longitudinal -1.564 3.16 0.32mm-mrad 
(normalized) 

THE MATCHED BEAM 
A least-squares-fitting procedure was used based on 

measurements of derivatives of rms sizes with respect to 
matching quadrupole gradients. Because the lack of 
vertical wire scanners at the end of transport line, beam 
was matched by adjusting the first four quadrupoles to 
produce equal rms sizes in horizontal position at the last 6 

wire scanners. The measured results with different 
location equilibrium horizontal beam-core profiles were 
shown in Figure 3. As shown in the figure, the beam 
profiles with different locations have the similar 
distributions with an rms radius about 1.1mm. 

 

Figure 3: The equilibrium horizontal profiles measured at 
different locations. 

Using the Gaussian distribution with a 24.7-mA beam 
current as the input distribution, we simulated the beam 
transported through the beam-core matching experiment. 
We have used 2×108 macroparticles per bunch with a 
computation grid of 64×64×128. The rms beam size and 
emittances at the centre of each drift space as a function 
of distance is given in Figure 4 compared with 
experimental data. From the figure we can see the rms 
radius predict an oscillation following the FODO periodic 
focusing channel and the wire scanner rms radius is 
perfectly fitting with the simulation, and the emittances 
are nearly constant. Besides the rms sizes, we also 
measured the projected density distribution, i.e., beam 
profiles in horizontal projections at seven locations along 
the transport channel. Figure 5 compares the simulations 
with the measured beam horizontal profiles. Simulations 
are fairly successful in reproducing the core of the 
measured matched-beam profiles (about 3 rms radius), 
but there are some discrepancies in the scope larger than 

-rms radius in some locations. 

 

Figure 4: Results of beam rms radius and emittances as a 
function of distance for a matched beam. 
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Figure 5: The horizontal profiles from measurements and 
simulations after Q5 Q19 Q23 Q24 Q25 Q26 Q27 for a 
24.7 mA matched beam. 

THE MISMATCHED BEAM 
After we found the matched case, we adjusted the 

matching quadrupoles to obtain the mismatched beam. 
We measured the beam profiles and compared with 
simulations. The results were shown in Figure 6. 

 

Figure 6: The horizontal profiles from measurements and 
simulations after Q5 Q19 Q23 Q24 Q25 Q26 Q27 for a 
24.7 mA mismatched beam. 

From the Figure 6 we can find only three locations beam 
profiles agree well with the simulations, the others have 
big differences. The simulation shows that the beam 
distribution is also a Gaussian distribution, but the 
measured beam profiles show the beam halo has formated. 
We need do further study to understand these questions. 

CONCLUSIONS 
We have used quadrupole scans and multi-wire scanner 

to determine the RFQ output beam Courant-Snyder 
parameters and emittances. In the simulation, we choose 
the Gaussian distribution with the obtained Courant-
Snyder parameters as the initial beam-core distribution. 
We have compared the macroparticle simulations with the 
measurement data in a matched beam at 24.7mA.  
Simulations are fairly successful in reproducing the rms 
properties of the measured matched-beam, and the beam 
profiles in horizontal projections at the six locations 
shows that the beam is well matched, but for the 
mismatched case there are some discrepancies in the 
beam profiles in some locations. For explaining this 
phenomenon, we think there are more simulations with 
errors about the mismatched beam and beam offset to be 
analysed. 
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LONGITUDINAL BEAM DYNAMICS AND LLRF REQUIREMENTS FOR

THE PROJECT X PULSED LINAC∗

A. Vivoli† , G. I. Cancelo, B. Chase, N. Solyak, P. Varghese, FNAL, Batavia, IL 60510, USA

Abstract

Project X is a high intensity proton facility being de-

veloped to support the intensity frontier physics program

over the next two decades at Fermilab. The Reference De-

sign [1] is based on a continuous wave (CW) superconduct-

ing (SC) 3 GeV linac providing up to 1 and 3 MW of beam

power at 1 and 3 GeV respectively, while a superconduct-

ing pulsed linac provides acceleration of roughly 4.3% of

the beam delivered from the CW linac to the 8 GeV in-

jection energy of the existing Recycler/Main Injector com-

plex. In this paper we present the results of simulations

of longitudinal beam dynamics and Low Level RF (LLRF)

control system in the pulsed linac, operated for long pulses

in presence of errors and cavity detuning for different RF

configurations and settings, and set the requirements for the

LLRF necessary to fulfill the specifications of the design.

INTRODUCTION

The pulsed linac is the main part of the third stage of

Project X and will accelerate pulses of 4.3 ms duration and

1 mA average current of the H- beam coming from the

3 GeV linac (and downstream transport beamlines) up to

8 GeV at a repetition rate of 10 Hz. The constraints on the

output beam parameters come from the acceptance of the

downstream 8 GeV transport line and efficient injection in

the Recycler/Main Injector ring. The lattice of the pulsed

linac is studied with computer codes for accelerator optics

and particle tracking simulating a single bunch. Once a

configuration and set of parameters that provide acceptable

output are found, multi-bunch simulations are performed

to study the behavior of the system (accelerator and beam)

during the length of the pulse and in multi-pulse mode. The

focus of this study is on the RF system and longitudinal

beam dynamics, neglecting beam optics and effects from

elements of the beamline except for the accelerating cavi-

ties.

SINGLE BUNCH SIMULATIONS

Single bunch simulations are performed with the com-

puter code TraceWin [2]. The current lattice of the pulsed

linac and simulation results for the bunch envelopes are

showed in Fig. 1. The linac is composed of 3 cryo strings

of, respectively, 10, 9 and 9 ILC Type-IV cyomodules [3].

Each cryomodule contains 8 ILC 9-cell cavities and a SC

quadrupole at the center.

Each cryo string is preceded and followed by a 2.5 m ser-

vice box and between service boxes of adjacent cryo strings

∗Work supported by Fermi Research Alliance, LLC under Contract

No. De-AC02-07CH11359 with the United States Department of Energy.
† vivoli@fnal.gov
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Figure 1: Beam envelopes (3 rms sigmas) in transverse

(top) and longitudinal (bottom) coordinate spaces.

7.652 m room temperature areas are placed for beam col-

limation, diagnostics and maintenance operations. Table 1

shows relevant linac parameters and constraints to be ful-

filled.

Table 1: Relevant Linac Parameters and Constraints

Beam Parameter Initial Final Requirement

value value

Kinetic Energy

(MeV) 3000 8000 8000

Norm. hor. rms emit.

(mm mrad) 0.516 0.516 ≤ 0.6

Norm. vert. rms emit.

(mm mrad) 0.281 0.311 ≤ 0.6

Rms bunch length

(ps) 2 1.3 ≤ 100

Rms energy spread

(MeV) 0.9 1.6 ≤ 4

MULTI-BUNCH SIMULATIONS

Multi-bunch simulations are carried out employing a

MATLAB based code written by the authors. The moti-

vations for running multi-bunch simulations are various:

• To check that the configuration under study can ful-

fill consistently the specifications of the design during

operation in presence of cavity detuning and errors in

beam and RF components.

• To set the requirements for parameters of LLRF com-

ponents to achieve an acceptable performance of the

accelerator.
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• To study the impact of gradient spread of the cavities

fed by a singe RF station.

• To evaluate the reach capabilities of different config-

urations of the RF power system, like the number of

cryomodules fed by each RF station.

The necessity to run the linac with different gradients for

cavities fed by the same RF station comes from the fact that

not all the cavities may be able to reach their design gradi-

ent. In this case, if the difference in voltage between the

cavities is not too big, it is possible to adjust the ratios of

the power couplers to set the loaded QL of each cavity such

that they all have the same filling time. If the spectrum of

the QLs employed is in the range 7x106–1.2x107 then op-

eration is possible in presence of different detuning levels.

The 2 configurations of the RF power system we want to

study are with one power station feeding 8 cavities (1 cry-

omodule) or one station for 16 cavities (2 cryomodules).

Detuning Model

Most of the cavities in the pulsed linac are supposed to

work at 25 MV voltage and around 5◦ phase. For these val-

ues for matched cavities (no reflection) the power needed

to drive them is around 25 kW. To take into account power

distribution losses, residual detuning after compensation

and control overhead a value of 50 kW per cavity has been

decided as a requirement for the linac power consumption.

Lorentz Force Detuning (LFD) and microphonics cause

voltage amplitude and phase of a cavity to change during

the pulse and requires more power to drive the cavity at

the design values. Methods to compensate them have been

developed, resulting in a reduction of LFD at the level of

30 Hz or less for the cavity parameters given above, while

microphonics level is around 3 Hz rms [4, 5]. In our sim-

ulations we assume LFD compensation is applied and we

only use a model for the residual detuning. Analyses at

Fermilab led to determine the lowest mechanical resonant

frequencies of the cavities to be around 150, 250 and 390

Hz. In our model we assign to each cavity i mechanical

frequencies ω1,i, ω2,i, ω3,i around the above values, allow-

ing a 5% of difference from cavity to cavity. Then we

assign them three phases φ1,i, φ2,i, φ3,i and 3 amplitudes

α1,i, α2,i, α3,i such that α1,i + α2,i +α3,i equals the max-

imum measured LFD level. We also assign a value α0,i for

microphonics compatible with measures. We can write the

detuning for each cavity as:

∆fi = α0,i + α1,i sin(ω1,it+ φ1,i)

+α2,i sin(ω2,it+ φ2,i)

+α3,i sin(ω3,it+ φ3,i) (1)

In our simulations we used 2 types of detuning model:

in the first one, uncorrelated, the phases and amplitudes of

each cavity are independent. In the second type, correlated,

the cavities inside a cryomodule share the same phases and

amplitudes. For this second model the peak power deliv-

ered by the RF station must be bigger, since all the cavi-

ties reach the maximum detuning at the same time, requir-

ing more power from the station at about the same instant.

Results of measurements conducted, show some degree of

correlation between the detuning of the cavities.

LLRF Control

In order to keep the voltage of the cavities at the design

values, continuous correction of the power delivered by the

RF station is necessary. Furthermore, different cavities re-

quire different corrections, but we can only control their

common power source, thus the control can only be applied

to the vector sum of the voltages of the cavities. This op-

eration is executed automatically by the LLRF system. A

schematic layout of the LLRF of the pulsed linac is showed

in Fig. 2.

Figure 2: Schematic layout of the LLRF control of the

pulsed linac.

More details of the system are available [6]. In our sim-

ulations it would be too time consuming to simulate the

behavior of each element of the LLRF system, thus we sim-

plify a little the scheme. Our simulated feedback works at

a frequency of 1 MHz instead of 62.52 MHz. At each time

step, the static and dynamic receiver errors are added to the

voltages of the cavities (complex vector variables) and their

vector sum is compared to the set point value. For the mo-

ment our system only has a proportional gain (no integral

gain), so the difference just calculated is multiplied by the

proportional gain and the result is summed to the feedfor-

ward value. We only simulate the fundamental mode of the

cavity. The calculated power and phase are directly sent

to the station (Klystron) with a delay of 1 time step (1 µs).

The RF station delivers the power and phase requested with

RF station errors added to them. Table 2 shows the LLRF

parameters used in the simulations.

In addition to the above errors we also added beam inten-

sity errors: 1 ps bunch time jitter (rms), 0.25 MeV bunch

energy jitter (rms), 3% bunch-to-bunch intensity jitter (to-

tal) and 3% pulse-to-pulse intensity jitter (rms).

RESULTS

We considered two RF configurations with 8 or 16 cavi-

ties for RF station. In both cases we studied the dependence
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Table 2: LLRF Parameters Used in the Simulations

LLRF Parameter Value

Cavity detuning level (peak) 30 Hz

Receiver amplitude rms

error (static/dynamic) 0.667% / 0.009%

Receiver phase rms

error (static/dynamic) 0.667◦ / 0.005◦

Klystron gain 1

Proportional gain 250

Loop delay 1 µs

Klystron amplitude rms error (static) 0.2%

Klystron phase rms error (static) 1◦

of the results on the cavity gradient spread. In particular we

calculated the rms energy spread of the particles at the end

of the linac and the peak power per cavity required dur-

ing the simulation. As stated above the requirements are

≤ 4 MeV rms energy spread and ≤ 50 kW per cavity peak

power. The other constraints resulted largely fulfilled by

any scenario. First we compared the two models of detun-

ing we used (correlated and uncorrelated) and found that

in any case the correlated one required more power from

the stations than the uncorrelated one (up to 50% more at

70 Hz detuning level) and resulted in larger energy spread

(up to 50% at 45 Hz detuning level). Keeping all the other

parameters at their nominal values, the difference in the

results for a gradient spread varying from 0 to 10% re-

sulted negligible for both the configurations. Since we first

want to give conservative constraints we are giving results

for simulations with correlated detuning, which are more

pessimistic. The configuration with 8 cavities per station

required 32 kW per cavity peak power at 0 detuning, re-

sulting in final 1.86 MeV beam rms energy spread. The

power needed grew up to 50 kW and more when exceed-

ing 70 Hz of peak detuning. The energy spread grew up to

2 MeV at this detuning. At the nominal 30 Hz the power

consumption was about 35 kW. For the 16 cavities config-

uration, the power consumption was few percent less than

the other configuration, reaching the 50 kW limit at around

72 Hz. The energy spread is a more stringent constraint,

since it grew from 1.87 MeV at 0 detuning up to around

3 MeV at 45 Hz and exceeding 5 MeV at 50 Hz. The power

consumption dependence from the detuning is reported in

Fig. 3.

A set of simulations where carried out to study the im-

pact of the LLRF parameters (Table 2). We varied one pa-

rameter up to 10 times the nominal value, leaving the others

constant, to evaluate the effect. For the moment we only

applied this analysis to the receiver and generator errors.

Varying the receiver amplitude error up to 0.09% produced

a growth of 4% in the peak power, while the energy spread

remained unchanged. Receiver phase error produced a 14%

0 10 20 30 40 50 60 70
30

35

40

45

50

55

Detuning  level (Hz)

k
W

/c
av

.

Peak RF station power8 cav.− 10% spread
16 cav.− 10% spread

Figure 3: Peak power per cavity dependence on detuning

for the 2 configurations studied.

increase in power and negligible in energy spread varying

up to 0.5◦. Generator amplitude error showed no impact up

to 2% and its phase error produced 15% increase in energy

spread and 2% peak power when increased to 10◦.

CONCLUSION

In this paper we presented the ongoing study on Project

X pulsed linac, showing some preliminary results of the

multi-bunch simulations performed. Configurations with 8

and 16 cavities per station have been compared in presence

of gradient spread and different level of detuning, show-

ing similar performance with nominal parameters but more

critical dependence of the 16 cavities configuration on the

detuning level, concerning the final energy spread of the

beam. Impact of some LLRF parameters have been prelim-

inary studied showing particular importance of the phase

errors. A more accurate and wider study of the parameters

space is needed. Improvement of the code speed is desir-

able, giving the opportunity of more accurate simulations

of the LLRF system.
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MULTI-TURN INJECTION OF 50 MEV PROTONS INTO THE CERN 

PROTON SYNCHROTRON BOOSTER 

V. Raginel, E. Benedetto, C. Carli, B. Mikulec, CERN, Geneva, Switzerland

Abstract 
Since 1978, Linac2 produces beams of 50 MeV protons 

with a current around 160 mA, which are injected into the 

CERN Proton Synchrotron Booster (PSB) with 

conventional multi-turn injection using a horizontal 

septum. It is planned to replace Linac2 during a future 

long stop with a new H
-
 linac, Linac4, injecting at higher 

energy (160 MeV) and making use of the modern charge-

exchange injection principle. Due to the age of Linac2 

and to a delicate vacuum situation the risk of a serious 

Linac2 breakdown has to be considered. Therefore it is 

necessary to study if the PSB could produce beams useful 

for the LHC and other experiments injecting a Linac4 

proton beam at 50 MeV with much lower average current 

compared to Linac2 and without the need for a long 

installation of the 160 MeV H
-
 injection hardware. 

Benchmarking of the PSB injection model with the 

existing injection system with Linac2 using the ORBIT 

code has been done for a LHC-type beam and then the 

injection model was used to estimate the brightness for 

LHC-type beams that could potentially be reached in one 

PSB ring with the injection of a Linac4 proton beam at 50 

MeV. 

INTRODUCTION 

The Proton Synchrotron Booster located at CERN, 
Geneva, Switzerland, is currently boosting protons 
injected by Linac2 from 50 MeV to 1.4 GeV. It is the 
second accelerator of the LHC injector chain and consists 
of four superposed rings. Linac4 is a 160 MeV linac 

under construction aiming at boosting the performance of 

the CERN PSB with higher injection energy and 

replacing the present conventional multi-turn injection of 

50 MeV protons with a septum by H
-
 charge exchange 

injection. General planning of the CERN complex 

foresees the connection Linac4 – PSB not before the end 

of the second LHC long run. In case of a serious 

breakdown of the presently used Linac2, which is ageing 

and showing weaknesses in terms of vacuum tightness, it 

is envisaged to inject 50 MeV proton beams with lower 

beam current and emittance from Linac4 as emergency 

scenario. 

This work indicates the brightness that can be expected 
for a LHC beam (LHC-25ns) in the PSB after a multi-turn 
injection of 50 MeV protons from Linac4. The results are 
derived from simulations done with ORBIT. The 
reference parameters of the PSB injection with Linac2 are 
first used to test the model and then parameters of Linac4 
are used as input of the simulation. An optimization of the 
injection process can be done to obtain an estimate of the 
highest reachable brightness for the LHC beam. 

PSB MULTI-TURN INJECTION 

During injection into the PSB, the beam is stacked in 
horizontal betatron phase-space using a closed orbit bump 
generated by four slow kickers to bring the stacked beam 
very close to the injection septum to minimize the 
transverse emittance of the resulting beam in the PSB. 
The incoming beam is deflected by the injection septum, 
which results in an injection with small position and angle 
errors. Subsequently the bump decreases and the beam 
moves to the reference closed orbit (see Fig. 1). The 
injection septum blade has a thickness of 1 mm and is 40 
mm away from the closed central orbit. 

 

Figure 1: Multi-turn injection principle (after 4 turns). 

During operation in order to produce all the required 
beam types, the following injection parameters can be 
optimized: the working point at injection, the injection 
timing and the horizontal and vertical positions and 
angles of the injected beam. 

ORBIT CODE AND PSB MODEL 

The ORBIT code (Objective Ring Beam Injection and 
Tracking) [1] was designed to track macro-particle 
coordinates through a set of accelerator elements and 
calculate space charge and other collective effects. 

The model of the PSB lattice is composed of bending 
and quadrupole magnets imported with a special routine 
from MAD-8 [2] to ORBIT. The horizontal and vertical 
tune values are fixed in the MAD-8 model. The injection 
slow kickers are modelled in ORBIT with the ideal bump 
routine (linear decay of the bump). As ORBIT does not 
contain a septum module, a foil of thickness null as first 
element of the lattice and an aperture as last element of 
the lattice are used to simulate as realistically as possible 
the injection septum BI.SMH of the PSB [3]. The foil at 
the beginning of the lattice simulates the septum blade 
seen by the injected particles and the aperture at the end 
the septum blade seen by the circulating particles. The 
transverse space charge is modelled with the 2.5D FFT-

PIC (Particle-In-Cell) modules without boundary 
condition(s). The FFT-PIC is a fast method to calculate 
transverse space charge, first by binning the 
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macroparticles to a grid, then calculating the force 
distribution on the grid using a FFT method, and finally 
interpolating the force from the grid back to each macro-

particle. Transverse space charge nodes are inserted after 
each transfer matrix included in the lattice file. The 
longitudinal space charge is modelled with one FFT node. 

The 50 MeV proton beams from Linac2 and Linac4 are 
assumed to have a Gaussian distribution in transverse 
phase-space and a uniform distribution in longitudinal 
phase-space. At the injection point for Linac2 and Linac4, 
the horizontal beam size of the incoming beam is set to 
half of the PSB βh [4], while the vertical beam size is 
matched to the PSB βv and the waist positions β’h= β’v are 
set to zero [5]. These parameters were optimized with 
simulations described in [4] and [5]. 

LINAC2 SIMULATIONS 

The model has to be able to reproduce a LHC-25 beam 
with similar emittance and injection efficiency to that 
provided by the actual ring 3 of the PSB. The reference 
parameters of the PSB injection and of the Linac2 proton 
beam are listed in Table 1. The injection timing and the 
horizontal and vertical positions and angles of the injected 
beam are optimized to reach maximum intensity within 
the required emittance. The injection timing is defined by 
the delay between the moment when the injection kicker 
pulses at its maximum and the moment when the beam is 
injected. 
Table 1: Reference Parameters of the Linac2 Beam and of 
the PSB Injection

Parameter Symbol Value 

Linac2 normalized rms 
beam emittance 

ε*h= ε*v 1.2 π mm mrad 

Linac2 beam current  155 mA 

Bump Collapse Time TIKS 50 µs 

In the real case for a LHC-25 beam, 2 turns are injected 
and the injection working point is Qh=4.42 and Qv=4.49. 
The normalized transverse rms emittances are ε*h≈1.90 π 
mm mrad and ε*v≈1.75 π mm mrad, respectively, and the 
injection efficiency is around 57% with an intensity of 
1.85×10

12 right after injection before small losses occur 
due to the capture process. 

The simulations are carried out over 100 turns after the 
start of injection ending before the capture. The bump 
decay is completed after around 20 turns, with 100000 
macroparticles injected per turn. The most optimized 
simulation shows an injection efficiency of 61%, with an 
intensity of 1.98×10

12 
protons and ε*h≈1.88 π mm mrad 

and ε*v≈1.70 π mm mrad. The simulations indicate an 
rms emittance blow-up of less than 4% during the first 
10000 turns (~ 16 ms). 

These results deduced from the PSB model match well 
the reality for the LHC-25 beam; however it has to be 
mentioned that there are still open questions for other 
beam types. 

LINAC4 SIMULATIONS 

The PSB model is then used to run simulations 
injecting a Linac4 50 MeV proton beam. The Linac4 50 
MeV proton beam is expected to have a horizontal and 
vertical normalized rms emittance of 0.4 π mm mrad with 
a nominal current of 40 mA and a maximal average 
current of 50 mA. The current limit in Linac4 comes from 
the power available to compensate beam loading in the 
first tank of the DTL. The simulations are run for the 
nominal and for the maximal current and are optimized to 

produce a beam with the highest achievable intensity 

within the emittance of the LHC-25 beam currently 

produced by the PSB. The injection bump collapse time, 

the injection timing, the number of injected turns and the 
horizontal and vertical positions and angles of the injected 
beam are the parameters to tune. The injection working 
point is the same as for the Linac2 case. The simulations 
are carried out over 100 turns after injection with 50000 
macroparticles injected per turn. 

For both Linac4 currents, the simulations show 
optimum results with an injection of 9 turns and a bump 
collapse time of 90 µs (see Table 2). The injection 
efficiency is in the order of 45%, compared to 61% for 
Linac2. 
Table 2: Optimum esults for the Simulation of a 50 MeV 

 

Injection Parameters and 
Resulting beam 

L4 current 
40 mA 

L4 current 
50 mA 

Injection Timing [µs] 38.5 40 

Initial horizontal offset [mm] -43 -43 

Initial vertical offset [mm] 1 1 

Beam Intensity 1.68×10
12

 2.19×10
12

 

Normalized rms emittance 
horizontal [π mm mrad] 

1.87 1.81 

Normalized rms emittance 
vertical [π mm mrad] 

1.78 1.91 

Simulations for the optimum cases indicate an 
emittance blow-up of around 2% for the 40 mA and of 
around 4% for the 50 mA cases during the first 10000 
turns. 

RESULTS 

We introduce the brightness scaling as the ratio of the 
brightness obtained for the optimized case with Linac4 to 
the brightness obtained for the optimized case with 
Linac2. 

Our simulations show that it is possible to reach 83% of 
today’s LHC-25 beam brightness injecting a 40 mA 
Linac4 proton beam, while injecting a 50 mA Linac4 
proton beam, 106% of today’s LHC-25 beam brightness 
could be achieved. These results are slightly beyond 
expectation [6]. 

R
Proton Beam Injected from Linac4 into the PSB After 100 

  

Turns
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Figure 2: Horizontal and vertical normalized rms 
emittance (ε*h, ε*v) and number of protons as a function of 
number of turns after injection for optimized LHC-25 
simulations with and without space charge with a Linac2 
(top) and Linac4 40 mA beam(bottom). 

Figure 3: Horizontal phase-space profile of the resulting 
beam 20 turns after injection for 2 turns injected (Linac2) 
with space charge (left) and without space charge (right). 

Figure 2 shows the results of the optimized simulations 
for Linac2 and Linac4 injection with and without space 
charge. In all the cases beam intensity and horizontal 
emittance increase during subsequent injection turn, i.e. 2 
turns for Linac2 and 9 turns for Linac4. Once the 
injection is finished, beam intensity and horizontal 
emittance decrease due to horizontal losses at the septum 
blade. As the horizontal tune is 4.42, each beamlet 
interacts again with the blade ~2 turns after its injection 
inducing large horizontal losses. As the injection bump 
decays, the particles move away from the septum blade 
and the beam intensity stabilizes. 

Space charge introduces a defocusing effect, which is 
dependent on the particle position inside the bunch and on 

the bunch distribution itself. It can be seen as an extra 
rotation in phase-space around the bunch centre and in the 
opposite direction than the betatron motion. If space 
charge is present, particles in the injected beamlets will 
have different tunes depending on their position inside the 
bunch. This mechanism explains for Linac2 and Linac4 
cases with space charge the decrease of the horizontal 
emittance over few tens of turns after the end of injection, 
as the mixing of the beamlets and smoothing of the 
distribution is made possible by space charge. For the 
cases without space charge, the beamlets do not mix (see 
Fig. 3 right) and the horizontal emittance increases due to 
filamentation after injection until it reaches equilibrium 
(after a few 100 turns). For the Linac4 case the highest 
resulting beam intensity is reached for the space charge 
case. As explained before, with space charge the rotation 
of the particles with the strongest detuning close to the 
centre of the bunch will be slowed down and eventually 
they will not interact with the septum because, when they 
would be in the critical position, the painting bump would 
have already fallen enough to carry them away from the 
septum blade. The space charge mechanism is therefore 
helping in reducing the amount of losses with Linac4 and 
in producing beam with smaller horizontal emittance in 
case of Linac2. 

CONCLUSION 

The model of the PSB gives coherent results for the 
production of a LHC-25 beam with the present multi-turn 
injection of a Linac2 50 MeV proton beam. Comparing 
simulation results of the multi-turn injection with a 
Linac2 beam and with a Linac4 50 MeV proton beam 
with nominal average current, i.e. 40 mA, indicates that 

only 83% of today’s brightness of the LHC-25 beams 

could be reached in the PSB. However assuming 50 mA 

for the average current of the Linac4 proton beam, i.e. its 

maximum deliverable current due to klystron power 

limitations, today’s brightness for the LHC-25 type beams 

could be reached in the PSB. In conclusion Linac4 with a 

50 MeV proton beam with 50 mA beam current could be 

used as backup solution in case of major failure of 

Linac2, at least to provide usable production beams for 

the LHC. 
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nuSTORM: NEUTRINOS FROM STORED MUONS ∗

Alan D. Bross, Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
for the nuSTORM Collaboration

Abstract
Neutrino beams produced from the decay of muons in a

racetrack-like decay ring provide a powerful way to study
short-baseline neutrino oscillation and neutrino interaction
physics. In this paper, I describe the facility, nuSTORM,
and show how the unique neutrino beam at the facility will
enable experiments of unprecedented precision to be car-
ried out. I will present sensitivity plots that indicated that
this approach can provide 10 σ confirmation or rejection
of the LSND/MinBooNE results and can be used to per-
form neutrino interaction measurements of unprecedented
precision. The unique ν beam available at the nuSTORM
facility has the potential to be transformational in our ap-
proach to ν interaction physics, offering a “ν light source”
to physicists from a number of disciplines.

INTRODUCTION
The nuSTORM facility has been designed to deliver

beams of ↪ ↩ν e and ↪ ↩ν µ from the decay of a stored µ± beam
with a central momentum of 3.8 GeV/c and a momentum
acceptance of 10% [1]. The facility is unique in that it will:

• Allow searches for sterile neutrinos of exquisite sen-
sitivity to be carried out; and

• Serve future long- and short-baseline neutrino-
oscillation programs by providing definitive measure-
ments of ↪ ↩ν eN and ↪ ↩ν µN scattering cross sections
with percent-level precision;

• Constitute the crucial first step in the development of
muon accelerators as a powerful new technique for
particle physics.

The nuSTORM facility represents the simplest implemen-
tation of the Neutrino Factory concept [2]. In our case, 120
GeV/c protons are used to produce pions off a conventional
solid target. The pions are collected with a magnetic horn
and quadrupole magnets and are then transported to, and
injected into, a storage ring. The pions that decay in the
first straight of the ring can yield muons that are captured
in the ring. The circulating muons then subsequently de-
cay into electrons and neutrinos. We are using a storage
ring design that is optimized for 3.8 GeV/c muon central
momentum. This momentum was selected to maximize the
physics reach for both ν oscillation and the cross section
physics. See Figure 1 for a schematic of the facility.

Muon decay yields a neutrino beam of precisely known
flavor content and energy. In addition, if the circulating

∗Work supported by DOE under contract DE-AC02-07CH11359

Figure 1: Schematic of the facility.

muon flux in the ring is measured accurately (with beam-
current transformers, for example), then the neutrino beam
flux is also accurately known. Near and far detectors are
placed along the line of one of the straight sections of
the racetrack decay ring. Purpose-specific near detectors
can be located in the near hall and will measure neutrino-
nucleon cross sections and can provide the first precision
measurements of νe and ν̄e cross sections. A far detec-
tor at ' 2000 m would study neutrino oscillation physics
and would be capable of performing searches in both ap-
pearance and disappearance channels. The experiment will
take advantage of the “golden channel” of oscillation ap-
pearance νe → νµ (µ+ stored in the ring), where the re-
sulting final state has a muon of the wrong-sign from inter-
actions of the ν̄µ in the beam. This detector would need to
be magnetized for the wrong-sign muon appearance chan-
nel, as is the case for the current baseline Neutrino Factory
detector [3]. A number of possibilities for the far detector
exist. However, a magnetized iron detector similar to that
used in MINOS is seen to be the most straight forward and
cost effective approach.

NUSTORM FACILITY OVERVIEW
The components of nuSTORM are anticipated to consist

of six (6) functional areas consisting of the Primary Beam-
line, Target Station, Transport Line, Muon Decay Ring,
Near and Far Detector Halls [4].

These areas will be located south of the existing Main In-
jector accelerator and west of Kautz Road on the Fermilab
site. In general terms, a proton beam will be extracted from
the Main Injector at the existing MI-40 absorber, directed
east towards a new below grade target station, pion trans-
port line and muon decay ring. The neutrino beam will be
directed towards a Near Detector Hall located 20 m East of
the muon decay ring and towards the Far Detector located
approximately 1900 m away in the existing D0 Assembly
Building (DAB). Figure 2 shows the nuSTORM facility
components as they will be sited near the Fermilab Main
Injector. The nuSTORM facility will follow, wherever pos-
sible (primary proton beam line, target, horn, etc.), NuMI
[5] designs. Our plan is to extract one ”booster batch” at
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Figure 2: nuSTORM facility components.

120 GeV from the Main Injector (' 8× 1012 protons) and
place this beam on a carbon target. Forward pions are fo-
cused by a horn into a capture and transport channel. Pions
are then “stochastically” injected into the Decay Ring (see
[6]). Pion decays within the first straight of the Decay Ring
can yield a muon that is stored in the ring. Muon decay
within the straight sections will produce ν beams of known
flux and flavor via: µ+ → e+ + ν̄µ + νe or µ− → e− + νµ
+ ν̄e. For the implementation which is described here, we
chose a 3.8 GeV/c storage ring to obtain the desired spec-
trum of ' 2 GeV neutrinos. This means that we capture
pions at a momentum of approximately 5 GeV/c.

FACILITY DETAILS
As mentioned above, the primary proton beam line and

target station (and its components, i.e., target and horn)
for nuSTORM follow the NuMI designs. From the down-
stream end of the horn, however, the nuSTORM beam
system is longer similar to a conventional neutrino beam.
From the downstream end of the horn, we continue the
pion transport with several radiation-hard (MgO insulated)
quadrupoles. Although conventional from a magnetic field
point of view, the first two to four quads need special and
careful treatment in their design in order to maximize their
lifetime in this high-radiation environment. The pion beam
is brought out of the Target Station and transported to the
injection point of the Decay Ring, which we have called
the “Beam Combination Section” or BCS. Figure 3 shows
the pion transport line and the beginning of the Decay
Ring FODO straight section. The Decay Ring straight-
section FODO cells were designed to have betatron func-

Figure 3: The G4beamline drawing from horn downstream
to the FODO cells. Red: quadrupole, Blue: dipole, White:
drift.

tions βx, βy (the Twiss parameters) optimized for beam ac-
ceptance and neutrino beam production (small divergence
relative to the muon opening angle (1/γ) from π → µ de-
cay. Large betatron functions increase the beam size lead-
ing to aperture losses, while smaller betatron functions in-
crease the divergence of the muon beam. Balancing these
criteria, we have chosen FODO cells with βmax ∼ 30.2 m,
and βmin ∼ 23.3 m for the 3.8 GeV/c muons, which for the
5.0 GeV/c pions, implies ∼ 38.5 m and ∼ 31.6 m for the
pion’s βmax and βmin, respectively.

A large dispersion, Dx, is required at the injection point,
in order to achieve π and µ beam separation. The BCS
readily reaches this goal. A schematic drawing of the in-
jection scenario is shown in Figure 4. The pure sector

Figure 4: The schematic drawing of the injection scenario.

dipole for muons in the BCS has an exit angle for pions
that is non-perpendicular to the edge, and the pure defo-
cusing quadrupole in the BCS for muons is a combined-
function dipole for the pions, with both entrance and exit
angles non-perpendicular to the edges. The BCS will be
followed by a short matching section to the decay FODO
cells (see Figure 3). The performance of the injection sce-
nario can be gauged by determining the number of muons
at the end of the decay straight using a G4beamline sim-
ulation. In this simulation, we were able to obtain 0.012
muons per POT (see Figure 5). These muons have a wide
momentum range (beyond that which the ring can accept,
3.8 GeV/c± 10%) and thus will only be partly accepted by
the ring. The green region in Figure 5 shows the 3.8±10%
GeV/c acceptance of the ring, and the red region shows
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the high momentum muons which will be extracted by the
mirror BCS at the end of the injection straight (see below).
Within the acceptance of the decay ring, we obtain approx-
imately 0.008 muons per POT.
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Figure 5: The muon momentum distribution at the end of
decay straight.

Decay ring
We propose a compact racetrack ring design (480 m in

circumference) based on large aperture, separate function
magnets (dipoles and quadrupoles). The ring is config-
ured with FODO cells combined with DBA (Double Bend
Achromat) optics. The ring layout, including pion injec-
tion/extraction points, is illustrated in Figure 6 and the cur-
rent ring design parameters are given in Table 1. With the
185 m length for the injection straight, ∼ 48% of the pions
decay before reaching the arc. Since the arcs are set for the
central muon momentum of 3.8 GeV/c, the pions remaining
at the end of the straight will not be transported by the arc,
making it necessary to guide the remaining pion beam into
an appropriate absorber. Another BCS, which is just a mir-
ror reflection of the injection BCS, is placed at the end of
the decay straight. It extracts the residual pions and muons
which are in the 5±0.5 GeV/c momentum range. These
extracted muons will enter the absorber along with pions in
this same momentum band and can be used to produce an
intense low-energy muon beam.

Figure 6: Racetrack ring layout. Pions are injected into the
ring at the Beam Combination Section (BCS). Similarly,
extraction of pions and muons at the end of the production
straight is done using a mirror image of the BCS.

PERFORMANCE
With an exposure of 1021 120 GeV protons on target, we

obtain approximately 1.9 ×1018 useful µ decays. The ap-
pearance of νµ, via the channel νe → νµ, gives nuSTORM
broad sensitivity to sterile neutrinos and directly tests the
LSND/MiniBooNE anomaly [7]. A contour plot showing
the sensitivity of the νµ appearance experiment to sterile

Table 1: Decay Ring Specifications
Parameter Specification Unit

Central momentum Pµ 3.8 GeV/c
Momentum acceptance ± 10%
Circumference 480 m
Straight length 185 m
Arc length 50 m
Arc cell DBA
Ring Tunes (νx, νy) 9.72, 7.87
Number of dipoles 16
Number of quadrupoles 128
Number of sextupoles 12

neutrinos, utilizing a boosted-decision-tree (BDT) multi-
variate analysis, appears in Figure 7 for the exposure given
above.

 0.1

 1

 10

 0.0001  0.001  0.01  0.1

Δ
m

2  [e
v2 ]

sin22θeµ 

5σ, 1% Sys
10σ, 1% Sys

99% C.L. Evidence
99% C.L. Appearance

Figure 7: 5 and 10 σ contours for the BDT analysis. The
99% confidence level contours from a global fit to all ex-
periments [8] are also shown.
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Abstract

The proceeding proposes a derivation of the Vlasov-
Poisson equation where the distribution function is splitted
in a main part standing for the core and a fluctuating part
standing for the halo, with which the kinetic theory of halo
formations and core-halo dynamics are analysed.

INTRODUCTION

High-power hadron beams are more and more requested
in multiple research fields like fusion material studies,
neutrino physics, nuclear transmutation, accelerator-driven
systems. Among the most recent projects, the IFMIF ac-
celerators [1] break the record of high intensity, leading
to a multi-MW beam power at relatively low energy. The
concern for such accelerated beams is the predominance of
the self-field energy upon the beam energy. In these condi-
tions, the space charge effect is at its maximum, which trig-
gers different non-linear mechanisms implying emittance
growth, halo formation and sudden particle lost. The chal-
lenge is then to be able to control the total beam size, to
maintain it well inside the beam pipe, and to avoid particle
losses on its wall at the level of 10−6 in order to preserve
hands-on maintenance. Careful studies of the dynamics
of high intensity charged particles are thus mandatory to
better understand and characterise the beam non-linear be-
haviour.

In the space-charge dominated regime, the space-charge
effects result in emittance growth and halo formation,
which contribute to beam losses. A change of focusing lat-
tice or inadequate knowledge of proper injection conditions
can cause a mismatch between the beam and the transport
system. This mismatch may result in an oscillation of the
beam envelope and generally excite a superposition of the
envelope eigenmodes. These envelope modes possess ad-
ditional free energy compared with the stationary distribu-
tion. Particles with appropriate oscillation frequencies can
resonate with these envelope modes through the so called
parametric 2 : 1 resonance and attain large amplitude to
form a halo [2]. These halo particles extract the energy
from the envelope modes and convert free energy from mis-
match into thermal energy, which causes beam emittance
growth. The goal of this proceeding is proposes a deriva-
tion of the Vlasov-Poisson equation where the distribution
function is splitted in a main part standing for the core and a
fluctuating part standing for the halo, with which core-halo
interactions will be analysed.

∗Work supported by CNPq
†wilson.simeoni@ufrgs.br

CORE-HALO EQUATIONS
The beam is assumed to propagate with a constant axial

velocity vzêz , so that the axial coordinate s = z = vzt
play the role of time. The external focusing field is given
by B = B0êz and is used to compensate the repulsive
Coulomb force between the beam particles. It is con-
venient to work in the Larmor frame [3] which rotates
with respect to the laboratory frame with angular velocity
ΩL = qB0/2γbmc, where c is the speed of light in vacuo,
and q, m, and γb = 1/

√
1− β2

b are the charge, mass and
relativistic factor of the beam particles respectively.

A collisionless charged particle beam is usually de-
scribed in a self-consistent mean-field approximation by
the Vlasov-Poisson system :

dfb
dt

=
∂fb
∂t

+ v · ∂fb
∂r

+ F · ∂fb
∂v

= 0, (1a)

F = −κzr−∇φ, (1b)
∇2φ = −4πqnb(r, s). (1c)

where Nb is the number of particles per unit axial length,
r is the position vector in the tranverse plane, v = dr

ds
is the transverse velocity, nb(r, s) = qb

∫
dv2fb(r,v, s)

is the transverse beam density, κz0 = qB0/2γbβbmc
2 is

the focusing field, and K = 2q2B2
0/γ

3
b v

2
zm

2c2 is the per-
veance, which is a measure of the beam space charge. In
Eq. (1), φ is a scalar potential that incorporates both self-
electric and self-magnetic fields, Es and Bs. We shall take
zero of the scalar potential to be at rw, the position of the
conducting channel wall. The distribution function is nor-
malized so that

∫
dv2dr2fb = 1. In the Larmor frame,

the system corresponds to a two dimensional non-neutral
plasma of pseudo particles of mass m = 1 and charge
q =

√
K/Nb interacting by a repulsive logarithmic poten-

tial φ(r) = −q2 ln(r/rw) confined in a parabolic potential
well of U(r) = κzr

2/2.
The Vlasov equation (1) express the conservation of the

distribution function in phase space. We assume that the
initial condition in phase space consists of a patch of uni-
form distribution function (f0 = η0) surrounded by vac-
uum (f0 = 0). After some evolution, the patch mixes with
vacuum and the coarse-grained (i.e. locally averaged) dis-
tribution function f̄ takes values between 0 and η0. The fact
that the coarse-grained distribution function cannot exceed
the maximum value η0 of the initial condition is responsi-
ble for an effective “exclusion principle ”leading to degen-
eracy effects. This degeneracy, resulting from the incom-
pressibility of the Vlasov equation in phase space , was first
recognized by Lynden-Bell [4] is his study of equilibrium.

Suppose that the coarse-grained [5] distribution function
is the distribution fc for core of the beam and the fluctua-

Y OF HALO FORMATION IN
∗CHARGED PARTICLE BEAMS
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tions of the distribution function is the distribution fh for
the beam halo [6, 7].

We introduce the decomposition fb = f̄b + f̃b [fb =
fbc + fbh ] where f̄b [fbc ] is the coarse-grained distribution
function and f̃b [fbh ] is the fluctuations. We assume that
f̄b [fbc ] results from the statistical average so that f̄b = f̄b.
Taking the local average of the Vlasov equation we obtain
a convection-diffusion equation:

∂fbc
∂t

+ v · ∂fbc
∂r

+ Fc ·
∂fbc
∂v

= −∂J
∂v

, (2a)

J = Fhfbh , (2b)

for the core distribution function, with a diffusion current
J = Fhfbh related to the correlations of the fine-grained
fluctuations [8] (to describe the perturbations inside the
core and to describe the retroaction of the halo on the
core [7]). Note that the diffusion occurs only in velocity
space. There is no diffusion in position space since the
velocity v is a pure coordinate and therefore does not fluc-
tuate. The problem in hand consists in determining the dif-
fusion current J. Since the diffusion current J = Fhfbh
is related to the fine-grained fluctuations of the distribu-
tion function, any systematic calculation starting from the
Vlasov equation must necessarily in corporate the evolu-
tion equation of fbh . This equation is simply obtained by
substracting equation (1a) from (2a) :

∂fbh
∂t

+ v · ∂fbh
∂r

+ Fc ·
∂fbh
∂v

=

−Fh ·
∂fbc
∂v
− Fh ·

∂fbh
∂v

+
∂Fhfbh
∂v

(3a)

The essence of the quasi-linear theory is to assume that
the fluctuations are weak [9] and neglect the non-linear
terms in (3) altogether. In that case (2a) and (3) reduce
to the coupled system:

∂fbc
∂t

+ v · ∂fbc
∂r

+ Fc ·
∂fbc
∂v

= −∂Fhfbh
∂v

, (4a)

∂fbh
∂t

+ v · ∂fbh
∂r

+ Fc ·
∂fbh
∂v

= −Fh ·
∂fbc
∂v

,(4b)

Physically, these equations describe the coupling between
the core (coarse-grained distribution fbc ) and the halo (the
small-scale fluctuations fbh ).

To resolve the equations (4a) and (4b) we assume dur-
ing beam evolution, the system tends to maximize its rate
of entropy production while satisfying all the constraints
imposed by the dynamics.

Relaxation Process of the Beam Core and Halo
Formation

The evolution of the system equations (4a) e (4b) is
extremely complicated. Although the dynamics is colli-
sionless, the fluctuations of the electromagnetic potential
are able to redistribute energy between beam particles and

provide an effective relaxation mechanism on a very short
timescale (violent relaxation [4]).

The system develops an intricate filamentation in phase
space (phase mixing). In physical space, this mixing pro-
cess is associated with the heavily damped oscillations of
beam away from mechanical equilibrium. In a strict sense,
the distribution function fb = fbc + fbh does not reach an
equilibrium distribution but develops smaller and smaller
filaments. However if we introduce a coarse-graining pro-
cedure and locally average over the filaments, the coarse-
grained distribution function f̄b is expected to reach a sta-
tionary state on a short timescale. It is usually advocated
that this metaequilibrium state is a particular stationary so-
lution of the Vlasov equation [10]. A statistical theory ap-
propriate for this process of violent relaxation has been de-
veloped by Lynden-Bell [4]. Unfortunately, the statistical
prediction of Lynden-Bell is limited by the problem of in-
complete relaxation [11]. Beams tend towards the equilib-
rium state during violent relaxation but cannot attain it: the
fluctuations of the potential die away before the relaxation
process is complete [12].

Equation (4b) is first solved formally with the help of
Green functions [13]. This gives rise to an iterative process.
This iterative process is truncated to quadratic order and the
result is substituted back into (4a). The diffusion current J
does not have yet a closed form as it involves the equal-time
correlation function. To close the system, we assume that
the fluctuations of the distribution function in two different
macrocells are decorrelated. The resulting equation is now
self-consistent [5].

Our working hypothesis is that during the stage of vio-
lent relaxation, the particles of beam extract their energy
from the rapid fluctuations of the eletromagnetic field. By
this process, some particles may acquire very high energies
and escape from the beam forming the halo.

Process of the Core-Halo Interactions
With the halo formation, the relaxation of system from

equilibrium becomes incomplete [14]. It starts a process
of interaction core-halo where the terms on the right side
of the equations (4a) and (4b) dominate the dynamic. The
field energy generated by the core interact with the halo and
the fluctuations tend to become weaker. The core reaches a
stationary state [15].

Relaxation processes of Beam Halo via thermal
bath

As the core is quasi-equilibrium state and the fluctu-
ations are weakening, the core will serve as a thermal
bath to the halo. This allows us to we find a quasi-
equilibrium solution for the system core-halo in a relaxed
state [16, 17, 18].

CONCLUSIONS
The maximum transportable current density of an ion

beam with high space-charge intensity propagating in a pe-
riodic focusing lattice is a problem of practical importance.
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Accelerator applications such as Heavy Ion Fusion (HIF),
High Energy Density Physics (HEDP), and transmutation
of nuclear waste demand a large flux of particles on target.
A limit to the maximum current density can result from a
variety of factors: instability of low-order moments of the
beam describing the centroid and envelope, instability of
higher order collective modes internal to the beam, growth
in statistical phase-space area (rms emittance growth) and
excessive halo generation.

The most important examples of a nonstationary beam
are a beam with an rms mismatch, a nonstationary distribu-
tion function (the distribution function is not a solution of
the stationary Vlasov equation), and a misaligned beam. If
the beam is initially nonstationary, it has a higher average
energy per particle than the stationary beam. The energy
difference represents the free energy that can be thermal-
ized by nonlinear space charge forces, collisions, or insta-
bilities. As a result of such a process, the emittance in-
creases as the beam relaxes toward its final quasistationary
state.

The deviation of beam distribution from the stationary
state may be understood as the main cause of halo forma-
tion. Whenever a beam is not in its own stationary state, it
naturally tries to approach closer to there, minimizing the
nonlinear field energy. During this process, plasma oscil-
lations are excited in the beam core, driving a portion of it
into a halo. Inversely speaking, if a beam injected into a
uniform channel is fine grainedly matched to it, there is no
reason to expect the development of a halo unless the dis-
tribution itself is intrinsically unstable against perturbation.
While several different factors have been considered as the
possible sources of halo formation, it seems, after all, that
the important point is how much a beam is deviated from
the stationary state

In Linac the effective phase space volume occupied by a
beam can grow rapidly if the beam intensity is sufficiently
close to the space charge limit and if a source of instability
is available. In principle there are three sources of instabil-
ity: in a continuously focused beam it can be a nonmono-
tonic distribution function, like the K-V distribution; in two
or three dimensional beams it can be an anisotropic distri-
bution with different emittance and/or energy in two phase
planes; in addition, periodic focusing can act as a source
if an eigenoscillation is in resonance with the period of fo-
cusing.

In this proceeding a derivation of the Vlasov-Poisson
equation where the distribution function is splitted in a
main part standing for the core and a fluctuating part stand-
ing for the halo, with which the kinetic theory of halo for-
mations and core-halo dynamics are analysed.
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Abstract 
For a high quality beam delivery to the users in 

application areas like material science and neutron 

spectroscopy, it is very important for the linac to keep the 

growth of transverse emittance and self field effects a 

minimum in order to limit the radioactivity and the cost of 

the linac itself and increase the transmission efficiency. 

This paper presents the results of electron beam tracking 

for a 30 MeV standing wave electron linac. This is a 

general purpose facility for neutron generation and will 

produce 10
12

-10
13

 n/sec for measurement of neutron 

cross-section of (n, gamma), (n, xn) and (n, f) reactions. 

The effects of input beam size, divergence, field gradient 

and space charge effect on the beam quality have been 

studied with ASTRA beam dynamics code. This beam 

dynamics study explores the optimized beam parameters 

and beam quality for the linac operation. 

INTRODUCTION 

In this paper we have studied the beam dynamics of a 

30 MeV, 6 kW bi-periodic coupled cavity standing wave 

electron linac under development at Electron Beam 

Centre (EBC) Kharghar, Navi Mumbai, India. In order to 

predict the quality of electron beam  [1], [2], [3] the 

electron-tracking algorithm ASTRA [4] has been used. 

Although there are a few self-consistent space-charge 

codes that can be used to study the emittance evolution, 

we choose the ASTRA model in order to provide a fast 

parametric study.  

The accelerating module (Fig. 1) contain a 85 keV 

thermionic electron gun, an injector section and two 

accelerating sections of 22 cell and 23 cell respectively 

operating in π/2 mode at a frequency of 2856 MHz. The 

injection section consists of three bunching cells and a 

power feed cell. The length of each accelerating cell is 52 

mm, whereas the buncher cells are 45, 48 and 50 mm 

respectively. The bore radius is 5mm for all the buncher 

cells and accelerating cell. The effective shunt impedance 

for the buncher cells is ~ 80 MΩ/m, while for the 

accelerating cells, it is ~ 90 MΩ /m. 

 
Figure 1: Schematic Layout of the 30 MeV Linac. 

MULTIPARTICLE SIMULATION WITH 

SPACE CHARGE 

For the present work the longitudinal electric field 

components on the symmetry axis of the injector and 

accelerating sections have been computed using CST 

MWS [5]. The tracking code ASTRA does not need a 

geometrical description of the structures. For ASTRA 

code, the space-charge fields are calculated in the beam 

rest frame via Poisson’s equation in free space and 

Lorentz’s transformed back into the laboratory frame. 

ASTRA is based on Runge-Kutta integration of 4th order 

with fixed time step through the user defined external 

electric and magnetic fields, taking into account the space 

charge field of the particle cloud. A cylindrical grid, 

consisting of rings and slices, is set up over the bunch 

extension for the space charge calculations. The code 

automatically updates the mesh size as the simulation 

progresses. For all the simulations presented in the 

following, we have used 2.5 x 10
4
 macro particles in 

uniform distribution. The initial energy of the particles 

injected in the guide is 85 keV. The particles are 

distributed quasi-randomly following the Hammersley 

sequence in such a way that statistical fluctuations are 

reduced and artificial correlations are avoided. 

 Effect of Space Charge on Beam Dynamics 

Figure 2 gives the evolution of rms beam size for the 

nominal energy of 30 MeV. We have used a uniform 

distribution of particles having energy 85 ± 2 keV for the 

longitudinal direction with rms bunch length of 15.61 mm 

and bunch charge of 0.175 nC and Gaussian distribution 

in all transverse dimensions with rms beam sizes of 0.8 

mm each. The results show that space charge gives rise to 

a transverse spread of the beam in the injection section 

and 1st   cavity at low energies. 

 

 

Figure 2: rms beam size without space charge (Dotted 

line) and with space charge (solid line). 
 ___________________________________________  
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PARAMETRIC STUDY OF INPUT BEAM 

Emittance of a beam is a suitable parameter to define the 

qualities of a beam in terms of size and divergence of the 

beam. Beam emittance is given approximately by the 

product of spot size and divergence, and is proportional to 

the volume of the bounding region that each bunch 

occupies in its region of six-dimensional phase space. The 

normalized RMS emittance is defined by [6]  

All the simulations data presented in this section have 

been noted at z = 2.64 m, that is at the end of the linac. 

 
Evolution of Emittance with Space Charge  

The general increasing nature of transverse emittance 

in Fig. 3 shows what we would expect: the beam has 

more of a tendency to diverge due to higher magnitude of 

self fields and leads to overall transmission loss. This 

curve changes significantly as we vary other parameters 

such as initial spot size, field strengths, cavity phases, etc.

  For example, if we decrease the input rms beam size 

from 0.8 mm to 0.1 mm, the space charge effects becomes 

quite prominent and leads to growth of curve at a faster 

rate as shown in Fig. 3. 

 

 

Figure 3: Effect of space charge on transverse emittance 

(solid line) and % transmission (Dash-dot-Dash) for rms 

beam size of 0.8mm .Transverse emittance (Dashed line) 

and % transmission (Dotted line) for rms beam size of 0.1 

mm. 

 Evolution of Emittance with Beam Size  
 

 

Figure 4: Evolution of transverse emittance with input 

beam size. 

In rf cavities the radial component of the electric field 

grows quadratically with radius up to half of maximum 

radius of the rf cavity, whereas the longitudinal electric 

field increases linearly toward higher radii. As a result, 

the variation of the beam size (due to RF focussing) 

depends nonlinearly on the value of the beam size itself, 

therefore an increase of the emittance, proportional to the 

fourth power of the beam radius, is to be expected when a 

beam crosses a rf cavity .In order to numerically test this 

effect, we have tracked beams of charge 0.175 nC and of 

different transverse sizes through the rf cavity. Figure 4 

describes the transverse emittance as a function of input 

rms beam size. 

 Evolution of Emittance with Divergence  

    
 In rf cavities the beam divergence strongly affects the 

beam behaviour. In order to study the emittance growth 

due to beam divergence we have taken an input beam of 

rms size 0.8 mm and varied the beam divergence as given 

in Table 1. We find that the transverse emittance shows a 

linear growth with increase in beam divergence, which 

leads to loss of electrons through the beam tube. 

 Table 1: Effect of Input Beam Divergence on Emittance  

Input 
divergence 

Transverse 
Emittance 

Percentage 
transmission 

2.1 7.71 55 

6.2 8.53 54 

9.4 9.67 53 

12.5 10.65 52 

15.6 11.48 50 

18.7 12.52 47 

 

Evolution of Emittance with Beam Aspect Ratio  

We have studied the effect of the aspect ratio of the 

rms beam sizes in transverse direction and their effects on 

emittance growth. The summary of the results are given in 

Table 2. We observe that for any beam, the emittance 

growth in one transverse plane of the beam as compared 

to the other plane is within space-charge statistical error.  

Table 2: Effect of Beam Aspect Ratio on Emittance  

Beam Size 
xrms (mm) 

Beam Size 
yrms (mm) 

Emittance, ϵx 

(π mrad-mm) 

Emittance, ϵy 

(π mrad-mm) 

 1.5 11.25 12.67 

0.82 2.0 9.24 17.83 

 3.0 8.69 23.56 

1.5  13.65 10.33 

2.0 0.82 18.18 8.91 

3.0  23.58 8.35 

, 〈 〉〈 ′ 〉 〈 ′〉                          (1) 
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Thus we treat each plane irrespective of the other 

plane, i.e. the two transverse planes behave independently 

of each other. 

 Effect of Variation of Field Gradient 
  We have studied the evolution of the beam subject to 

variation in field gradient. The results are given in Table 3 

and from this we can estimate the changes in the output 

due to errors in the field gradient. An error of ± 4% in the 

field gradient changes the output energy gain ≈  ± 4% and 
error in gradient of ± 8% changes the output energy gain 

≈  ± 8%.   
 

Table 3: Effect of Field Gradient on Output Beam 

Field 
Gradient  
( MV/m) 

Output 
Energy        
( MeV) 

Energy 
Spread 

(keV) 

Transverse 
Emittance 

(π mrad-mm) 

22 27.5 1230 11.78 

23 28.8 908 11.21 

24 30.0 720 10.65 

25 31.2 648 10.03 

26 32.4 678 9.58 

 

Effect of Solenoid Focusing on Beam Quality 
We have studied the quality of beam subjected to 

solenoid focusing. An air core solenoid of length 15 cm 

and 15000 ampere-turns is applied over the injection 

section as shown in the Fig. 1.The solenoid field reduce 

the beam diameter from ~ 8 mm to ~ 4.5 mm and improve 

the overall transmission ≈  9%. Figure 5 describes the 

computed beam envelope over the entire length of the 

linac without solenoid and with solenoid. 

 

 

Figure 5: Computed beam envelope over the entire length 

of linac. 

 

Transverse phase space of the electron beam at the end 

of the linac are shown in the Fig. 6 for without space 

charge effect and with space charge effect along with the 

focusing effect of the solenoid. 

 

(a) (b)  

(c)  

Figure 6: Transverse phase space of the electron beam at 

the end of the linac (a)without space charge, (b)with 

space charge, (c)with space charge and solenoid focusing. 

CONCLUSION 

We have investigated the effect of horizontal plane and 

vertical plane on beam dynamics and found that both the 

planes can be treated separately excluding space charge 

effect. A bunch charge of 0.175 nC is used to obtain a low 

emittance beam along the transverse and longitudinal 

direction with a reduced space charge effects. Also we 

have determined that a field gradient of 24 MV/m is to be 

maintained in order to have nominal energy gain of 30 

MeV with minimum energy spread of 720 keV. We 

conclude from these beam dynamics studies that space 

charge effect plays a pivotal role in the injector section 

and 1st cavity of the 30 MeV linac. We have applied a 

solenoid of length 15 cm and 15000 ampere turns over the 

injector section to compensate the space charge effect. An 

energy spread of ~ 2.5% improves the quality of the 

output beam. With a beam size of ~ 4.5 mm in the bore of 

aperture diameter 10 mm, the beam loss on the cavity 

wall is minimized and the heavy irradiation of accelerator 

components is prevented. 
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PRE-SEPARATOR DESIGN OF THE IN-FLIGHT FRAGMENT 

SEPARATOR USING HIGH-POWER BEAM* 

 J.Y. Kim, C.C. Yun, D.G. Kim, E.H. Kim, M.J. Kim, M. Kim, J.W. Kim#,  
Institute for Basic Science, Daejeon, Korea

Abstract 
In-flight fragment separator of the rare isotope science 

project (RISP) is a main device to produce isotope beams 
for nuclear science research and applications. The 
separator is divided into pre and main stages. The pre-
separator contains a thin target to produce the isotope 
beam and beam dump to remove unreacted primary beam. 
The maximum primary beam power is 400 kW. As a 
result, radiation level is very high in the target area and 
some of the magnets will utilize high-Tc superconductor 
coils operating at 20-50 K to efficiently remove the 
radiation heat deposited on the coil. A major function of 
the pre-separator is to remove the primary beam, which is 
complicated by different charge states produced when the 
primary beam passes through the target and wedge-
shaped energy degrader. Some detailed calculations in 
beam optics and on the layout of the major separator 
components have been performed using GICOSY and 
LISE++ considering contaminant isotope beams due to 
nuclear reactions.  

  INTRODUCTION 

In-flight fragment separator using the high power 
primary beam with large acceptance will allow researches 
for rare isotopes near the boundary of the nuclear chart. 
The next-generation in-flight separator is characterised by 
two major features: large acceptances of wanted isotope 
beam and two-stage scheme [1]. In-flight fragmentation 
and in-flight fission by using U beam are two major 
reactions to produce RI beam with an in-flight 
fragmentation method. It is expected new understanding 
on the nuclear physics can be obtained with this new 
device.  

Currently, rare isotope science project (RISP) to 
construct a next-generation radio-active isotope (RI) 
beam facility is underway in Korea. Both Isotope 
separation on-line (ISOL) and the in-flight fragment 
separation methods will be utilized [2]. A super-
conducting linear accelerator is the main driver that can 
accelerate a uranium beam to 200 MeV/u at a maximum 
beam power of 400 kW. The optical design of the in-flight 
separator has been performed by using GICOSY [3]. 

 Figure 1 shows a schematic layout of the two-stage 
separator, in which superconducting magnets with large 
aperture are used to achieve large acceptance. The first 
stage serves to produce an RI beam of interest and to 
remove the unreacted primary and unwanted RI beams. 
The second stage aims to purify and to identify the 
isotope beam of interest. Major technical challenges are 

associated to the design and construction of the pre-
separator, where the target and beam dump are located. 
The area including the target and beam dump is under the 
influence of high radiation.  

In this paper, in-flight fragment separator of RISP is 
briefly introduced. Then optical properties and 
performance of the pre-separator are mainly discussed. 

 
Figure 1: Schematic layout of the fragment separator. 

DESIGN OF AN IN-FLIGHT SEPARATOR 

The separator consists of pre and main separator, and a 
matching section in between is placed. The pre-separator 
from the production target to the F4 focus is composed of 
a four-bend achromatic spectrometer, consisting of four 
super-conducting dipole magnets with bending angle of 
30 degree and seven superconducting quadrupole triplets.  

As mentioned above, radiation level is very high in the 
target and beam dump area, so that radiation heating in 
superconducting coils is concerned. To remove the heat 
efficiently, one dipole and two quadrupole magnet triplets 
in the front end of the pre-separator will use high-Tc 
superconducting (HTS) coils. The rest of magnets in the 
pre-separator will use low-Tc superconducting (LTS) 
coils.  

The main separator from the F5 focus to the F9 focus 
consists of eight superconducting quadrupole triplets and 
four dipole magnets. The F1, F3, F6 and F8 are 
momentum-dispersive focal planes, and the rest are 
achromatic planes. A wedge-shaped degrader can be used 
at each momentum dispersive focus to separate isotopes 
with the same q/A ratio by Z-dependent energy loss. 

The goals of momentum acceptance and angular 
acceptance of the IF separator are ±5 % and ±50 mrad, 
respectively. 

 
 ___________________________________________  
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OPTICS OF THE PRE-SEPARATOR 

The pre-separator contains four dipoles and seven 
quadrupole triplets, and its maximum magnetic rigidity is 
chosen to be 10 Tm considering the accelerator energy 
upgrade to 400 MeV/u for uranium beam in the future. 
The first-order optics of pre-separator is shown in Fig. 2. 
The production of RI beam using high power primary 
beam demands substantial radiation shielding compared 
to the facilities utilizing the maximum beam power of a 
few tens of kW. Radiation damage and shielding structure 
are main consideration in the design of pre-separator.  

 
Figure 2: The first-order optics of pre-separator under 
consideration: The upper envelopes are in the horizontal 
plane, while the lower ones in the vertical plane. 

To reduce radiation damage on magnetic components 
behind production target, the optics of pre-separator has a 
dispersive focus directly after the first dipole, where the 
dump is located. A merit of this solution is to limit an area 
of high level activation thereby minimizing the number of 
radiation resistant magnets. 

For the space of the shielding walls, we leave long drift 
spaces of 2.6 m after second quadrupole triplets and 5.2 m 
between third and fourth triplets. A drift space of 1.95 m 
after the first dipole is to be occupied by the beam dump. 
Some parameters of the pre-separator are listed in table 1. 

Table 1: Some Parameters of the Pre-Separator 

Configuration Four bends  

Maximum magnetic rigidity 10 T/m 

Momentum acceptance ±4.3% 

Angular acceptance ±40 mrad (h) 

 ±50 mrad (v) 

Momentum dispersion +2.3 cm/% at F1 

 -3.05 cm/% at F3 

 
The large acceptance is needed to collect RI beam 

produced via 238U fission. The angular and momentum 
spreads of RI beam produced by in-flight fission of 
uranium beam at 200 MeV/u can be over 100 mrad and 
10%, respectively, when symmetric fission is assumed. 

The superconducting quadrupole triplets need to have 
large apertures and the dipole a large gap. The total length 
of pre-separator is currently about 57 m. 

 
Figure 3: Correction of phase space distortion in the 
second order optics of pre-separator at F1 and F3. 

Figure 3 is the result of 2nd order correction with 
hexapole magnet (red color). The beam phase spaces at 
F1 and F3 are compared before and after 2nd correction in 
Fig. 3 (b), which shows significant improvement. 

PRE-SEPARATOR PERFORMANCE 

Parameters of the pre-separator and the purity of 132Sn 
at the exit of pre-separator were evaluated by simulations 
with the LISE++ code [4]. 132Sn ion, which is double 
magic nucleus, is a main isotope beam of interest used for 
the separator design. A 200 MeV/u 238U79+ primary beam 
was used with a graphite target of 303 mg/cm2 thick to 
produce 132Sn in the simulation. The momentum 
acceptance of ±3% was assumed using a wedge shaped 
degrader in F3 focus. The material of degrader is 
aluminium with central (on-rigidity) thickness of 1.57 
mm corresponding to approximately 30% of 132Sn beam 
range.  

As can be seen in Fig. 4, the transmission of 132Sn in 1st 
order simulation was calculated to be about 25.3%, when 
the selection slits in the pre-separator were completely 
open. Large losses of 132Sn occur at the F1 focus, where 
the beam dump is located. Fission fragments are produced 
from the target with large spreads in both angle and 
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momentum. Magnetic rigidities that are larger by 3% than 
the selected value are removed at the beam dumps, as 
shown in Fig. 5.  

 
Figure 4: Comparison of transmission efficiency of 132Sn 
produced via in-flight fission simulated in 1st and 2nd 
order optics on the pre-separator. 

A less significant loss occurs due to multi charge states 
of 132Sn ions generated by the electronic interactions in 
the wedge. The loss in transmission for 132Sn derived 
from 2nd order aberrations is due to the increase in the size 
of the beam envelope compared to the first order beam 
envelope. The transmission of 132Sn in 2nd order 
simulation is about 5.1%. Further optimization on high 
order aberration correction scheme is necessary to 
improve the 2nd order or higher order transmission 
efficiency.  

 
Figure 5: The primary beam and 132Sn beam profiles at 
the F1 focus, where the beam dump are located.  

Figure 6 is a part of the chart of nuclides indicating the 
yield rate of 132Sn and un-wanted fragments at the end of 
the pre-separator. The production rate of 132Sn is about 
1.34×107 pps with the purity of about 0.03%. The most 
intense contaminants are nuclei which are located closer 
to the valley of stability. The purity of 132Sn can be 
improved by isotopic selection of the main separator. 

 
Figure 6: The rate of 132Sn and un-wanted fragments 
transmitted to the end of pre-separator. 

CONCLUSIONS 

The design of in-flight separator using high-power 
primary beam has been carried out for the RISP in Korea. 
Main considerations on optical design of pre-separator are 
associated with shielding high-level radiation and 
removing the primary beam almost completely. The 
optimization process has been underway to deal with 
main considerations, and to improve the purity and the 
transmission of fragments. To evaluate the performance 
of current pre-separator, transmission efficiency and rate 
of 132Sn were calculated by using LISE++ to be achieved 
25.3 %, 1.34×107 pps, respectively. 
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HORIZONTAL DISPERSION STUDIES FOR THE CERN PROTON 
SYNCHROTRON BOOSTER RINGS  

V. Raginel, B. Mikulec, S. Gilardoni, CERN, Geneva, Switzerland

Abstract 
In order to confirm the value of horizontal dispersion of 

the CERN Proton Synchrotron Booster (PSB) given by 
the MADX model, the horizontal dispersion has been 
measured using pick-ups and wire scanners on its four 
rings. The dispersion value of the PSB rings is of interest 
for example as input for the emittance measurements 
critical for high-brightness beam production for the LHC, 
for future optics studies related to the planned upgrades of 
the PSB or for optics studies of the ejection lines. In this 
study, the dispersion measurement protocol and the 
analysis of the measurements are presented. The 
measurement results point out differences with respect to 
the MADX model and also differences between the four 
rings. It was then investigated using horizontal orbit 
measurement and MADX matching routines whether 
misalignments of quadrupole magnets could explain these 
differences. 

INTRODUCTION 
The knowledge of the dispersion of the Proton 

Synchrotron Booster (PSB) rings is of interest for cross 
check the optics of the ring currently in use, but also as 
input for the emittance measurements [1] or for the optics 
matching studies of the injection/ejection lines. While the 
dispersion in the PSB is estimated by a MADX model [2], 
measurements of dispersion are necessary to validate the 
simulated optics. The horizontal dispersion Dx(s) can be 
defined by: 

)()( sDsx x  

where Δx(s) is the horizontal beam centroid displacement 
at the location s and δ=Δp/p0 is the relative momentum 
offset with respect to the nominal momemtum p0. The 
dispersion can be measured by changing the beam 
momentum via the RF system, observing the beam 
displacement at the location of the beam position 
monitors and the variation of the revolution frequency. 
The momentum deviation is evaluated via the momentum 
compaction factor and the measured frequency change. 
The measurements were done for all four rings of the 
PSB. The dispersion was obtained off-line using a fitting 
routine on the beam position monitors data and then 
compared to the MADX model. 

DISPERSION MEASUREMENTS 
The dispersion was measured using a LHC 50 ns beam 

(the luminosity production beam for the LHC 2012 run) 
for each ring using the programmable RF radial position 
function which converts a given change in the average 
orbit into energy offset. The radial position function was 

modified 760 ms after the start of the cycle, just before 
the extraction flat top of the magnetic cycle when the 
beam momentum is 2126 MeV/c. The horizontal beam 
displacement and the revolution frequency were acquired 
for various values of the radial position function 
averaging over three measurements. The horizontal beam 
displacement was observed by the sixteen pick-ups of 
each ring (BRi.UES1L3, BRi.UES2L3 ..., and 
BRi.UES16L3, with i=1, 2, 3, 4 indicating the fours PSB 
rings), one pick-up per section, and by one wire scanner 
in the section 2 of each ring (BRi.BWS.2L1). The pick-
ups of the PSB rings are installed in-between the first 
focusing quadrupole (QF) and the defocussing quadrupole 
(QD) with the basic optics cell of the PSB being 
bending1-QF1-QD-QF2-bending2. The readout chain per 
section of the pick-ups is the same for each ring 
(multiplexing) [3]. 

A too large horizontal beam displacement can cause 
beam losses when the aperture limit is reached. The 
maximum variations of the radial position function with 
no beam losses were determined for both positive and 
negative displacement. The measurements were done 
between these maximum variations. 

DISPERSION ANALYSIS AND RESULTS 
Determination of the Dispersion in Each Ring 

The measurements yield the displacement of the center 
of the beam and the corresponding revolution frequency. 
The relative momentum deviation was derived from the 
relative variation of the revolution frequency thanks to the 
following relation: 

0ff  

where η = η0 + η1 δ + O(δ2) is the phase slip factor [4]. 
The frequency f0 corresponds to the naturally centered 
orbit by introducing no offset in the radial loop function. 
A first assumption is to simplify the phase slip factor to 
the first order. The analysis was done using the relation  

00ff   

where η0 = α0 – 1/γ2 with α0 being the first order 
momentum compaction factor, which is equal to 0.0609 in 
the PSB, and γ being the relativistic gamma of the proton 
beam. Δx vs. δ is then plotted for each pick-up and the 
wire scanner, examples of a plot of Δx vs. δ is shown in 
Figure 1 (black dashed line). The data fits show that the 
data is not linear, but rather parabolic. 
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Figure 1: Plots of Δx vs. δ resulting from measurements 
done on the pick-up BR1.UES5L3 using the simplified 
relation f/f0 = -η0 · δ. 

A second analysis was subsequently done using the 
relation 

)( 100ff  

where  2
0

22
101 /2/3   [5] 

with α0 being the first order momentum compaction factor 
and α1 being the second order momentum compaction 
factor. The second order momentum compaction factor 
was determined for the PSB in the same way already used 
before in the PS [6]. The second order momentum 
compaction factor α1 is related to the total momentum 
compaction factor αp given by the MADX model of the 
PSB: 

)()21( 2
10p [4] 

The total momentum compaction factor αp was 
simulated for nine momentum offsets Δp = ±40, ±30, ±20, 
±10 and 0 MeV. α1 was then derived from the slope of αp 
vs. δ, and yields α1 = 2.237. The resulting horizontal 
beam displacement as a function of the relative 
momentum spread becomes then a linear function. The 
relative position error of the pick-ups is considered to be 
within ±0.1 mm, except for the pick-ups 2L3 and 10L3 
(±0.2 mm and ±0.3 mm, correspondingly) [7]. The 
calibration of the wire scanners indicates that the response 
of the wire scanners is linear in the range ±10 cm and that 
the relative horizontal position error is negligible. The 
data of the pick-ups BR2.UES6L3 and BR2.UES10L3 
show some incoherency with the others pick-ups probably 
due to malfunctioning of the system and thus are excluded 
from the analysis. The slope of the linear fit gives the 
dispersion at each measurement point in the four rings. A 
comparison of the measured horizontal dispersion of all 
four rings and the horizontal dispersion Dx predicted by 
the PSB MADX model is shown in Figure 2. One can see 
in Figure 3 that the maximal relative differences of Dx 
predicted by the PSB MADX model and obtained by 
measurements on the 4 rings is ~10%. The dispersion 

values of MADX agree rather well with the measured 
values; however the dispersion of the MADX model 
shows an offset of ~0.05 m compared to the dispersion 
measured in the 4 rings, which is not well understood yet. 
The measurements show that dispersion is different from 
ring to ring, in the next section it is investigated whether 
misalignments of the defocusing quadrupoles explain 
these differences. 

Figure 2: MADX simulation of the horizontal dispersion 
along the PSB ring (solid line) with the measurement 
points for the horizontal dispersion Dx for the 4 rings. 

Figure 3: Relative differences of Dx given by the MADX 
model and obtained by measurements for the 4 rings. The 
pick-ups UES6 and UES10 of Ring2 are excluded from 
the analysis. 

Analysis of the Differences Between the PSB 
Rings 

It is investigated if the differences in dispersion 
between the four rings could be explained by the 
horizontal misalignments of the defocusing quadrupoles 
(QD). It has to be noted that a tilt of each QD affects 
differently the four superposed rings of the PSB because 
the alignment of the rings for the tilt is done by rotating 
the magnet stack around the centre of ring 3, which is at 
the same vertical level than the injection/extraction line. 
The method used was to estimate the horizontal 
misalignments of the QDs from closed orbit 
measurements for each of the four rings and then to 
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compute the horizontal dispersion ring by ring inserting 
the estimated misalignments into the MADX model. 

As the closed orbits in the PSB are dominated by 
misalignment effects [8], the horizontal misalignments of 
the defocusing quadrupoles can be estimated as follows. 
First the horizontal closed orbits were measured 760 ms 
after the start of the cycle for all the four rings averaging 
over three measurements, including the transversal 
misalignments of the pick-ups. Second in the MADX 
model, virtual horizontal kickers were inserted in the 
centre of each QD to represent the misalignments of the 
QDs. Their strength was then determined by reproducing 
the closed orbit via the MADX model. The kicks were 
then translated into misalignments using the relation ΔxQD 
= θ/(L·k) with ΔxQD being the horizontal misalignment of 
the defocusing quadrupole, θ being the kick found by 
matching, L being the magnetic length of the quadrupole 
and k being the normalized gradient of the quadrupole. 
The estimation of the horizontal misalignment of the QDs 
was done independently ring by ring. Finally the 
estimated horizontal misalignments of the QDs were 
introduced into the original MADX model and the closed 
orbit and dispersion were computed. The dispersion 
function at the pick-ups is not strongly dependant on the 
number of misaligned QDs, when using two or more 
misaligned QDs. 

From Figure 4, one can note that the offset between the 
measured dispersion and the one given by the MADX 
model is ~0.06 m. The misalignments of the QDs in the 
MADX model induce an oscillation of the dispersion 
around its average value. These oscillations agree rather 
well with the oscillations observed in the measured 
dispersion as shown in Figure 4 for rings 1, 3 and 4. For 
ring 2 it is difficult to conclude, as the dispersion 
measurement does not have a clear dispersion pattern due 
to the exclusion from the analysis of the pick-ups UES6 
and UES10. It has to be noted that the absolute error of 
the pick-up orbit measurement is estimated to be ~1 mm 
[9], which leads to uncertainties on the estimated 
misalignments of the QDs and subsequently on the 
estimated dispersion with these misalignments. 

However there are good indications that the 
misalignments of the QDs in the PSB explain the 
oscillations of the dispersion around its average value and 
thus explain partially the differences of the measured 
horizontal dispersion between the four rings. 

 
Figure 4: Comparison of the measured horizontal 
dispersion at the 16 pick-ups with the dispersions given 
by the PSB MADX model with misalignments of the QDs 
for ring 1 (top left), ring 2 (top right), ring 3 (bottom left) 
and ring 4 (bottom right). 

CONCLUSION 
The horizontal dispersion was measured using 16 ring 

pick-ups (1 per section) and a wire scanner (1 per ring) 
for the 4 rings of the PSB. The measured horizontal 
dispersion is consistent with the values of MADX within 
maximum 10% relative error and amounts to -1.45 m in 
average at the pick-ups. However slight differences 
between the four rings were observed. Using orbit 
measurements to estimate the misalignments of the QDs 
in each of the four rings it was shown that the difference 
in horizontal dispersion between the four rings could be 
partially explained by misalignments of the QDs. During 
the long shutdown 2013-2014 the PSB rings have been 
realigned; according to this study it can be expected to 
obtain a more uniform horizontal dispersion between the 
four rings after the 2014 restart. 
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BEAM DYNAMICS AND WAKEFIELD SUPPRESION IN INTERLEAVED 
DAMPED AND DETUNED STRUCTURES FOR CLIC* 

A. D’Elia1,2,3, T. Higo4, V.F. Khan3, R.M. Jones1,2, A. Latina3, I. Nesmiyan1,2 and G. Riddone3 
1School of Physics and Astronomy, The University of Manchester, Manchester, U.K,  

2The Cockcroft Institute of Accelerator Science and Technology, Daresbury, U.K,  
3CERN, Geneva, Switzerland, 4KEK, Tsukuba, Japan

Abstract 
Acceleration of multiple bunches of charged particles in 
the main linacs of the Compact Linear Collider (CLIC) 
with high accelerating fields provides two major 
challenges: firstly, to ensure the surface electromagnetic 
fields do not cause electrical breakdown and subsequent 
surface damage, and secondly, to ensure the beam-excited 
wakefields are sufficiently suppressed to avoid 
appreciable emittance dilution.  In the baseline design for 
CLIC, heavy wakefield suppression is used (Q ~ 10) [1] 
and this ensures the beam quality is well-preserved [2].  
Here we discuss an alternative means to suppress the 
wakefield which relies on strong detuning of the cell 
dipole frequencies, together with moderate damping, 
effected by manifolds which are slot-coupled to each 
accelerating cell.  This damped and detuned wakefield 
suppression scheme is based on the methodology 
developed for the Japanese Linear Collider/Next Linear 
Collider (JLC/NLC) [3].  Here we track the multi-bunch 
beam down the complete collider, under the influence of 
transverse wakefields and record the final emittance 
dilution at the end of the linac.  We utilize the code 
PLACET [4] for all tracking simulations and include 
systematic and random fabrication errors; the latter are 
particularly beneficial in reducing the impact of the 
wakefield on the beam quality.  Results of some initial 
alignment studies are also provided. 

INTRODUCTION 
The CLIC scheme entails two beams, one of which is 

the high-current drive beam (~ 100 A), and the other is a 
low-current accelerated beam.  The drive beam is 
decelerated and provides an electromagnetic field which 
is coupled to the main accelerating linac.  These main 
linacs are required to accelerate electron-positron beams 
to a final collision centre of mass energy of 3 TeV.  
Recent studies anticipate a staging to a reduced centre of 
mass energy of 375 GeV, as a prelude to the full collision 
energy. Here we focus on the 3 TeV design, which 
requires more than 71,000 accelerating structures.  In this 
baseline design, each structure accelerates 312 bunches, 
each of which consists of ~ 4 x109 particles per bunch.  
The corresponding beam current of ~ 1 A removes energy 
from the accelerating electric field, and loads it down.  
The beam-loaded accelerating field is designed, on 
average, to be 100 MV/m. The electric field is a little 
more than a factor of two larger on the walls and the 
magnetic field is constrained to provide a pulse 
temperature rise on the copper walls of no more than 56 K 

[5]. A relatively compact accelerating structure is 
obtained by adopting an X-band accelerating frequency of 
11.994 GHz. The iris radius of each accelerating cell 
largely determines the shunt impedance, which ideally 
should be maximized, but since shrinking it down also 
enhances the transverse dipole fields, a compromise must 
be achieved.  In our design we focus on an average iris 
radius to free space wavelength: <a>/� ~ 0.13.  The 
average iris radius determines the short-range wakefield, 
or the field experienced along the bunch itself.   The 
transverse wakefield experienced by succeeding bunches 
in the multi-bunch train is influenced by several factors.  
In principle it can be suppressed by heavy damping, and 
this is indeed the method adopted in the baseline design 
for CLIC in which field is coupled out from each cell and 
immediately dissipated in attached ceramics.  This 
ensures the wakefield on the first trailing bunch is 
constrained to less than 6.7 V/pC/mm/mm [5] and all 
subsequent bunches experience an even lower wakefield. 
Recent high power tests have indicated this structure is 
able to sustain the requisite surface electromagnetic fields 
at the design gradient [6].   

However, here we discuss a method which entails 
changing the dipole frequency of each of the cells within 
a given structure and hence ensuring the eigenmodes, 
corresponding to these fields, add up in a deconstructive 
manner [3].  In our alternative design the iris is tapered 
down in an erf function manner, and this ensures the 
wakefield decays with a Gaussian envelope. However, the 
finite number of cells within each structure corresponds to 
a sampling of the field.  This will ultimately lead to a 
point at which the eigenmodes add together coherently 
and hence will force the wakefield to rise above the 
constrained value.  We provide four waveguide-like 
manifolds, slot-coupled to each cell in the structure, to 
ensure this recoherence in the wakefield is sufficiently 
suppressed.   We have constrained our design to utilize 
the same number of cells as the baseline design, namely 
24. This short structure is of course insufficient to  
provide adequate sampling, and hence we interleave the 
frequencies of several neighbouring structures in order to 
obtained the requisite wakefield suppression -12 and 16 
fold interleaving is focused on in this article 
(corresponding to an equivalent structure of 288 and 384 
cells, respectively).  

This paper is organized such that the next section 
provides a description of the wakefield suppression used, 
followed by a section entailing tracking the beam 
throughout the complete linac under the influence of 
expected fabrication errors, and finally by a penultimate 

 ____________________________________________  
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section concerned with an initial investigation of the 
implication of structure misalignment on emittance 
dilution.  A final set of concluding remarks is also given. 

DDS INTERLEAVED DESIGN  
The accelerating structures investigated here are based 

on those optimised in [7], and a single one of these 
structures is referred to as CLIC_DDS_A.  This 
optimisation was focussed on adhering to the semi-
empirical design constraints specified for CLIC –and 
entails, inter alia, ensuring the surface electromagnetic 
fields are within given bounds [5], and the overall 
efficiency of the collider is maximised.  The inter-bunch 
spacing was changed from the baseline value of 6 rf 
cycles to 8, in order to relax the required suppression on 
the first trailing bunch –which is governed by the 
frequency spread of the dipole modes.  This allowed a 
bandwidth of 11.8 % (~ 2 GHz) with a span of 3.48� to 
be assigned to the first dipole band.  Higher order bands 
provide appreciably smaller transverse momentum kicks 
[8] to the beam and hence we focus on the first dipole 
band in this work.    

 

 
Figure 1: Spectral function (a) for a single structure  (in 
blue) and a 12-fold interleaved series (in red), together 
with the Fourier transforms thereof, the corresponding 
wakefunctions Wt  (b).  Also shown is twice the kick 
factor weighted frequency density distribution (2Kdn/df). 
 
Before discussing the wakefields, and beam dynamics of 
the multi-structure configurations relevant to CLIC, we 
note that a single structure, CLIC_DDS_A, has been 
fabricated and is being scheduled to be high power tested 
at CERN. All cells of this 24-cell structure have been 
precisely made by milling with a carbide tool on the outer 
area of each cell, followed by diamond-point turning in 
the beam-hole area and finally, chemically rinsed and 
diffusion bonded together. It remains to complete the 
process by attaching couplers and tuning stubs. 

The transverse, long-range wakefield in these multi-cell 
structures is assessed using a spectral function method 
[9,10].   This method was developed to take into account 
the strong coupling of modes.  The Fourier transform of 
the spectral function provides the wakefield experienced 
by the beam.  A single structure consists of no more than 
24 cells and hence will be woefully inadequate in 
suppressing the wakefield. However, provided the dipole 
modes are interleaved between successive structures, the 
wakefield will be well-suppressed.  We have found 12-
fold interleaving of modes to be sufficient (equivalent to a 

single structure consisting of 288 cells).   The spectral 
function, and corresponding wakefunction, for a single 
structure and a 12-fold interleaved series of structures is 
shown in Fig 1.  Also indicated is 2Kdn/df, the original 
uncoupled design.  The short-range wakefield (the first 2 
m or so), corresponding to the Fourier transform of the 
uncoupled design and coupled spectral functions, should 
be virtually identical and we have verified this during our 
calculations.  It is interesting to note that the minimum 
spacing and indeed maximum spacing of the modes 
(corresponding to the spacing in the peaks in Fig. 1 (a) for 
example) provides an indication as to where the modes 
will recohere.   The minimum and maximum separation of 
peaks in Fig. 1 (a) for a single structure is 61 MHz and 
342 MHz, and for 12-fold interleaving of structure 
frequencies it is 5 MHz and 19 MHz.  These separations 
correspond to recoherance positions of 5 m and 1 m for a 
single structure, and 60 m and 16 m for the interleaved 
structures.  Inspection of the wakefields in Fig. 1 (b) 
confirms this behaviour. Clearly the interleaving enhances 
the overall sampling, and hence provides a better 
representation of the Gaussian distribution, and also 
pushes the recoherence position further down the bunch 
train. 

 
Figure 2: Envelope of fitted transverse wakefunction of 
(dashed and in black) together with that of the Fourier 
transform of the spectral function (solid blue) for a 12-
fold interleaved structure.  
 
   The wakefield presented in Fig. 1 (b) is not that 
experienced by the beam, as the envelope, or worst case 
wakefield is illustrated. The tracking code we utilise, 
PLACET, requires the mode frequencies, Q’s, and 
corresponding kick factors [4,11] as input parameters to 
assess the impact of these wakefields. We utilize the 
peaks in the spectral function and assign these to the 
modal frequencies, the remaining parameters are obtained 
by taking the usual modal expansion [12] and performing 
a non-linear least-square error fit. To provide some 
confidence in the fitting method, we compare the original 
Fourier transform of the spectral function to the fitted 
modal sum, and this is displayed in Fig. 2.  We analyse 
the impact of these transverse long-range wakefields on 
the beam dynamics in the next section 

BEAM DYNAMICS STUDIES 
Here we assess the implications of these wakefields for 

two particular situations. In case I we investigate a 12-
fold interleaved version of the original design, in which 

16 16.5 17 17.5 18
10

0

10
1

10
2

10
3

�/2� (GHz)

G
 (

V
/[

pC
 m

m
 m

 G
H

z]
)

 

 

2Kdn/df
Single Structure
12-Fold Interleaved

0 10 20 30 40 50 60
10

-2

10
-1

10
0

10
1

10
2

s (m)

W
t (V

/[p
C

 m
m

 m
])

 

 
No Interleaving: CLIC_DDS_A
12-Fold Interleaving

(a) (b)

0 10 20 30 40 50 60
10

-2

10
-1

10
0

10
1

10
2

s (m)

W
t (V

/[p
C

 m
m

 m
])

 

 

Original Wake
Modal Expansion Fit

Proceedings of PAC2013, Pasadena, CA USA TUPAC07

05 Beam Dynamics and Electromagnetic Fields

D04 - High Intensity in Linear Accelerators - Incoherent Instabilities, Space .. 461 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



bunches were spaced from their neighbours by 8 rf cycles.  
In case II, we maintain the original distribution, but 
modify the bunch spacing to 6 rf cycles, and in this case 
we discover further interleaving, to the extent of 16-fold, 
is needed to contain the emittance dilution to acceptable 
limits.  This of course has implications on the fabrication 
tolerances, as the minimum frequency spacing for the 
latter structure is 3.4 MHz.  However, these tolerances are 
still compatible with those assigned to the accelerating 
mode –which is < 1 MHz.  We performed beam tracking 
simulations down the complete linac, for a bunch train 
initially offset by �y (0.5 �m), and observed an emittance 
dilution in case I and II to be 4.4 % and 3.6 %, 
respectively.   

However, these simulations neglected anticipated 
sources of experimental errors.  To provide a more 
realistic assessment of the beam dynamics we conducted 
further simulations for both cases, in which systematic 
and random frequency errors were included.  These beam 
dynamics simulations are time consuming, and in order to 
provide a rapid initial assessment of the effect of the 
wakefields on the beam dynamics, we also calculate SRMS 
(the RMS of the sum wakefield [13]). 

 
Figure 3: SRMS (a) together with the vertical emittance 
dilution at the exit to the linac (b), as function of the 
fractional deviation in the bunch spacing from the 
nominal case for case I.  A linac fabricated with no 
random errors, is simulated (shown dashed in blue), 
together with a linac incorporating random errors (the 
solid red curve).  

 
The results of these beam dynamics simulations, 

alongside SRMS, for both cases, are displayed in Figs 3 and 
4.  We note that the random errors adding in both cases 
had a Gaussian distribution and were restricted to 2 MHz 
RMS spread.  Inspection of Fig. 3 reveals the maximum 
emittance dilution is 12 % for case I with no random 
errors.   This is reduced to 7 % once random errors are 
added. Similarly, for case II, random errors bring the 
maximum emittance dilution down from 9 % to 6 %.  We 
also note that SRMS provides a qualitative guide as to the 
expected worst-case region for emittance dilution. 

 

 
Figure 4: SRMS (a) together with the vertical emittance 
dilution at the exit to the linac (b) for similar parameters 
as in Fig. 3, but for case II. 

MISALIGNMENT STUDIES 
The pre-alignment tolerance on the transverse positions 

of the components (accelerator structures, BPM, girders) 
of the CLIC linacs is 10 μm rms over distances of 200 m 
[14]. Beam-based alignment and emittance tuning bumps 
[15] are used to ensure the emittance dilution associated 
with this alignment is kept to acceptable limits.   

 

 
Figure 5: Emittance dilution for misaligned structures for 
CLIC_G (shown in red), together with case II (a) and III 
(b)  -both shown dashed and in blue. 
 

We investigated a case of which consisted of perfect 
linacs in which we added vertical random offsets of 10 
μm rms to all the structures and this is compared to the 
baseline design, CLIC_G. We performed simulations for 
case II (Fig. 5 (a)), and also for case III (Fig. 5 (b)) which 
consists of 16-fold interleaving of mode frequencies and 
bunches spaced 8 rf cycles from their neighbours. 
However, the implications of not being able to 
accommodate 16 structures on a girder are not taken into 
account, as it is a considerable task to redesign the 
associated beam optics, and hence it remains a subject for 
a future publication. 

FINAL REMARKS 
A damped and detuned structure, with appropriately 

interleaved dipole mode frequencies, has been shown to 
be suitable for the CLIC main linacs.  Two cases have 
been investigated, based on a bunch spacing of 6 and 8 rf 
cycles. The SRMS parameter provides a qualitative 
indication as to the location of the worst-case emittance 
dilution.  Preliminary studies on the dilution due to 
structure misalignments, based on case II and III indicate 
similar values to the baseline design. 
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BEAM-BASED ALIGNMENT OF SEXTUPOLES AT THE APS ∗

A. Xiao † , V. Sajaev, ANL, Argonne, IL 60439, USA

Abstract
Sextupole magnet offsets play a large role in modern

storage ring coupling control. Due to the non-linear field of
sextupoles, their beam-based alignment becomes more dif-
ficult and often requires a sophisticated post-data process.
A simple method had been developed at the APS that mea-
sures the vertical orbit variation (orbit change at BPMs with
sextupole strength) versus beam trajectory through a sex-
tupole in one plane while keeping the trajectory in the other
plane fixed. This method converts the non-linear problem
into a linear one, and experiment results show very good
reproducibility and accuracy.

INTRODUCTION
Given the strong sextupoles used in modern storage

rings, such as light sources with emittance for producing x-
rays near the diffraction limits and/or colliders (B-Factory
or damping ring) with very low vertical emittance, mis-
aligned sextupoles tend to be the main sources of large cou-
pling and optics perturbation. It affects the ability to model
the machine, and correct orbit, tune and coupling, often re-
sulting in a reduced dynamic aperture and beam lifetime.

For a sextupole installed next to a quadruple, the align-
ment is as simple as aligning its magnet center to the
next quadrupole, and then performing a commonly used
beam-based alignment (BBA) technique on the quadrupole.
At the APS, however, the majority of sextupoles (four of
seven per cell) are on “dipole” girders that do not have
quadrupoles, thus we cannot rely on BBA of quadrupoles.
Other means of measuring the sextupole magnet offsets
need to be developed.

In a previous paper [1], we presented a matrix fitting
method to fit all sextupole offset errors together with other
machine errors, so that the fitted model agrees with the re-
sponse matrix measurement. The advantage of this method
is that one can quickly get results. The disadvantage is
that results are obtained in an “indirect” way and could be
mixed up with other effects.

Similar to the beam-based quadrupole offset measure-
ment method, a “direct” beam-based sextupole offset mea-
surement method has been developed since then. This
method measures the vertical orbit variation (orbit change
at BPM with variation of sextupole strength) versus beam
trajectory through a sextupole in one plane while keeping
the trajectory in the other plane fixed. The small change of
data acquisition and manipulation converts the non-linear
problem into a linear one, and experiment results show very

∗Work supported by the U.S. Department of Energy, Office of Science,
under Contract No. DE-AC02-06CH11357.

† xiaoam@aps.anl.gov

good reproducibility and accuracy. Details of the method,
simulation, and experiment results are discussed in this pa-
per.

PRINCIPLE
The closed orbit displacement (COD) at position s, ris-

ing from a kick error θ at position s0, is given by

u(s) =

√
βu,s0βu,s

2 sinπνu
θ cos[πνu − (ϕu,s − ϕu,s0)] = A · θ,

(1)
where u(s) represents x or y; β and ϕ are the β-function
and the betatron phase; and ν is the betatron tune. For a
sextupole with misalignment of x and y, the kick angle is
given by

θx =
1

2
·K2L · (x2 − y2),

θy = K2L · x · y, (2)

where K2L = e
cp∂

2By/∂x2 ·L is the integrated sextupole
strength. The corresponding kick angle from a misaligned
quadrupole is given by

θx = K1L · x θy = K1L · y. (3)

Equations (2) and (3) have different character, one is lin-
ear and the other is non-linear. However, if we keep ei-
ther x or y unchanged during the measurement, i.e., θy =
(K2L·x)·y or θy = (K2L·y)·x, Eq. (2) becomes as linear
as Eq. (3). In other words, by fixing x while varying y and
the sextupole strength, we are doing the vertical offset mea-
surement of a quadrupole with strength K1L = K2L · x.
Similarly, by fixing y while varying x and the sextupole
strength, we are doing the horizontal offset measurement
of a quadrupole with strength K1L = K2L · y. The only
difference in this case is that we measure the vertical orbit
variation instead of the horizontal orbit variation for a real
quadrupole offset measurement.

SIMULATION STUDY
The principle of the method is simple and straightfor-

ward. However, other effects, such as coupling from mis-
aligned sextupole etc., need to be considered, too. We stud-
ied different misalignment scenarios through simulations
before testing with beam. The calibrated lattice model ob-
tained from LOCO fit [2] (includes normal- and skew-quad
errors) is used for simulation. One sextupole (S17B:S3) is
misaligned intentionally in three different sets: DX = 2
mm, DY = 1 mm; DX = 1 mm, DY = 1 mm; and
DX = 0 mm, DY = 0 mm. Sextupoles within the mea-
surement bump are kept on or turned off.
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Similar to the BBA of quadrupoles, the simulation (and,
later, measurement) is done in the following steps:

• Generate a local orbit bump at the BPM next to the
sextupole, and scan the bump amplitude with uA =
±2 mm in 1-mm steps (total 5× 5 = 25 orbit sets).

• At each orbit bump, vary sextupole settings I between
0 and its maximum value in 4 steps. Record vertical
orbit y at all BPMs.

• Calculate dy/dI (the slope of vertical orbit variation
vs sextupole settings) at each BPM over the ring (Fig.
1).

• For the same x orbit, plot dy/dI over y; the crossing
point is the sextupole’s vertical offset (Fig. 2).

• For the same y orbit, plot dy/dI over x; the crossing
point is the sextupole’s horizontal offset (Fig. 3).

Figure 1: Vertical orbit variation dy vs. sextupole current
change (symbols). Case for DX = 2 mm and DY = 1
mm. Data from the same BPM are connected; likewise for
following figures.

Figure 2: Calculated dy/dI vs. vertical beam orbit y (sym-
bols). Results for different horizontal beam offsets (shown
on top). Lines crossing at y = 1.0 mm indicate that the
vertical sextupole offset is y = 1 mm.

Sextupole offset is determined where dy/dI = 0. The
histogram distribution of dy/dI = 0 from all BPMs is

Figure 3: Calculated dy/dI vs. horizontal beam orbit x
(dots). Results are grouped with the same vertical beam
offsets (shown on top). Lines crossing at x = 2.0 indicate
the horizontal sextupole offset is x = 2 mm.

shown in Figure 4. The average derived x and y offsets
using this method are 1.83 mm and 0.98 mm, respectively.
Compared with our initial assumption in simulation (2 mm
in x and 1 mm in y), the agreement on vertical offset mea-
surement is very good (better than 50 µ m), while the hor-
izontal result seems to have a significant systematic error.
Further simulations with different sextupole offsets or in
cases when other sextupoles are turned off inside the bump
all give similar results, i.e., good agreement on vertical off-
set prediction but large systematic errors for horizontal re-
sults.

(a) (b)

Figure 4: Histogram distribution of dy/dI = 0 vs. x (a)
and vs y (b). Legend shows beam orbit in the other plane.

Further investigation of the method reveals that the lin-
ear dependence on x requires a fixed vertical orbit y inside
the sextupole, while the strength change of the sextupole
also causes y variation and leads to an additional vertical
kick. This second-order effect has been ignored up to now.
To include this effect we fit dy/I vs. x(y) to the second
order, and calculate the value to give dy/I = 0. Results
including this second-order correction from the same data
set are shown in Figure 5. The offset determined this way
is closer to the input sextupole offset (DX = 2 mm).

The sensitivity of measurement depends on the product
of beam offset “xy”. As shown in Figure 5, a larger beam
offset y = −2 mm gives more precise results. If either x
or y are actually close to the sextupole offset (beam going
through the sextupole center), the results become noisy, as

TUPAC08 Proceedings of PAC2013, Pasadena, CA USA

464C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 Beam Dynamics and Electromagnetic Fields

D01 - Beam Optics - Lattices, Correction Schemes, Transport, Spin Dynamics



Figure 5: Histogram distribution of dy/dI = 0 vs x using
second-order correction. Legend shows the beam orbit in
y-plane.

can be seen in Figure 6. To have meaningful measurement
results, two sextupole settings (to obtain dy/I) at each 3×
3 = 9 orbit offset are needed.

(a) (b)

Figure 6: Noisy results when beam is going through the
sextupole center: x0 = DX (a), and y0 = DY (b).

EXPERIMENT RESULTS
The method has been tested at the APS storage ring

with beam. In preparing for the superconducting undula-
tor (SCU) commissioning [3], we measured the sextupole
offsets next to the 6BM (S6B:S2 and S6B:S3). Three x
orbit offsets with x = 1.0, 1.3, and 1.6 mm and three y
orbit offsets with y = −0.5, 0, and 0.5 mm were used in
the measurement. Histogram distributions of dy/dI = 0
vs. beam orbit are shown in Figure 7. The predicted sex-
tupole offsets are DX = 0.95 mm and DY = 2 mm. For
DX measurement, all y orbits are moved away from the
predicted sextupole center DY , so all measurement results
are valid. We learned from simulation that the systematic
error does exist and is reduced as y moves away from DY ,
as can be seen from both Figures 5 and 7. In this case,
results from y = −0.5 mm should be taken as DX; the
measurement error is believed to be within 50 µm. For DY
measurement, the measurement made at x = 1.0 mm is too
close to the sextupole center and gives noisy data similar
to an example shown in Figure 6, and was discarded from
the plot. Two other measurements predict the same DY
results, agreeing with simulation. The accuracy of DY
measurement is better than 50 µm. Similar results have

been found with another sextupole (S18B:S3). Results are
shown in Figure 8.

(a) (b)

Figure 7: S6B:S2 offset measurement results. Legend
shows beam orbit in the other plane.

(a) (b)

Figure 8: S18B:S3 offset measurement results. Legend
shows beam orbit in the other plane.

CONCLUSIONS
A direct beam-based sextupole offset measurement

method has been developed at APS. This method converts
the sextupole field from nonlinear to linear by keeping
the beam orbit in the X plane unchanged while measur-
ing the vertical beam orbit variation as a function of sex-
tupole strength. The validity of the method had been tested
through simulation and beam experiment. The second-
order effect from orbit variation in the unmeasured plane
was noticed and fixed through a second-order polynomial
fit. The accuracy of this method is of the order of 50 µm.

The direct sextupole offset measurement takes more time
compared with the “LOCO” fit method we originally re-
ported in a previous paper [1]. Nevertheless, this is a suit-
able method if a direct measurement is required.

REFERENCES
[1] V. Sajaev, A. Xiao, “Simultaneous Measurement of

All Sextupole Offsets Using The Response Matrix
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ENERGY CALIBRATION IN THE AGS USING DEPOLARIZATION
THROUGH VERTICAL INTRINSIC SPIN RESONANCES∗

Y. Dutheil, L. Ahrens, H. Huang, F. Méot, V. Schoefer
BNL, Upton, Long Island, New York

Abstract
The AGS tune jump system consists of two fast pulsed

quadrupoles used to accelerate the crossing of 82 horizon-
tal intrinsic resonances. Timing of the tune jumps requires
accurate tune and energy measurements. Although cross
calibration using measurements of the beam revolution fre-
quency shows good accuracy for most of the AGS energy
range it is not adequately sensitive as the beam becomes
highly relativistic. This drives a strong interest for a new
independent energy measurement method.

Reduction in the vertical tune across vertical intrinsic
spin resonances can induce significant depolarization of the
beam. Therefore it was proposed to use the negative verti-
cal tune shift created by this tune jump system to calibrate
the energy measurement at few locations along the AGS
acceleration cycle. The fast tune jump, of ∆Q ≈ −0.02
within 100µs in the vertical plane, allows to accurately lo-
cate the spin resonant condition, independently from orbit
or field conditions. Simulations using the AGS Zgoubi on-
line model facilitate the interpretation of the experimental
results. This paper introduces the experimental procedure
and shows some of the latest results.

INTRODUCTION
The partial snakes configuration of the AGS creates hor-

izontal intrinsic spin resonances by tilting the stable spin
direction away from the vertical direction [1]. The reso-
nant condition Qs ±Qx = n is satisfied twice per unit of
Gγ during the ramp, inducing every time a small depolar-
ization of the beam. The polarization losses are reduced
by quickly changing the horizontal tune Qx, increasing the
crossing rate of the resonance [2].

The system is composed of two fast quadrupoles allow-
ing a change in the horizontal tune of ∆Qx = +0.04 in
100µs. One of the main challenge is the accurate timing
required for each jump, such that the tune jump is centered
around the resonance.

Tune Jump Timing
While the spin tune Qs is a function of the energy, tune

and energy measurements along the ramp allow precise
timing of each jump. During the polarized protons oper-
ations these measurements are regularly used to generate
new timings for the tune jumps. This is supposed to com-
pensate for any drift in the location of the resonant condi-
tion, for instance due to a drift of the tune over time. Dur-

∗Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.

ing the AGS Polarized Proton Run 13, these measurements
were regularly conducted to provide the highest polariza-
tion to the RHIC.

Table 1: Polarization Measurements During Run 13

Measurement date Timings Polarization

May 5th from April 6th 66.0 ± 0.9 %
May 5th from April 29th 59.7 ± 1.1 %
May 5th from May 5th 62.8 ± 1.1 %
June 6th Uncalibrated 64.4 ± 3.9 %
June 6th Calibrated 70.9 ± 1.6 %

In late April 2013, after a few weeks of running with the
same tune jumps timings, new timings were generated but
the polarization decreased. Table 1 shows that on May 5th

the measured polarization was higher for the older timings.
The two sets of timings more recently generated led to a
consistently lower polarization.

To explain this deterioration the entire process from the
computation of the jumps timing to the trigger of the pulsed
power supply was verified, without finding any error. We
decided to investigate on the measurements used to com-
pute the jump timings : tune and energy measurements.

The tune measurement is based on the free oscillation of
the beam, it is therefore an absolute measurement and is
unlikely a source of significant error. The energy measure-
ment is more complex and needs to be calibrated, making
a possible suspect for our problems.

ENERGY MEASUREMENT IN THE AGS
The AGS uses a dedicated device called the Ggam-

maMeter to measure the energy along the ramp. The en-
ergy is determined using the measured RF frequency f and
average radius of the beam dR (Eq. 1) or the measured
field (Binj +Bclock/Cscal) and the average radius (Eq. 2) :

Gγ = G 1√
1− 1

c2
( f

h )
2
(2π)2(R0+dR)2

(1)

Gγ = G

√[
(1+γ2

trdR/R0)ρ0c(Binj+Bclock/Cscal)
M0

]2
+ 1 (2)

With γtr the transition energy, R0 the radius and ρ0 the
radius of curvature of the AGS. The parameters in red (f ,
dR and Bclock) are measured quantities while the blue ones
are machine parameters(R0, γ2tr, ρ0, Binj and Cscal) that can
be adjusted and the black are fixed physical constants.

The GgammaMeter is cross calibrated : at low energy the
machine parameters in equations 2 and 1 are adjusted man-
ually until the two methods report the same energy along
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the ramp. But at high energy the measurement based on
the RF frequency (Eq. 1) is too sensitive, due to the highly
relativistic beam.

Figure 1: Error on the reported energy caused by an error
of 1 mm in the measured average beam radius.

Figure 1 shows the derivative of equations 2 and 1 with
respect to the measured average radius : ∂Gγ/∂(dR). As
the energy increases, we can see that the sensitivity of the
energy measurement based on the revolution frequency be-
comes very large. While we consider that the measured
average radius is known within a fraction of millimeter we
also need an accuracy of around 0.01Gγ. It becomes ap-
parent that the actual method of cross calibration is very
hard at high energy.

This drives a strong interest to develop an independent
method on energy measurement, possibly to calibrate the
GgammaMeter.

Since the AGS accelerates polarized protons, methods
based on the depolarization of the beam can be explored. A
promising method using the current hardware of the AGS
uses the tune jump system to accurately locate a strong ver-
tical intrinsic resonance.

Tune Jump and Depolarization
While the tune jump system is used for its effect

on the horizontal tune, it also induces a tune shift of
∆Qy ∼ −0.02 in the vertical plane, within 100µs. In ad-
dition, the partial snake configuration of the AGS modifies
the spin tune, opening a forbidden band or ”spin gap” in
which the vertical tune is placed to avoid the vertical in-
trinsic resonances Qs ±Qy = n. It is then possible to use
a single tune jump to lower the vertical tune below the max-
imum value of the spin tune Qmax

s , leading to a depolariza-
tion of the beam.

Figure 2: Illustration of the method used to locate the ver-
tical intrinsic resonance.

Figure 2 shows the principle of the measurement. First
the vertical tune is lowered to just aboveQmax

s , such that the

tune jump is able to lower the vertical tune out of the spin
gap. Then the timing of the tune jump is scanned across
the spin resonance and the polarization at the end of the
ramp is measured for each timing of the tune jump. If the
spin tune crosses the vertical tune, a lower polarization is
measured due to the depolarization across the resonance.
The up-jump determines the location of the right side of
the resonance and the down-jump allows to locate the left
side.

The single crossing of the resonance, at the regular ac-
celeration rate, has to strongly depolarize the beam in order
for the difference in polarization to be clearly measured.
Therefore the measurement is only carried at the two very
strong vertical intrinsic resonances : 0+ and 36+.

While the method shown in figure 2 is very simple, sev-
eral factors complicate the expected behavior :

• The vertical and spin tunes possess some spread due
to energy spread of the beam and chromaticity of the
machine, potentially blurring the transition between
no depolarization and depolarization.

• The two resonances in each sides of Qmax
s can have

different strengths, depending on the distance between
them.

The experimental results are expected to be complex and
no simple theoretical model can predict the observed po-
larization, the only solution to take everything into ac-
count would be to completely simulate the experiment.
Thankfully the Zgoubi code[3] and the AGS Zgoubi on-
line model[4] provide the perfect tools to simulate this ex-
periment.

Figure 3: Vertical tune for the 5 different simulations and
resonant condition for the second order snake resonance
(Qs/2) as a function of the energy or the time from Gγ =
45.

Simulation at 36+
At Gγ = 45, where the resonance Qy + 36 = Qs is

located, strong enough that the crossing of the second order
snake resonance (Qs + 2Qy = n) induces a significant
depolarization of the beam.

Multiparticle trackings using the Zgoubi code were done
for a short simulation from Gγ = 44.5 to Gγ = 45.5. Re-
alistic lattice conditions and acceleration rate were set up
using the AGS Online model[4]. Each simulation consists

Proceedings of PAC2013, Pasadena, CA USA TUPAC10

05 Beam Dynamics and Electromagnetic Fields

D02 - Non-linear Dynamics and Resonances, Tracking, Higher Order 467 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



in a tracking of 408 particles picked in a realistic 6-D Gaus-
sian distribution for 3800 turns. The simulations total up
around 20 000 CPU·hours1.

Figure 3 shows the vertical tune without tune jump at
Qy ∼ 8.975, lower than the operational tune across this
resonance in order to cross the spin resonance when the
jump quads are fired. Below, the different tunes on the
jump were chosen across a wide range to determine the
best configuration for the measurement.

Figure 4: Final polarization for the up and down jump lo-
cations as a function of the time from Gγ = 45 for the
vertical tune on the jump just below the resonant condition
(top plot) and for Qy = 8.951 (bottom plot).

Figure 4 shows the experiment simulated for 2 different
vertical tune on the jump. On the top plot the vertical tune
on the jump is very close to the maximum value of the spin
tune and the two vertical intrinsic resonances on either side
of Gγ = 45 are so close that they have the same effect on
the beam and the figure is very symmetric, centered around
Gγ = 45. For a lower vertical tune the result is distorted
due to the two resonances having different strengths when
the distance separating them increases. These simulations
show that the vertical tune on the jump should be positioned
as close as possible from the maximum value of the spin
tune.

Experiment at 36+
To correctly place the vertical tune we determined the

maximum value reached by the spin tune across the reso-
nance. By measuring the final polarization as a function
of the vertical tune across Gγ = 45 we determined that
Qmax
s /2 = 0.956. The vertical tune on the jump was placed

at Qy = 8.954 just below the resonant condition.
The polarization on the flat-top was measured as a func-

tion of the up and down jumps locations, by step of 200µs.
Figure 5 shows the measured data along with the simula-
tion closest to the experimental conditions. The simulation

1This research used resources of the National Energy Research Scien-
tific Computing Center, which is supported by the Office of Science of the
U.S. Department of Energy under Contract No. DE-AC02-05CH11231.

results were numerically matched : vertically to account for
the polarization lost outside the simulated range and hori-
zontally shifted.

Figure 5: Final polarization for the up and down jump lo-
cations as a function of the time AGS time.

The matched horizontal shift of the simulation allows
to determine that Gγ = 45 is crossed at T = 571.85 ms.
From the GgammaMeter data, we expected to see Gγ =
45 at T = 572.7 ms. This difference is equivalent to
∼ 0.1Gγ.

RESULTS
The energy measurement at 36+ led to surprising results

but the magnitude would suffice to explain an important
loss of efficiency for the tune jumps. The same method was
applied at Gγ = 9 where a strong vertical intrinsic reso-
nance is located, reporting a smaller disagreement with the
energy measured by the GgammaMeter of ∆T = 0.1 ms.
Therefore it would appear that the energy reported by the
GgammaMeter drifts along the ramp.

These results were used to recalibrate the the Ggam-
maMeter and generate new tune jumps timings. Higher
polarization was measured with the new timings on
June 6th(Table 1), giving strong confidence into the energy
measurement.

CONCLUSION
The energy measurement based on depolarization pro-

vided interesting results but the procedure is complex and
the data taking is very long. But a faster method based on
a continuous polarization measurement along the ramp is
being developed and could be used for operation while the
method described in this paper would be an important tool
for experts to cross-check the results.
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HALO CONTROL AND GENERATION IN RHIC ∗

C. Montag, K. A. Drees, BNL, Upton, NY 11973, USA

Abstract
In the next 5-10 years, RHIC will be colliding gold ions

in the center-of-mass energy range of 5 to 20 GeV, which
is below the regular injection energy. Though the ma-
chine has already successfully provided collisions at CM-
energies of 7.7 and 11.5 GeV, a significantly higher lumi-
nosity than so far achieved is required for a meaningful
physics program. While an electron cooler is presently be-
ing designed to provide the desired luminosity gain, this
is a long-term project that is expected to be completed in
2018. As a short-term alternative the STAR collaboration
has proposed installation of an internal halo target in the
STAR detector beam pipe. To study the generation and
control of the beam halo, we have performed dedicated
beam experiments aimed at the bunch-by-bunch unifor-
mity, and long as well as short-term stability of collimator
loss rates.

INTRODUCTION
The Relativistic Heavy Ion Collider (RHIC) consists of

two superconducting storage rings with a circumference of
3.8 km. In heavy ion collider mode, beams are injected at a
rigidity of Bρ = 81Tm and accelerated to Bρ = 833Tm
before they are brought into collision in the two detectors
STAR and PHENIX. In the case of fully stripped gold ions,
these beam rigidities correspond to an injection energy of
9.8 GeV/nucleon and a storage energy of 100 GeV/nucleon.

In recent years, nuclear physicists have become increas-
ingly interested in searching for the critical point in the
phase diagram of nuclear matter, which is expected to oc-
cur in the center-of-mass energy range between

√
sNN = 5

and 30GeV, see Figure 1. To provide collisions in the de-
sired energy range in collider mode, gold beams therefore
have to be stored and collided at energies as low as a quarter
of the nominal RHIC injection energy, which is extremely
challenging due to large multipole errors in the supercon-
ducting magnets at these energies, as well as space charge
and intrabeam scattering effects.

In 2010, RHIC has been successfully operated at center-
of-mass energies of 7.7 and 11.5 GeV per nucleon pair [1].
However, to reach the desired integrated luminosities for
the beam energy scan, RHIC would have to operate for a
total of 70 weeks at these energies. Furthermore, perfor-
mance at

√
sNN = 5GeV has not yet reached any level

sufficient for meaningful physics operations, though beams
have already been stored successfully at this energy [2], al-
beit at tiny intensities, and studies are underway to improve
the performance [3].

∗Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.
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Figure 1: The QCD phase diagram, with the critical
point expected in the center-of-mass energy range between√
sNN = 5 and 30GeV.

To improve the luminosity at low energies, an electron
cooling system is currently being designed [4]. However,
since this new device is scheduled to become operational
in 2018, and because the lowest desired beam energy of
2.5 GeV per nucleon may turn out to be outside the useful
reach of RHIC, the STAR collaboration has proposed the
installation of a thin gold target in their detector area to
study low energy gold-gold collisions in fix target mode
rather than in collider mode [5].

The proposed internal target consists of a 30 mil
(750µm) thick gold foil that is installed in the RHIC beam
pipe 2 m away from the STAR interaction point such that it
intercepts the halo of the circulating Yellow beam upstream
of the STAR detector, see Figure 2. To avoid potential dam-
age to the target in case of an abort kicker pre-fire, which
deflects the beam horizontally, the proposed target geome-
try is chosen such that it intercepts the beam halo only in
the vertical plane. Furthermore, only the lower part of the
beam pipe is equipped with the target foil, so in case the
foil comes lose it does not drop into the beam path where it
could block the aperture.

The aperture of the gold foil target needs to be chosen
smaller than the 40 mm inner diameter detector beam pipe
to make the target the local aperture limitation. On the

Proceedings of PAC2013, Pasadena, CA USA TUPAC11

05 Beam Dynamics and Electromagnetic Fields

D02 - Non-linear Dynamics and Resonances, Tracking, Higher Order 469 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



RHIC beam pipe

STAR detector
beam pipe

30 mil gold target 

target holder

Figure 2: Schematic drawing of the proposed STAR inter-
nal target (Not to scale). The target will be installed at a
distance of 2 m from the interaction point in the 3 inch in-
ner diameter beam pipe. The aperture of the target is cho-
sen slightly smaller than the 40 mm ID detector beam pipe.

other hand, the target must not interfere with regular col-
lider operation. This can be accomplished by selecting a
16 mm half aperture for the target. This provides sufficient
aperture at store as well as at injection, even when taking
into account the ±5mm separation bumps around the in-
teraction point. In dedicated target mode the target can de-
liberately be made the limiting aperture by increasing the
separation bumps and blowing up the beam emittance.

Operating an internal halo target in a storage ring is
challenging for various reasons, as the experience with the
HERA-B target has shown [6, 7]. For instance, target in-
teraction rates can vary greatly if the beam position is not
stable enough due to mechanical vibrations of accelerator
magnets, and/or the diffusion is not sufficient to replenish
the transverse tails of the distribution. These large varia-
tions in the interaction rates tend to overwhelm the detec-
tors with bursts of interactions, followed by periods without
any rates at all, which makes data taking very difficult.

If transverse beam emittances vary greatly bunch-by-
bunch, only the few bunches that have the largest emit-
tances contribute to the interaction rates, resulting in simi-
lar detrimental effects as orbit jitter, albeit on a much faster
time scale.

Finally, since the proposed STAR internal target is not
moveable, interaction rate control has to be accomplished
by manipulating the beam instead of adjusting the target
position. While the target can be made the limiting aper-
ture by applying a larger amplitude separation bump and
increasing the emittance, sufficient diffusion has to be cre-
ated to stabilize the interaction rates. Since the target will
only be operated in a dedicated mode no special care has
to be taken to preserve the emittance of the beam core for
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Figure 3: Recorded RHIC collimator positions during the
beam experiment. The vertical collimator (green line)
reached its final position at 11.5 mm. The horizontal axis is
consistent with the one used in Figure 4.

collider operation.
To study the controlability and bunch-by-bunch unifor-

mity of the target interaction rates as well as their stability
at typical vibration frequencies up to hundreds of Hertz,
beam experiments were performed during the FY 2013 po-
larized proton run.

EXPERIMENTS
Using the stored polarized proton beam at injection en-

ergy, a vertical collimator jaw was inserted into the beam
halo until a loss rate of about 100 Hz per bunch was
recorded by the local PIN diodes, which corresponds to a
total rate of roughly 10 kHz from the 109 stored bunches.
The resulting collimator position was measured by the
BPMs and the collimator mechanics to be 11.5 mm from
the beam center, as shown in Figure 3. With the tunes
initially set to (Qx/Qy) = (28.696/29.691), collimator
loss rate control was attempted by moving the working
point closer to the nonlinear resonances at 2/3 and 7/10,
as shown in Figure 4.

In the first step, the horizontal tune was raised to Qx =
28.698, which had little effect on the collimator loss rate, as
can be expected since the collimator intercepts the halo ver-
tically. Next, the vertical tune was raised towards 7/10 as
well, which also moves the working point closer to the cou-
pling resonance. This resulted in the loss rates increasing
from 100 to 200 Hz per bunch. However, when the tunes
were kept constant at these new values the interaction rate
dropped to its initial value within two to three minutes.

Finally, the vertical tune was slowly lowered towards the
third order resonance at 2/3, resulting in a rapid increase
of the collimator loss rates as soon as it reached 28.683.
Lowering it further to 28.678 raised the loss rates to 400 Hz
per bunch. After about two minutes with stable tunes, the
loss rate had dropped to 200 Hz per bunch, and remained
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Figure 4: Loss rates during the tune scan. The horizontal
scale is consistent with the one used in Figure 3, i.e. the
tune scan starts after the collimators have reached their final
position.

reasonably constant there with a slow decrease from 200 to
120 Hz during the next five minutes.

Zooming in on the data during this stable period reveals
the bunch-by-bunch structure of the collimator loss rates,
Figure 5. As this plot shows, the bunch-by-bunch loss rate
is very uniform along the entire train of 109 bunches.

Finally, the short-term stability of the target interaction
rate can be studied using RHIC loss monitors in the colli-
mator vicinity sampled at a high frequency of 720 Hz. As
Figure 6 shows, the loss rates fluctuate very little over a
time scale of 10 sec, indicating that high frequency rate
variations due to effects like beam orbit jitter are practi-
cally non-existent.

SUMMARY
As these experiments have demonstrated, the interaction

rate at the proposed internal target at STAR can be con-
trolled by proper choice of a working point near a low-order
resonance, in this case 2/3. While these experiments were
carried out with a stored proton beam, the actual physics
run will use gold ions. The higher IBS rates of such a gold
beam compared to the proton beam used in this test are
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Figure 5: Bunch-by-bunch loss rates at a fixed point in time
during the tune scan.
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Figure 6: Loss monitor rates in the vicinity of the vertical
collimator, sampled at 720 Hz.

expected to improve the performance even further, making
it possibly unnecessary to continuously move the tune to-
wards a resonance to keep the interaction rate constant.
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A GRAPHIC INTERFACE FOR FULL CONTROL OF THE RHIC OPTICS∗

G. Robert-Demolaize, M. Bai, Brookhaven National Laboratory, Upton, NY, USA
Xiaozhe Shen, Indiana University, Bloomington, IN, USA

Abstract
A high level application has been developed for the

RHIC collider to provide a complete package for optics
control. Optics can be measured using three different algo-
rithms to process turn-by-turn (TBT) beam position moni-
tor (BPM) data from either free (tune meter) or driven (AC
dipole) betatron oscillations, and corrected via SVD on a
response matrix built around specific sets of quadrupoles.
The following reviews the details of those methods, and in-
cludes the first results of the operational commissioning of
the application.

INTRODUCTION
One of the methods to measure the linear RHIC optics

for any of its high energy heavy ions or polarized protons
runs relies on AC dipoles (ACD’s). In a particle accelera-
tor, ACD’s are designed to adiabatically drive coherent be-
tatron beam oscillations with a frequency close to the beam
tune. For RHIC, a GUI application called loptics was built
to control the amplitude and frequency of the dipole field
of a given ACD when measuring the optics of the corre-
sponding beamline. Once the ACD is triggered, all BPM’s
around the considered ring record the beam oscillations
over 1024 turns; linear optics are then derived using fitting
algorithms on each BPM dataset [1]. With the recent suc-
cessful developments of βz-beating correction methods at
RHIC in Run12 and Run13 [2], a major upgrade of loptics
was to turn the application into a complete tool for mea-
surement, correction as well as control of linear optic func-
tions.

LINEAR OPTICS MEASUREMENTS
Fitting Driven and Free Oscillations

For coherent oscillations driven by an ACD at a tune νAC,
the beam actually “sees” both νAC and 1−νAC driving tunes
according to the Nyquist sampling theorem. The transverse
beam position zsi (N) (for either plane) measured at the ith
BPM andN th turn at the longitudinal coordinate s in RHIC
can then be derived as:

zsi (N) = Am cos (2πνACN + ψm(s))

−Ap cos (2πνACN − 2πνAC + 2χAC − ψm(s)) ,
(1)

with ψm(s) = −π (νAC − νz) + χAC − ψz(s) and:

Am =
BmL

4 sin (π (νAC − νz))Bρ

√
βz(s)β0

z ,

∗Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.

Ap =
BmL

4 sin (π (νAC + νz))Bρ

√
βz(s)β0

z .

where BmL is the integrated strength of the ACD field,
Bρ the magnetic rigidity, βz(s) and ψz(s) the betatron
function and phase advance at the ith BPM, β0

z the beta-
tron function at the ACD, and χAC the ACD initial phase.
Eq. (1) can be written in both a compact form [3] (Eq. (2))
and a tune-phase dissociated form [4] (Eq. (3)):

zsi (N) = Ad
√
βd(s) cos (2πνACN+ [ψz(s)+χAC]) , (2)

zsi (N) = Am [cos(ψm(s))FN - sin(ψm(s))GN ] ; (3)

with r = sin (π (νAC + νz)) / sin (π (νAC − νz)) one gets:

FN = cos (2πνACN) -r cos (2πνAC(N -1)+2χAC) ,

GN = sin (2πνACN) +r sin (2πνAC(N -1)+2χAC) .

The compact form from Eq. (2) is then solved us-
ing the nonlinear Levenberg-Marquardt [5] fitting method
on the three variables Atot(s) = Ad

√
βd(s), νAC and

ψtot(s) = ψz(s) + χAC. The dissociated form in Eq. (3)
can be solved with a linear fitting algorithm for the vari-
ables Am cos(ψm(s)) and Am sin(ψm(s)) once the driv-
ing tune νAC is found using a fast Fourier transform (FFT)
on the TBT data at the considered BPM. The ratio of am-
plitudes Atot or Am between two BPM’s are then directly
proportional to the ratio of the βz(s) functions at the BPM’s
locations. The phase advance ψz(s) can only be calculated
from ψtot(s) or ψm(s) with a precise knowledge of the ini-
tial ACD phase χAC; instead, loptics provides the phase dif-
ference ∆ψz(s) between two consecutive BPM’s, which is
independent of χAC.

The βz(s) and ∆ψz(s) derived from fitting Eq. (2) are
actually the “driven” amplitude and phase of the beam os-
cillation. Results from the nonlinear fitting will therefore
carry some artificial βz-beating with an amplitude [6]:

βd(s)-βz(s)
βz(s)

≈ 2π (νAC − νz)

sin (2πνz)
cos (2ψz(s)-2πνz) . (4)

For typical ACD operations at RHIC, this amplitude is
estimated at about 7% for νAC-νz=±0.01. For a linear
machine, the artificial βz-beat can be reduced experimen-
tally to about 0.3% by driving the beam oscillations with
νAC > νz in one measurement and νAC < νz in another, and
averaging the fitted optics.

Free oscillations can be generated from beam injection
oscillations or a coherent excitation by a single turn kicker
magnet (e.g. for tune measurements), with zsi (N) defined
as:
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zsi (N) = Ascalc cos (2πνcalcN+As3) ,

with: Ascalc = As1 exp

(
-2.0

(
πN
As

2

)2)
.

(5)

The three variables As1,2,3 are fitted similarly to driven
oscillations using Levenberg-Marquardt. This allows the
application to analyze any TBT oscillations dataset ac-
quired during RHIC operations and derive the linear op-
tics. Like in the nonlinear case, νcalc is calculated for each
BPM dataset via FFT and should be close to the machine
tune νz . βz(s) and ∆ψz(s) are then determined from the
fitted values As1 and As3 at each BPM.

Data Analysis in loptics
Figure 1 shows the graphical interface (GUI) of loptics

with the ACD control options on the right hand side. Users
can provide initial guesses for all parameters to be fitted in
the bottom right side. The measured βz(s) and ∆ψz(s) are
plotted against their respective design values as calculated
by the RHIC online model. The corresponding βz-beat and
phase-beat plots are displayed in a separate tab and saved
for further use with the optics correction algorithms. β∗

z

and s∗ at all IP’s are also interpolated and displayed in
a dedicated table. One of the upgrades to loptics is the
calculation of horizontal and vertical phase advances be-
tween each IP, providing valuable information when com-
missioning the new RHIC lattices with e-lens compensa-
tion schemes [7].

More than one dataset can be analyzed at a time, with
error bars calculated accordingly. Another recent upgrade
to the application allows users to analyze datasets acquired
with different νAC in order to get rid of the artificial βz-beat
when using the linear fitting method. Each driving tune
setpoint makes for an independent measurement, and all
related datasets are grouped in the same data analysis pro-
cess; all calculated average values and error bars are then
recombined using the rules of propagation of uncertainty.

Figure 1: loptics graphic interface showing the results of data
analysis of AC dipole driven Yellow polarized protons beam os-
cillations for 255 GeV optic functions (black dots) and phase ad-
vance (blue dots) measurements, compared to expected values
from the RHIC online model (red and green traces respectively).
Both horizontal (top) and vertical (bottom) planes were measured.

CORRECTION ALGORITHMS

In addition to new fitting methods, loptics now features
a correction algorithms package for the RHIC linear optic
functions. The first method is based on a singular value
decomposition (SVD) of a response matrix R built around
the machine settings as defined in the RHIC online model.
Based on the wiring scheme of the RHIC insertions [8], one
can find a group of n quadrupoles with individual power
supplies to operate as a βz knob for optics corrections. For
all m BPM’s in a given beamline, the online model can
calculate (∆βz/βz)p , p = 1 . . .m at the pth BPM resulting
from a small gradient error ∆kj , j = 1 . . . n at the jth se-
lected quadrupole. The matrix Rm,n is then built as: (∆βz/βz)1

...
(∆βz/βz)m

 = Rm,n ·

∆k1
...

∆kn

 . (6)

Following the data analysis and optics calculations
previously described, loptics can solve Eq. (6) for
∆kerrj , j = 1 . . . n by inverting Rm,n with SVD:∆kerr1

...
∆kerrn

 = −
(
R−1
m,n

)
·

 (∆βz/βz)1
...

(∆βz/βz)m


meas

(7)

The correction strengths derived from Eq. (7) can be
tested in the online model before being applied to the ma-
chine, in full or in incremental steps. Figure 2 shows
the calculated gradient errors and the corresponding pre-
dicted βz-beat derived from a measurement of the RHIC
Yellow lattice optic functions during a beam experiment
with polarized protons at 255 GeV. One can notice that
all quadrupole magnets selected for the optics corrections
are located in all six RHIC interaction regions (IR’s) to
allow for the maximum number of power supplies to be
used, therefore increasing the efficiency of the SVD pack-
age. Figure 3 presents the corrected βz-beat from the op-
tics shown in Figure 1 once 100% of the calculated cor-
rection strengths are applied to the Yellow lattice. There is
a significant improvement especially in the vertical plane,
where the peak-to-peak amplitude of the beating is reduced
to about ± 20%. One should note that in loptics the size of
Rm,n takes into account the status bit of each BPM prior
to SVD: any status other than “good” and the entire corre-
sponding row in the response matrix is discarded. Another
filter could be implemented that would discard BPM data
(and matching Rm,n row) if the measured βz-beat appears
to be too unrealistic (e.g. very large reported amplitude
compared to other BPM’s).

A segment-by-segment method (SBST) [2] is also cur-
rently being added to loptics. SBST can be used to de-
termine significant gradient errors in individual IR mag-
nets and would allow correcting optics locally, reducing the
global βz-beat to be corrected via SVD. Experiments with
beam to test this two-pronged method are being discussed
for the coming Run14 of RHIC.
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Figure 2: Strength of the gradient errors ∆kerrj , j = 1 . . . n (left) calculated using the global SVD correction scheme newly implemeted
in loptics for the optics shown in Figure 1 and the selected quadrupole knob. The βz-beat from these ∆kerrj as predicted by the RHIC
online model (right, red trace) is compared to the measured one (right, black trace) to determine the quality of the determined solution.

Figure 3: Measured (top) and corrected (bottom) Yellow 255
GeV polarized protons beam optics using the global SVD correc-
tion algorithm described in Figure 2.

CONCLUSION
loptics has been upgraded to allow for linear optics mea-

surement using either free or driven turn-by-turn oscilla-
tions, with a graphic interface displaying all relevant pa-
rameters. Additionally, a correction algorithm based on
SVD calculations on a response matrix built with the RHIC
online model is now part of the application after being
tested with beam as a standalone procedure. Its use in lop-
tics allows predicting the accuracy of the correction before
sending the knob values to the machine.

Further improvements include the combination of SBST
and SVD correction methods, as well as adding an Inde-
pendent Component Analysis (ICA) model for optics cal-
culations [9]. ICA allows splitting the beam oscillations

measured at each BPM into their betatron and synchrotron
motions components, as well as filter out any background
noise inherent to the electronics involved, leading to a more
precise determination of βz and ∆ψz(s) before corrections.
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TRAJECTORIES OF LOW ENERGY ELECTRONS IN PARTICLE
ACCELERATOR MAGNETIC STRUCTURES∗

E.E. Cowan, Dept of Physics, Syracuse University, NY, USA
Kiran G. Sonnad† , CLASSE, Cornell University, NY, USA

Seth Veitzer, TechX Corp. Boulder, CO, USA

Abstract
It has been observed recently that low energy electrons,

or electron clouds formed within quadrupoles can remain

trapped for time periods beyond a beam revolution period

at Cesr [1]. This paper provides some results obtained from

analysis and numerical tracking of low energy electrons

in quadrupoles under conditions similar to those when the

above mentioned data was collected.

MOTION OF PARTICLES IN A
NONUNIFORM MAGNETIC FIELD

Electron clouds generated in positively charged beams

are known to negatively interfere with the beam. Most of

the simulations done for various accelerators for estimating

the cloud buildup have been for the duration of the passage

of a single train of bunches. However if an electron remains

trapped for long enough in a magnetic structure such as a

quadrupole after the passage of a train, this trapped elec-

tron will encounter the next passage of a bunch train. The

electron may then impinge upon the walls and potentially

produce secondary electrons. Such a mechanism could lead

to a progressive enhancement in cloud densities with re-

peated train passages and can have adverse consequences

on the properties of the beam.

Trapping of electrons has been observed in the PSR [2].

In this experiment the proton beam was allowed to circulate

and produce electrons and the beam was then deflected out

of the storage ring, while the electron cloud was allowed

to evolve. It was observed that electrons in quadrupoles

persisted for a time period exceeding 50-100μs. More re-

cently, experiments performed at Cesr observed electron

trapping in quadrupoles in the presence of a beam [1]. The

revolution period of the beam in Cesr is about 2.5 μs.

In this paper, we report results obtained from single par-

ticle tracking and compare them with theoretical expecta-

tions. The parameters of our computations were similar to

those of the operating conditions when the data reported in

Ref. [1] was taken. A similar study was performed earlier

for the KEKB [3]. This study clearly showed that trapping

of electron in quadrupoles can be important and requires a

careful study.

Adiabatic Invariants
In dynamical systems exhibiting periodic motion, the

quantity
∮
p· dq, which is the phase space area encom-

∗Work supported by NSF (PHY-0734867, PHY-1002467, PHY-

1068662), US DoE (DE-FC02-08ER41538)
† kgs52@cornell.edu

passed by the trajectory, also known as the Poincare in-

variant is a conserved quantity [4]. If a system undergoes

a very gradual change, this quantity remains conserved so

long as the relative value of this change over a full period

of motion is very small, (see for example Ref. [4]). A clas-

sic example is a simple pendulum where the length of the

string is gradually altered at a rate such that over the course

of the oscillation period, δl/l << 1. Then the quantity

E/ω remains constant and is the adiabatic invariant. The

same principal of adiabatic invariance can be applied to a

particle executing cyclotron motion in a magnetic field (see

for example Ref. [5]). For a particle in this situation, the

magnetic moment

μ = IA =
mv2⊥
2B

(1)

is conserved as long as dB/B << 1 over the cyclotron

period Tc. This is equivalent to the following condition,

|∇B|
B

rc << 1, (2)

where rc is the cyclotron radius. On the other hand, energy

which is given by

E =
1

2
m(v2⊥ + v2‖) (3)

being an absolute invariant always remains conserved. In

the above equation, v⊥ and v‖ are velocities perpendicular

and parallel with to the magnetic field, respectively.

Magnetic Mirroring

If energy and the magnetic moment are conserved, one

can obtain a formula for magnetic mirroring. As B in-

creases, v⊥ increases and v‖ decreases. If v‖ decreases to

zero, the trajectory turns around. This phenomenon is re-

ferred to magnetic mirroring. Since v⊥ is rotating around

the field line, one can associate this condition with a cone

in velocity space. A particle would lie within the “loss”

cone if

v‖/v⊥ > 1− (Bbd/Bin)
1/2. (4)

Here Bin is the magnetic field value at the initial point,

and Bbd is the magnetic field on the same field line at the

boundary of the vacuum chamber. A particle lying outside

this cone in velocity space at the given point will remain

trapped.
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Motion Transverse to Magnetic Field
Magnetic mirroring is a consequence of the effect of the

particle motion along the magnetic field lines. Addition-

ally, in the presence of a nonuniform field, the particle un-

dergoes a ”grad B” and a ”curvature drift”, which are per-

pendicular to the field lines. In the absence of any current

sources, where ∇×B = 0, the curvature of the field can be

related to its gradient, and the expressions of the two drifts

may be combined in the following form,

vcurv + v∇B =
m

q

B×∇B

|B|3 (v2‖ +
1

2
v2⊥) (5)

The values of the magnetic field here correspond to points

along the motion of the guiding center. While it is clear that

a particle can never be trapped indefinitely because of this

drift, what matters in our study is if the particle is trapped

for the period of one beam revolution. Fringe field effects

have been disregarded throughout this study, which would

become important for electrons that are either formed in

this region or drift into this region due to the effect de-

scribed above. Nevertheless, we show that for electrons

to undergo a prominent longitudinal drift, they have to ac-

quire energies close to 1 KeV, which are typically high for

electrons formed from multipacting.

RESULTS FROM TRACKING STUDIES IN
QUADRUPOLE FIELDS

In order to test the validity of the loss cone and Eq. 4, five

different initial positions were chosen. These points lay on

a horizontal line parallel to the cross-section of the beam

pipe and passing through the center of the cross-section. In

order to determine the loss cone angle for these points, one

needs to determine the field value at the given point as well

as the ”escape” point. The latter was determined with the

help of a program we developed that traced the path along

the field line. The point beyond which the particle was con-

sidered lost was located on this field line, very close to the

boundary of the chamber. The chamber shape consists of

two circular arcs (radius 0.075m) on the top and bottom,

connected with flat side planes. It is about 0.090m from

side to side and 0.050m between the apices of the arcs.

The magnetic field is given by Bx = ky and By = kx
with k = 7.4T/m, which is close to the value set during

the operation of Cesr at 5.3 GeV.

Table 1: Cases Studied to Confirm Trapping

x(m) Bin (T) Bbd θm (deg) � 1, � 2

0.0005 0.0365 0.2261 66.2989 65, 67

0.015 0.1095 0.2386 47.3414 45, 48

0.025 0.1825 0.2626 33.507 32, 34

0.035 0.2555 0.2972 21.9773 20, 23

0.04 0.2920 0.3184 16.7044 15, 17

Table 1 shows all the initial positions from where elec-

trons were tracked. The critical angle θm is equal to

90deg− (loss-cone-angle). Since the points lay on the hor-

izontal axis, the magnetic field direction for all of them

was vertical. Thus, if the particle launch angle with re-

spect to the horizontal axis was less than θm one would

expect it to be trapped. The tracking was performed us-

ing the plasma simulation program Vorpal [6]. The parti-

cles were launched at angles (with respect to the horizontal

axis) just above and below the critical angle, indicated as
� 1 and � 2 respectively. For each case, the energies used

were 1eV, 10eV, 100eV and 1 KeV. In most cases, parti-

cles that started at � 2 remained confined while those with
� 1 were lost. The only exceptions were when the particles

were at x = 0.05cm with energies 1Kev and 100eV, when

particles at both the starting angles were lost. It was also

confirmed that when particles were incrementally close to

the center, they were lost within 2.5μs even at an energy of

1eV regardless of the initial direction of motion.

For a quadrupole magnetic field, one can easily verify

that the condition of adiabatic invariance, given by Eq. (2)

becomes weaker as one approaches the center. Depending

on the particle energy, it becomes invalid at a certain point

close enough to the origin. This explains the poor con-

finement for particles that cross points close enough to the

center.
Overall, one could divide the trajectories into three

classes, (1) Those that escape because their parallel and

perpendicular velocities are distributed such that they lie

within the loss cone. (2) Particles that remain trapped be-

cause they lie outside the loss cone, and the condition for

adiabatic invariance remains satisfied. (3) Particles that

cross points sufficiently close to the center that that the

motion becomes non-adiabatic in the vicinity od the cen-

ter. As these particles move away from the center due to

inertia, they begin to move into an area of higher magnetic

field, where the motion may become adiabatic. If they are

within the loss cone, they escape. If they are outside the

loss cone, they get reflected back toward the center. De-

pending upon the phase of the cyclotron motion they ac-

quire near the center, they may stray away from the center

in an entirely different direction. This process repeats itself

until it enters the loss cone and impinges against the wall.

Figure 1 is an example of a particle that escapes because

it is within the loss cone. Figure 2 is an example of particle

that remained trapped for the period of 2.5μs because it was

located outside the loss cone. Figure 3 was a particle very

close to the center that exhibited non-adiabatic motion. The

energy in all these cases was 1 KeV.
Figure 4 shows the three dimensional motion of a

trapped particle at 1 KeV, clearly indicating the drift along

the longitudinal direction. Figure 5 is a plot of the same

z motion as a function of time. This plot compares the

motion of the full trajectory, as computed by the tracking,

the guiding center motion obtained from the tracking by

numerically averaging over the cyclotron periods, and the

motion as predicted by Eq. 5. We see that the analytic re-

sults agrees well with the numerically computed guiding

center motion. The longitudinal distance covered by the
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particle in 2.5μs was found to be about 0.34m, while the

length of the quadrupole is about 0.6m. Additionally, it is

known from build up simulations that the fractional pop-

ulation of particles with energies of 1 KeV are not more

than a few percent. Based on Eq. 5, one can state that the

distance covered by the particles is roughly proportional to

the energy (disregarding the details of the parallel vs per-

pendicular distribution of the velocities). Typical energies

of the electrons is of the order of 100eV. One can thus ar-

gue that the longitudinal drift of trapped electrons does not

contribute significantly to their escape before the arrival of

a subsequent bunch train.

Figure 1: Escaped particle lying within the loss cone.

Figure 2: Trapped particle lying outside the loss cone.

Figure 3: Particle executing non-adiabatic motion.
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Figure 4: Three dimensional motion of a trapped particle

showing longitudinal drift.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
−8

−0.373

−0.3725

−0.372

−0.3715

−0.371

−0.3705

−0.37

−0.3695

−0.369

−0.3685

Z
(m

)

time (s)

data1

data2

data3

Figure 5: Validation of the combined grad-B and curva-

ture drift, data1 is the full particle trajectory obtained from

tracking, data2 the trajectory obtained from Eq. 5, data3 the

tracked data averaged over the cyclotron motion.
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A LINEAR ENVELOPE MODEL FOR MULTI-CHARGE STATE LINAC* 

Z. He#, FRIB, Michigan State University, USA; Tsinghua University, China 
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Abstract 
The traditional linear envelope tracking model is 

widely used in linac design and on-line tuning. However, 
for multi-charge state acceleration, where the transfer 
matrix acts differently on different charge-states, the 
linear envelope tracking model cannot be utilized. A 
direct way to handle multi-charge state acceleration is 
using multi-particle tracking, which is usually high in 
precision, but lacking in efficiency, therefore is not 
suitable for linac on-line beam tuning. In this paper, a 
new approach of adapting linear envelope tracking model 
to multi-charge state acceleration is proposed. The lattice 
of FRIB is used to test this technique in both linac 
segment and folding segment. The result is then 
benchmarked with a multi-particle tracking program 
IMPACT to ensure its precision with enhancement in 
efficiency. 

INTRODUCTION 
The traditional linear envelope tracking model is 

widely used. Instead of tracking every particle, the 
method is capable of keeping track of beam envelopes by 
knowing an initial theta matrix and the transfer matrix 
between the initial point and the objective point, which is 
shown below. ( ) = ( ) ( ) = ∑ ( ) ( )

 ( ) = ∑ ( ) ( )
= ( )  

Numbers of linac code are based on or contains this 
scheme, such as Trace 3D. The advantage of envelope 
tracking model is obvious: fast in calculation speed, 
simple and clear in physics, therefore, remains to be a 
preferable way in computational intensive applications 
like case-by-case based linac lattice global optimization, 
and time restricted applications like linac on-line beam 
tuning.  

For traditional accelerators like electron or proton 
machines, only one charge state is presented and the 
traditional linear envelope tracking model can be directly 
adopted. However, Facility for Rare Isotope Beams 
(FRIB) is accelerating multiple charge states in order to 
enhance the beam current. For this kind of accelerators, 
the traditional linear envelope tracking model can no 
longer be adopted directly, extensions onto multi-charge 
states acceleration problems are needed.  

HOW TO DEAL WITH MULTI-CHARGE 
STATE ACCELERATION 

There are three different schemes to handle multi-
charge state acceleration problem. The most simple and 
straight forward one is multi-particle tracking. The 
advantage is we can expect minimum change of existing 
tracking code, attain high precision and detailed 
information. Particle tracking code like IMPACT, is 
utilizing this scheme. However, the shortcoming is high 
computational intensity and slow speed. And computer 
takes over all the calculation would result physics to be 
unclear.  

The second way is to treat charge state deviation as 
momentum deviation for magnetic field. This method can 
give exact result on transverse coordinates and can reuse 
most part of existing code. But the problem the method 
can only handle all-magnetic field lattice. The imaginary 
extra momentum deviation can cause imaginary change in 
time-of-flight for non-relativistic cases. This method is 
sometimes quite useful when calculating multi-charge 
beam behaviour in a bending magnet. 

 
THREE-STEP SCHEME 

The third way is to treat different charge states 
separately using envelope tracking scheme. This method 
can be divided into three steps: 

Step 1: Use an ideal particle with centre charge state to 
initiate the machine parameters, such as RF phases, 
bending magnet strength. Keep record of the particle and 
make it the reference of the whole beam. 

Step 2: Choose the particle located at beam centre of 
each charge state as a reference particle and do single 
particle tracking according to the initialized lattice 
parameter. Keep record of each particle and make it the 
reference for each charge state beam. 

Step 3: Do envelope tracking for each charge state 
beam. The transfer matrix should be adjusted according to 
its own charge state and reference orbit.  

This method of handling multi-charge state is a 
combination of precision of particle tracking method and 
efficiency of envelope tracking. The calculation 
efficiency is quite high. Details can vary while the three 
step scheme concept is universal. For next part, the FRIB 
lattice would be analysed as an example using this 
method. 

 
APPLICATION TO FRIB LATTICE 

The FRIB project, built at the Michigan State 
University in corporation with the US Department of 

 ___________________________________________  

*This work was supported by the U.S. National Science Foundation
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Energy (DOE), will deliver all stable ion beams with 
energy more than 200MeV/u and target beam power more 
than 400kW. In order to meet this goal, multi-charge state 
acceleration is needed, especially for heavy ions, to 
increase the beam current and beam power. For the 
Uranium case, the 33+, 34+ charge states are accelerated 
in linac segment 1, and after a charge stripped and charge 
selector, the 76+, 77+, 78+, 79+, 80+ charge states are 
selected and accelerated all the way to the target. Fig. 1 
shows detailed layout of FRIB lattice. 

 
Figure 1: Layout of FRIB lattice. 

Linac Segment 
The linac segment is where heavy ions gain most part 

of its kinetic energy. For linac segment 1, 
superconducting quarter-wave resonators (QWRs), are 
used for accelerating ion beams while for linac segment 2, 
superconducting half-wave resonators (HWRs) are used. 
For both linac segment 1 and linac segment 2, 
superconducting solenoids are the main component used 
for focusing ion beams.  

Linear Matrix Models: To track the energy and phase 
advance for synchronous particle in an RF cavity, the 
Drift-Kick-Drift thin lens model is utilized: = + ( ) cos − ( ) sin= + 2 ( ) sin + ′( ) cos  

T, T’, S, S’ are Transit Time factors. Two gap 
accelerating model is utilized to decrease the error caused 
by constant velocity assumption [1].  

The longitudinal phase space transfer matrix comes 
from differentiation of the longitudinal Drift-Kick-Drift 
thin lens model and keeping the linear term of energy and 
phase deviation. The transverse phase space transfer 
matrix also comes from a Drift-Kick-Drift thin lens 
model. For each acceleration gap, the total transfer matrix 
can be decomposed into drift spaces between two 
focusing/ defocusing gaps and an acceleration. 

A soft edge solenoid model is used in our model: 	 =  = 1 0− 1 0 00 00 00 0 1 0− 1  

Msol is the traditional hard edge solenoid transfer matrix 

Medge describes the edge effect. Φ =−  , =  , and 

a is the solenoid radius [2]. 
These models have been verified by envelope tracking 

of single charge state after benchmark with a multi-
particle tracking code IMPACT [3]. Then we can use the 
three step scheme to extend the model to handle multi-
charge state acceleration. 

Linac Segment 1: First step is to initialize the lattice 
parameters using a centre charge state. For linac segment 
1 case where the two charge states are 33+ and 34+, either 
one can be used as reference charge state. Here we choose 
33+ as the reference charge state and the lattice is 
initialized using an ideal 33+ particle. After initializing 
the lattice parameters, the centre particle for 33+ and 34+ 
charge states are tracked and results are recorded as 
reference orbit for each charge state. Then we can use 
envelope tracking scheme to track the envelope of 33+ 
and 34+ beam bunch separately. Transfer matrix can be 
influenced not only by charge states but also by reference 
orbit. Beam centre and RMS envelope evolution results 
can be seen in Fig. 2.  

We can see from the figure that the 33+ charge state 
particle tends to have larger phase, because the 33+ 
charge state would always be dragged off and fall behind 
due to lack of acceleration efficiency compared to 34+. 
For transverse direction, the centre of beam for both 
charge states is coincident with the beam axis. Due to the 
different focusing strength for the different charge states, 
the focusing lattice cannot match both charge states at the 
same time, so we can see oscillation comes from 
mismatch for both charge states. 

 

 
Figure 2: Upper: Linac segment 1 longitudinal phase 
centre deviation for the 33+ and 34+ two charge states 
and the phase spread RMS envelope in the centre of mass 
frame Lower: transverse beam RMS envelope for the 33+ 
and 34+ two charge states. 

RMS Envelope Re-combine: For real experiment, we 
usually measure the whole bunch beam size. So, we need 
to calculate the total RMS beam size. In the centre of 
mass frame, ̅ is centre of beam for each charge state, σ is 
the RMS size, N is particle number, foot note i represents 
different charge state, than the whole bunch RMS beam 
size equals: 
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Figure 3: Re-combine of RMS envelope and 
benchmark with IMPACT. Upper figure, Re-combine of 
RMS envelope for the longitudinal direction, Lower 
figure, Re-combine of RMS envelope for the transverse 
direction. 

= ∑ ( + ̅ )
 

Using this scheme to recombine the beam size and 
benchmark with IMPACT, we can get the result shown as 
Fig. 3. We can see that the simple envelope model for 
handling multi-charge state benchmarks well with 
IMPACT simulation. 

Folding Segment 
There are two 180 degree benders linking three linac 

segments. For charge state far away from centre whose 
equivalent dispersion is quite high, higher order term may 
appear. In order to suppress the potential influence from 
higher order term, a new scheme has been proposed. 

First, use a centre charge state to initialize lattice 
parameter, for uranium beam in bending segment 1 case 
where the charge states are 76+, 77+, 78+, 79+ 80+, the 
charge state 78+ is chosen to initialize the lattice. Then, 
for the centre particles of the remaining charge states, 
their own reference orbits are set up. Note that in order to 
suppress the possible higher order term coming from 
bending magnet, the exact transfer map is used to track 
the reference particles [4]. 

After setting up reference orbits, we can use envelope 
model to do envelope tracking. For this time, the 
traditional bending magnet transfer matrix for non-
relativistic ion beams can be used. 

By using the scheme, we can also obtain the beam 
centre and beam RMS size of each charge state in folding 
segment 1, the result is shown as Fig. 4. After 
recombination and benchmark with IMPACT, we arrive 
in the final result benchmark with IMPACT shown as Fig. 
5. The thin lens model agrees well IMPACT result. 

 

 

 
Figure 4: Transverse beam centre (upper) and beam 
RMS envelope (lower) evolution of five different charge 
states in folding segment 1. 

 
Figure 5: Re-combine of transverse RMS envelope of 
five different charge states in folding segment 1 and 
benchmark with IMPACT. 

CONCLUSION 
The multi-charge state envelope tracking model has 

proved to be precise and efficient. The result agrees well 
with multi-particle tracking. Very minor modification of 
currently available model is needed. The computational 
efficiency also turns out to be high. A beginning to end of 
FRIB lattice parallel computation of multi-particle 
tracking by IMPACT would take several minutes, while 
multi-charge state envelope tracking method would take 
only several seconds. The increment in efficiency makes 
the model promising in further development of on-line 
applications like fast beam tuning and lattice optimization 
for multi-charge state acceleration machine as FRIB. 
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CALCULATION OF THE KICK MAPS GENERATED BY

A HOLLOW ELECTRON LENS FOR STUDIES OF

HIGH-ENERGY HADRON BEAM COLLIMATION
∗

G. Stancari†, M. Chung, A. Valishev, Fermilab, Batavia, IL 60510, USA

V. Moens, EPFL, Lausanne, Switzerland, H. J. Lee, Pusan National University, Korea

Abstract

Collimation with hollow electron beams is a technique

for halo removal in high-power hadron beams. It was ex-

perimentally studied at the Fermilab Tevatron collider us-

ing electron lenses and it is being considered as an option to

complement the collimation system for the LHC upgrades.

In the ideal case, the magnetically confined electron beam

has a hollow, axially symmetric current-density distribu-

tion, whose fields affect the beam halo, leaving the core of

the circulating beam unperturbed. We address the effects

of imperfections in the current density based upon profiles

measured in the Fermilab electron lens test stand. We also

study the effect of the bends used to inject and to extract the

electron beam from the overlap region. The calculated field

distributions will serve as inputs for tracking simulations,

which are needed to estimate the effects of the electron lens

imperfections on beam core dynamics, such as nonlineari-

ties and emittance growth.

INTRODUCTION

Hollow electron beam collimation is a new technique for

collimation and halo scraping of intense hadron beams in

storage rings and colliders [1]. In a hollow electron beam

collimator, a magnetically confined, pulsed, low-energy

electron beam with a hollow current-density profile over-

laps with the circulating beam over a short section of the

ring. Figure 1 shows the layout of one of the Tevatron elec-

tron lenses. The beam is formed in the electron gun inside

a conventional solenoid and guided by strong axial mag-

netic fields. Inside the superconducting main solenoid, the

circulating beam interacts with the electromagnetic fields

generated by the charge distribution of electrons. The elec-

tron beam is then extracted and deposited in the collector.

The halo of the circulating beam can be smoothly scraped.

The core is unaffected if the distribution of the electron

charge is axially symmetric. One cause of asymmetry is

the space-charge evolution of the electron beam as it propa-

gates through the electron lens. Another source of asymme-

try are the bends that are usually used to inject and extract

the electron beam from the interaction region. Although

small, these asymmetries may have detectable effects on

∗ Fermilab is operated by Fermi Research Alliance, LLC under Con-

tract No. DE-AC02-07CH11359 with the United States Department of

Energy. This work was partially supported by the US LHC Accelera-

tor Research Program (LARP) and by the European FP7 HiLumi LHC

Design Study, Grant Agreement 284404. Report number: FERMILAB-

CONF-13-356-APC.
† Email: 〈stancari@fnal.gov〉

core lifetimes and emittances because of their nonlinear na-

ture, especially when the current of the electron pulse is

changed turn by turn to enhance the halo removal effect by

resonant excitation of selected particles.

In this paper, we discuss the effects of these asymmetries

from experimental data and from calculations. In particu-

lar, the asymmetries in the charge distribution are translated

into transverse kick maps for the circulating beam. These

kick maps are provided as inputs for numerical tracking

simulations of the Fermilab Tevatron collider and of the

Large Hadron Collider at CERN with the Lifetrac or Six-

Track codes. This work is in support of a conceptual de-

sign for a proposed hollow electron beam collimator for

the LHC upgrade [2]. The same techniques can be applied

to different current-density profiles (Gaussian, flat, etc.) to

study perturbations in nonlinear integrable optics with elec-

tron lenses for the IOTA ring at the Fermilab ASTA facil-

ity [3].

AZIMUTHAL ASYMMETRIES

Two-dimensional azimuthal asymmetries of the elec-

tron current density in the overlap region inside the main

solenoid (neglecting the injection and extraction regions)

may be caused by the space-charge evolution of the hol-

low electron beam as it propagates through the electron lens

(diocotron instability), or by imperfections in the electron

gun geometry, magnetic field lines, etc.

Electron guns are characterized at the Fermilab electron-

lens test stand. Current-density profiles are measured as a

function of beam current and axial magnetic field. Space-

charge evolution of the electron beam profiles is miti-

gated by increasing the guiding magnetic fields. The mea-

sured profiles are used to calculate the corresponding trans-

verse electric fields inside the beam pipe using the Poisson

Figure 1: Layout of a Tevatron electron lens. (Dimensions

in millimeters.)
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solvers of the Warp plasma particle-in-cell code [4]. A few

examples of these calculations can be found in Ref. [5].

Inside the hole of the electron beam, where no charge is

present, the potential satisfies Laplace’s equation and the

effect of the asymmetries can be characterized as a super-

position of multipoles. Elsewhere, a more general parame-

terization is necessary. This approach was used to compare

calculated and measured halo removal rates in the Teva-

tron [6]. For the Tevatron lattice and tune working point,

the only azimuthal asymmetry seen to cause extra losses

in the core was the quadrupole component in a particular

resonant mode (pulsing the electron beam every 6th turn).

Calculations for the LHC are under way and will be pre-

sented in the conceptual design report.

EFFECT OF BENDS

In an electron lens, toroidal bends are used for inject-

ing and extracting the electron beam (Figure 1). To study

whether the curved charge distribution of electrons has a

significant effect on the dynamics of the circulating beam,

we rely on the Tevatron experiments and on calculated kick

maps.

Most of the Tevatron experiments on hollow electron

beam collimation were done in continuous mode: the elec-

tron current was kept constant turn by turn. Under these

conditions, no deteriorations of core lifetimes or luminosi-

ties were observed. For the LHC, to extend the range of

achievable halo removal rates, resonant operation is also

being considered: in this mode, the voltage in the elec-

tron gun is changed turn by turn according to a sinusoidal

function, in resonance with betatron oscillations, or with

the same amplitude, skipping a given number of turns [7].

Resonant operation was used for abort-gap cleaning in the

Tevatron [8], but no systematic experimental studies were

done on the effects of time-varying pulse amplitudes on the

beam core. For this reason, numerical tracking studies are

planned, and here we describe the calculation of the kick

maps to be used as inputs.

The parameters of the proton beam are used to calcu-
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Figure 2: Conductor geometry and calculated electrostatic

potential on the plane of the bent electron distribution.

Dark red corresponds to −1.2 kV, dark blue represents 0 V.

The horizontal gray line is the axis of the proton beam.

late beam sizes in the interaction region. We assume a

round proton beam with a typical rms beam size σp =
0.317 mm. The hollow electron beam is represented by

a cylindrical bent pipe with a curvature radius R = 0.7 m,

inner radius ri = 1.27 mm = 4σp, and outer radius ro =
2.39 mm = 7.5σp. The ratio between the outer and the

inner radius is chosen to reproduce the dimensions of the

cathode in the existing 1-inch hollow electron gun [5, 9]:

(12.7 mm)/(6.75 mm). The bent tube of electrons spans

a bend angle of θ = 30 deg. A total of Ne = 1048576 =
220 electron macroparticles is used to reproduce the static

charge density distribution of a 1-A, 5-keV electron beam.

The z-axis is chosen along the direction of the circulating

proton beam. The x-axis points horizontally outward. The

upward direction is represented by the y-axis. The origin

of the coordinate system coincides with the point where

the axis of the bent electron beam intersects the axis of the

circulating beam (Figure 2).

A multigrid Poisson solver within the Warp particle-in-

cell code is used to calculate the electrostatic fields. The

boundary conditions are defined by a long cylindrical main

beam pipe and by a cylindrical injection beam pipe stub,

joining the main pipe at an angle (Figure 2). This arrange-

ment is a simplified version of the injection scheme in the

Tevatron electron lenses (Figure 1). Both pipes have an

inner radius rpipe = 40 mm.

Space is subdivided into 2 discrete grids, a coarse one

(2-mm spacing) covering the whole space, and a fine one

(0.1 mm) around the central trajectory of protons. The

transverse coverage of the fine mesh, −10σp ≤ x,y≤ 10σp,

is designed to obtain kick maps for both the core and the

halo of the proton beam.

Figure 2 shows the electrostatic potential V (x,y,z) on the

xz-plane of the bend. The electrostatic fields Ex and Ey

are integrated over straight paths to calculate the transverse

momentum kicks ∆px,y experienced by the circulating pro-

ton beam:

kx,y(x,y)≡
∫ z2

z1

Ex,y(x,y,z)dz, (1)

∆px,y =
∫ t2

t1

Fx,y dt =
q

vz

∫ z2

z1

Ex,y dz =
q

vz

kx,y, (2)

where q, v, and p are the charge, velocity, and momen-

tum of the circulating beam, F is the electrostatic force, t

is time, and the integrated fields kx and ky are later loosely

referred to as ‘kicks.’ Only transverse kicks are consid-

ered, as the longitudinal kicks of two symmetric bends

cancel out. The transverse kicks due to two bends, on

the other hand, have the same sign and will add up. The

typical angles of the proton trajectories are of the order of

σ ′
p = 1.6 µrad, so the resulting position variations over the

length of the bend can be neglected. For 7-TeV protons, an

integrated field of 10 kV generates an angular deviation of

1.4 nrad. The kick maps on the fine mesh are represented

as contour plots in Figure 3. Protons on axis experience

a negative horizontal integrated field of −9.1 kV, whereas
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the vertical kick vanishes. The vertical kick on the plane of

the bend is zero.

For tracking simulations, one can interpolate the given

kick maps in 2 dimensions for each particle. Alternatively,

to speed up calculations, one can use an analytical formula-

tion of the functions kx(x,y) and ky(x,y). We use a param-

eterization in terms of the outer product of 1-dimensional

Chebyshev polynomials in x and y up to a given order N.

Because of the symmetry of the charge distribution, the

horizontal kicks are even functions of y and only contain

even powers of the vertical coordinate, whereas the vertical
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Figure 3: Contour plots of the integrated fields kx (top) and

ky (bottom) as a function of scaled transverse coordinate.

The contour lines are labeled with the value of the inte-

grated field in kilovolts.

kicks are odd functions of y. At order N = 7, for instance,

the standard deviation of the residuals of this interpolating

model is about 150 V.

To study the sensitivity of the results to the geometry

of the system, cases with different beam pipe radii and in-

jection angles are simulated. The chosen beam pipe radii

were 35 mm, 40 mm (reference case), and 45 mm. The

chosen bend angles were 25 deg, 30 deg (reference case),

and 35 deg. The changes in geometry considered in this

study amount to a change in the kicks of less than 300 V.

Further details on the calculation of these kick maps can

be found in Ref. [10].

CONCLUSIONS

We studied some of the effects of electron-lens asym-

metries on the circulating beam for hollow electron beam

scraping. Two-dimensional current-density distributions

are measured in the Fermilab electron-lens test stand and

are used to calculate the transverse electric field distribu-

tions for tracking simulations. The electrostatic fields gen-

erated by the injection and extraction bends in an electron

lens were also estimated. A bent, 1-A, 5-keV electron beam

creates nonlinear transverse integrated electric fields of the

order of 10 kV. Kick maps are provided on a fine grid for

2-dimensional interpolation and as coefficients of truncated

power series of orthogonal polynomials for evaluation with

analytical formulas in numerical tracking codes.
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LIMITATIONS OF INCREASING THE INTENSITY OF A RELATIVISTIC 
ELECTRON BEAM* 

J.E. Coleman#, D.C. Moir, C.A. Ekdahl, B.T. McCuistian, J.B. Johnson, G.A. Sullivan, and M.T. 
Crawford, LANL, Los Alamos, NM 87545, USA

Abstract 
A 7 cm cathode has been deployed for use on a 3.8 

MV, 80 ns (FWHM) Blumlein, to increase the extracted 
beam current from the nominal 1.7 kA to 2.9 kA.  The 
intense relativistic electron bunch is accelerated and 
transported through a nested solenoid and ferrite 
induction core lattice consisting of 64 elements, exiting 
the accelerator with a nominal energy of 19.8 MeV.  The 
principal objective of these experiments is to quantify the 
space charge limitations on the beam quality, in addition 
to its coupling with the corkscrew and the beam breakup 
(BBU) instabilities.  Time resolved centroid 
measurements indicate a reduction in BBU >5x with 
simply a 20% increase in the average B-field used to 
transport the beam though the accelerator.  A qualitative 
comparison of experimental and calculated results are 
presented, which include axial BBU amplitude with 
different accelerator lattice tunes. 

INTRODUCTION 
Relativistic electron beams used to study fundamental 

nuclear physics or provide intense sources of photons are 
challenged with instabilities to overcome when increasing 
the intensity of the beam.  One of particular interest is the 
beam breakup (BBU) instability which manifests itself as 
a transverse magnet coupling to destroy the beam quality.  
BBU was first observed in the 1960s [1] and reported in 
detail by Stanford Linear Accelerator Center scientists in 
1968 [2].  Shortly after its discovery, BBU was studied 
for the first time in detail on the Advanced Test 
Accelerator, a linear induction accelerator [3]. 

The first axis of the Dual-Axis Radiography for 
Hydrodynamic Testing (DARHT) facility is exploring the 
limitations of increasing the intensity of the electron beam 
for future radiographic capabilities.  DARHT Axis-1 is 

unique for these studies because it is relatively simple to 
change the cathode emission size to increase or reduce the 
total current and therefore change the space charge of the 
beam while holding everything else constant.  In order to 
effectively increase the intensity of the beam, the BBU 
instability must be quantitatively understood and 
effectively reduced.  Beam Position Monitors (BPMs) 
provided time resolved centroid and BBU measurements. 

EXPERIMENTAL SETUP 
The experimental configuration used to study the BBU 

instability was the DARHT Axis-1 linear induction 
accelerator (Fig. 1).  The accelerator is composed of a 4 
MV Blumlein injector [4] and 32 Blumleins [5] used to 
drive at total of 64 induction cells (2 cells per Blumlein).  
The linear induction accelerator is broken up into 8 cell 
blocks consisting of 8 ferrite induction cores in each cell 
block for a total of 64 induction cells and 65 anode-
cathode gaps.  Each induction cell has the ability to 
impart 250 keV of energy into the beam for a total of 16 
MeV in addition to the 3.8 MeV acquired in the diode. 

Beam Position Monitors 
The transported beam current and centroid is monitored 

by BPMs at the end of each cell block and internal to each 
cell block, so there is a BPM every 4 cells with axial 
spacing between 185-224 cm.  The BPMs consist of 8 B-
dots, or inductive monitors, oriented azimuthally every 
45o. There are 4 position B-dots, 1 top and bottom for ±y 
measurements and 1 left and right for ±x measurements. 

The ±x and ±y B-dots in each BPM were used to 
measure the BBU amplitude throughout the accelerator.  
This was done by measuring the unintegrated �x and �y 
which was sampled up to 8 GHz. A fast Fourier transform 
was  applied  to  the  signal  over ± 50 ns  in addition  to  the  

 
Figure 1: Model of the DARHT Axis-1 accelerator, consisting of the 4 MV injector, 64 induction cells and BPM 
located after every 4 cells. 
 ___________________________________________  

* This work was supported by the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396. 
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pulse length of the beam.  The frequency spectrum was 
then integrated from 600-900 MHz to determine the BBU 
intensity 

BEAM BREAKUP INSTABILITY 
The BBU growth along the accelerator is characterized 

by the equation [6]: 

 

where ��is the measured BBU amplitude and ���is the 
measured at the entrance of the accelerator.  The 
amplitude decreases with acceleration to ½ power and 
increases exponentially with the growth factor, �m 

B
ZNI

c gbm
11

��� , (2) 

where c is the speed of light, Ib is the beam current, Ng is 
the number of gaps, Z┴ is the transverse impedance, and 
<1/B> is the average of the inverse magnetic field 
strength. 

TRANSPORT AND BBU 
MEASUREMENTS 

We began tuning the 2.9 kA beam envelope using the 
nominal tune for the 1.7 kA beam and the initial 
conditions measured from a sweep of the first transport 
magnet (Fig. 2).  These measurements were also 
compared with calculations made with the TRAK code 
[7] and provided the initial conditions at z = 167 cm of a 
= 35 mm and a’ = -17.5 mrad.  Initially it was assumed 
because of the high space charge (K = 6 x 10-4) of the 
beam coming out of the gun we could not converge the 
beam envelope too steeply because it would overfocus in 
the low or field-free regions between cell blocks.  This 
first attempt is shown in Fig. 2 for Tune 4 where a gradual 
increase of the magnetic field from 360 G at the 
beginning of the first cell block to > 800 G at the end of 
the second cell block we were able to gradually converge 
the beam envelope down to ~13 mm.  Evidence of the 
space-charge force quickly increasing the 2.9 kA beam 
radius between the cells is shown at z = 650 cm in Fig. 
2(a).  Initially only three magnets were changed in cells 
8,9, and 10 to tune the envelope of the 2.9 kA beam from 
the nominal 1.7 kA tune, this is evident for the <B> 
calculated in Fig. 2(b) where there is only a slight 
difference after cells 5-8 (z = 572 cm) and cells 9-12 (z = 
796 cm). 

After initially attempting Tune 4 and examining Eqs. 
1&2 it was expected that the BBU should increase by 
exp(2.9/1.7) ~ 5.5.  However, after quickly investigating 
the signals on the downstream BPMs it was apparent that 
there was a substantial amount of BBU, which manifests 
itself as RF superimposed on the beam envelope.  The top 

row of Fig. 3 shows the BBU on the raw signal of the 2.9 
kA beam is ~20x higher than the 1.7 kA beam.  After 
performing a fast Fourier transform over the 200 ns 
window of interest the frequency spectrum indicates 
nearly a ~40x increase in BBU.  Both data sets indicate 
the BBU spectrum ranges from 700-850 MHz.  Each of 
the cases shown here are a single shot representation of 
the average BBU amplitude for 5 shots. 

 

 
Figure 2: (a) Envelope comparison between the nominal 
1.7 kA beam (red) and the first attempt at transporting the 
2.9 kA beam (blue) in the first two cell blocks and; (b) 
<B> for 4 cells in each cell block for both tunes. 
 

 
Figure 3: Top row: unintegrated �x and �y signals 
measured at BPM 20 (z = 36.1 m).  Bottom row: fast 
Fourier transform of the signal above to indicate the 
amplitude and frequency of the BBU on the beam for: (a) 
the 1.7 kA beam; and (b) Tune 4 for the 2.9 kA beam. 

 
A more detailed analysis made it apparent that the 

average BBU growth for the 2.9 kA tune was >10x higher 
than measured with the 1.7 kA beam (Fig. 4(a)).  BBU is 
negligible for the nominal 1.7 kA tune until BPM07 (z = 
980 cm) and the average measured value for 5 shots is 
<�> = 0.044 ± 0.032.  The BBU amplitude for Tune 4 
matches the 1.7 kA tune at BPM07 (CB 2) and then 
increases ~11x the amplitude of the 1.7 kA beam at 
BPM09, through the 3rd cell block.  The error bars in Fig. 
4(a) indicate the shot to shot variation of the BBU 
amplitude which ranges from 10-60% depending on the 
amplitude and location.  Over the length of the accelerator 
BBU increases 500x for the 1.7 kA beam and >103x for 
Tune 4, leading to factor of ~28x higher BBU for the 2.9 
kA beam at BPM 20 (z = 3.6 m) (Fig. 4(b)).  Direct 
comparison of the BBU measurements for the 1.7 kA 
beam with the 2.9 kA beam clearly shows �2.9/�1.7 >> 
exp(2.9/1.7) ~ 5.5.  Applying a least squares fit to both 
data sets in Fig. 4(b) we are able to back out the slope of 
the exponential BBU growth and determine a 


o

 o












1/2

expm
,  (1) 
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measurement of the transverse impedance of the 
accelerator cells.  The slopes are slightly different; the 1.7 
kA data set yields 887 	/m and the 2.9 kA data set yields 
1121 	/m.  Each are within the measured and calculated 
cavity values of 400-1200 	/m over frequency ranges of 
300-900 MHz. 
 

 
Figure 4: (a) Increase of the average BBU amplitude <�> 
over 5 shots due to the increased beam current from 1.7 
(red) to 2.9 kA (blue); and (b) comparison of BBU growth 
along the accelerator.  Each tune indicates a constant 
transverse impedance. 
 

With this substantial growth in the BBU amplitude it 
was necessary to develop a tune with increased <B> 
along the length of the accelerator.  The <B> in 4 cells of 
each cell block for each of the successive tunes and their 
corresponding envelopes are shown in Fig. 5.  Each tune 
iteration brought the beam envelope down more steeply 
by increasing the <B> at the end of the accelerator, where 
the BBU amplitude was most apparent.  Eventually we 
had to work our way upstream and begin tuning from the 
1st cell block, in Tune 6, because of the lack of 
suppression. 
 

 
Figure 5: (a) <B> for 4 cells in each cell block used 
reduce BBU; and (b) the reduced 2.9 kA beam envelope 
for Tunes 4-7. 

 
BBU at the upstream end of the accelerator is 

negligible for Tunes 5-7; it did not begin to become 
apparent until BPM 07 (z = 980 cm) as shown in Fig. 
6(a).  A reduction in <�> of ~5x is evident at BPMs 17-20 
(z > 30 m) in Fig. 6(a) over tunes iterations from 4-6.  The 
BBU growth along the accelerator for each successive 
tune is shown in Fig. 6(b).  The initial BBU amplitude, �o, 
is different for each tune contributing to the staggering of 
each curve.  In addition the final product of growth factor, 
IN<1/B>, decreases for each successive tune as expected, 
from 237 A/G for Tune 4 to 194 A/G for Tune 6; an 
increase in <B> of 20%.  Tune 7, which has a slightly 
reduced <B> compared to Tune 6, is shifted down on the 
BBU growth curve because its initial amplitude at BPM 

7, 0.0275 >> <�> at BPM 7 for Tune 6.  Each tune has 
nearly the same slope on the BBU growth curve (Fig. 
6(b)) indicating the consistency in the transverse 
impedance of the induction cells in the accelerator lattice. 
The average transverse impedance for these four tunes is 
1086 ± 26 	/m. 
 

 
Figure 6: (a) Reduction in the average BBU amplitude, 
<�>, over 5 shots at each z-location due to the increased 
<B> with each successive tune; and (b) comparison of 
BBU growth along the accelerator for each successive 
tune.  Each tune indicates a constant transverse 
impedance. 

CONCLUSION 
An increase in the intensity of the DARHT Axis-1 

beam by 70%, with nearly the same transport lattice, lead 
to a ~28x increase in the final BBU amplitude.  After 
several tune iterations, we successfully reduced the BBU 
amplitude 5x by simply increasing the <B> in the 
accelerator 20%.  A more detailed explanation of these 
results and a further reduction in the BBU amplitude will 
be published elsewhere. 
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SYNCHROTRON RADIATION NEAR FIELD IN 3D* 

C.-K. Huang#, B. E. Carlsten, and T. J. T. Kwan, Los Alamos National Laboratory,  
Los Alamos, NM 87545, USA

Abstract 
The Coherent Synchrotron Radiation (CSR) effect plays 

an important role in particle accelerators where high 
current electron beams are required, e.g., in X-ray Free 
Electron Laser. These electron beams are typically 
compressed to kA current in magnetic bends therefore 
they are subject to CSR effect. The widely used 1D CSR 
model relies on particle’s radiation field along the circular 
trajectory near its present position, i.e., Green’s function 
in 1D. We augment our previous 2D numerical CSR 
model by extending the synchrotron radiation near field 
calculation in the vertical direction. Our 3D calculation 
includes the dependence of the field on the relativistic 
beam energy through the scaled spatial variables and can 
be used to construct an efficient 3D CSR model due to the 
self-similarity of the field pattern in these variables. 

INTRODUCTION 
Coherent synchrotron radiation occurs in accelerators 

when high current beam bunches move along a circular 
beam path. It is a collective effect due to the coherence of 
the synchrotron radiation emitted by individual charge 
particle in the beam. As the radiation field on a particle is 
enhanced by the number of nearby particles if they emit 
coherently, the beam can undergo emittance growth or 
microbunching instabilities from interacting with its own 
coherent radiation. CSR is a major adverse effect on the 
performance of the FEL and has been investigated 
extensively in 1D and 2D [1-8]. As accurate 
understanding of the CSR effect requires modeling that 
accounts for the realistic beam shape and parameters, a 
3D model will be essential and valuable. Although 
various CSR models have been developed so far, the most 
efficient and widely used models are based on a 
convolution approach using the time-independent 
longitudinal synchrotron radiation near-field, i.e., the 
“Green’s function”, of a single particle. We note that this 
near-field Green’s function is relative to the present 
position of the radiating particle and in fact consists of 
both the near field and far field contributions from the 
particle at various retarded positions. Extending such CSR 
model into 3D requires an accurate description of the said 
Green’s function in 3D, which is described in detail in the 
next two sections.  

APPROXIMATE GREEN’S FUNCTION 
FOR RADIATION FIELD IN 2D   

In this section we first review the 2D CSR model 
developed in Ref. [9]. This will serves as the premise of 

the 3D model discussed in the next section.  
A diagram of the geometry is shown in Fig. 1. It is 

assumed that an electron is moving along a prescribed 
circular trajectory of radius R at constant angular velocity 
in the bending plane perpendicular to the magnetic field. 
The present and retarded positions of the particle are 
denoted as P and P’, the corresponding velocities denoted 
as   

€ 

 
β  and   

€ 

 
β ', respectively. The field point A is represented 

by its coordinates (x, α) in this 2D geometry where x is 
the radial displacement of A relative to P and α is the 
angular difference between these two points.  

The geometric relations that relate the present and 
retarded position of the particle are, 

€ 

1+ (1+ x)2 − 2(1+ x)cos(α +ψ) =ψ 2 /β 2        (1) 

€ 

1+ψ 2 /β 2 − 2(ψ /β)cosη = (1+ x)2                    (2) 

where x has been normalized to R. 
Using the Padé approximation  

€ 

cos(ζ ) ≈ (1− 5ζ 2 /12) /(1+ ζ 2 /12) 

and 

€ 

x <<1, 

€ 

α <<1, 

€ 

ψ 2 <<12 , the transcendental 
equation Eq. (1) can be approximated as, 

€ 

x 2 +α 2 + 2αψ + (x − γ−2β−2)ψ 2 −ψ 4 /12β 2 = 0       (3) 

After adopting the scaled variables 

€ 

˜ x = xγ 2, 

€ 

˜ α =αγ 3  
and 

€ 

˜ ψ =ψγ , dropping the second term 

€ 

α 2 on the left hand 
side of Eq. (3) which is only important at the opposition 

 

Figure 1: Geometry of the 2D model for calculating the 
longitudinal electric field from the synchrotron radiation 
of a particle in uniform circular motion. P and P’ are the 
present and retarded positions of the particle, respectively. 

!"

 ____________________________________________  
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direction of the forward radiation cone and 

€ 

β 2 , this 
equation can be written in general form,  

€ 

˜ x 2 + 2 ˜ α ˜ ψ + ( ˜ x −1) ˜ ψ 2 − ˜ ψ 4 /12 = 0                  (4) 

Similarly, the longitudinal electric field from the 
particle’s synchrotron radiation 

€ 

Es = −∂(φ −βAs) /∂ξ , 
can be written into these scaled variables. 

Since  

 

€ 

(φ −βAs) =
eβ[1−β 2 cos(α +ψ)]

Rψ(1−β sinη)
                (5) 

one can obtain, 

€ 

(φ −βAs) ≈
eγ(1+ β sinη)

R ˜ ψ [1+ ( ˜ ψ /2 − ˜ x / ˜ ψ )2]
                (6) 

 It can be shown that 

€ 

(1+ β sinη)  weakly depends on 

€ 

γ  
in most regions at the 

€ 

( ˜ x ,  ˜ α )  plane except for the vicinity 
of the negative 

€ 

˜ α  axis where radiation is negligible. 
Therefore, 

€ 

Es ≈ γ
4F( ˜ x ,  ˜ α ,  ˜ ψ ) .                       (7) 

Here 

€ 

F( ˜ x ,  ˜ α ,  ˜ ψ ) is the functional form of the 
longitudinal electric field that only depends on 

€ 

˜ x , 

€ 

˜ α  and 

€ 

˜ ψ . We can then introduce the normalization of the 
electric field 

€ 

˜ E s = Es /(eγ 4 /R2) which reveals its 
amplitude scaling with the particle’s energy.    

Since 

€ 

˜ ψ  implicitly depends on 

€ 

˜ x , 

€ 

˜ α  from Eq. (4), Eq. 
(7) indicate that the longitudinal synchrotron radiation 
near field can be obtained, to a good approximation, from 
the invariant (with respect to γ) function 

€ 

F( ˜ x ,  ˜ α ,  ˜ ψ ( ˜ x ,  ˜ α ))  with the proper scaling of the spatial 
variables and amplitude with the particle’s energy. 

Figure 2 shows the longitudinal electric field 

€ 

˜ E s = Es /(eγ 4 /R2) as a function of 

€ 

˜ x , 

€ 

˜ α . The field’s 
amplitude is large along the four diagonal directions, 
forming a cloverleaf like pattern. While the fields quickly 
decreases along the other three diagonal directions, it 
extends to far greater distance in the top-right corner as 
shown in Fig. 2.    

 APPROXIMATE GREEN’S FUNCTION 
FOR RADIATION FIELD IN 3D   

 We are now ready to extend the above result to 3D. In 
3D, the position of field point A is denoted by its 
coordinates in the bending plane (x, α) and its vertical 
displacement y from this plane. Figure 3 shows the 
position of A and the angles it forms with respect to P’. 
   It is straightforward to show that in 3D Eq. (1) and (2) 
become,  

€ 

1+ (1+ x)2 − 2(1+ x)cos(α +ψ) =ψ 2 /β 2 − y 2 ,       (8) 

€ 

1+ (ψ 2 /β 2 − y 2) − 2 ψ 2 /β 2 − y 2 cosη = (1+ x)2,       (9) 

where y is also normalized to R.  
Since 

€ 

x 2 and 

€ 

y 2 appear together in Eq. (8) and (9), 
one can treat 

€ 

x  and 

€ 

y  similarly and define scaled 
variable

€ 

˜ y = yγ 2. With this scaled variable, Eq. (4) 
becomes, 

€ 

˜ x 2 + ˜ y 2 + 2 ˜ α ˜ ψ + ( ˜ x −1) ˜ ψ 2 − ˜ ψ 4 /12 = 0 .            (10) 

    In 3D, the unit vector 

€ 

ˆ n  is not necessarily in the 
bending plane, thus   

€ 

ˆ n ⋅
 
β '= β cosη'= β sinηcosθ . Hence, 

€ 

(φ −βAs) =
eβ[1−β 2 cos(α +ψ)]
Rψ(1−β sinηcosθ)

 .               (11) 

Next we consider the 

€ 

[1−β 2 cos(α +ψ)] term and the 

€ 

(1−β sinηcosθ)−1 term in Eq. (11) separately. It is easy 
to show,  

 

Figure 2: The general near field pattern of the longitudinal 
synchrotron radiation electric field in 2D for a particle in 
uniform circular motion. 

 

Figure 3: Schematic for the calculation in 3D. 
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€ 

1−β 2 cos(α +ψ) = γ−2 1− ( ˜ x 2 + ˜ y 2)β 2γ−2 − ˜ ψ 2

2(1+ ˜ x γ−2)
' 

( 
) 

* 

+ 
, ≈ γ

−2  ,               

(12) 

    and 

€ 

(1−β sinηcosθ)−1 = (1+ β sinηcosθ)(1−β 2 sin2ηcos2θ)−1                        
(13) 

    The first term on the right hand side of Eq. (13) varies 
slowly with particle energy and is bounded, 

€ 

0 ≤ (1+ β sinηcosθ) ≤ 2 . The second term can be further 
simplified using the following relation, 

€ 

γβ cosηcosθ = γψ /2 − γβ 2(2x + x 2 + y 2) /2ψ ≈ ˜ ψ /2 − ˜ x / ˜ ψ 
                       (14) 

leading to, 

€ 

1−β 2 sin2ηcos2θ ≈ γ−2 1+ ˜ y 2 ˜ ψ 2 + ( ˜ ψ /2 − ˜ x ˜ ψ )2[ ] . (15) 

    With the above simplification, Eq. (11) reduces to a 
form akin to Eq. (6), 

€ 

(φ −βAs) ≈
eγ(1+ β sinηcosθ)

R ˜ ψ [1+ ˜ y 2 ˜ ψ 2 + ( ˜ ψ /2 − ˜ x ˜ ψ )2]
 .  (16) 

Therefore, in 3D, the functional form of Eq. (7) 
becomes  

€ 

Es ≈ γ
4G( ˜ x ,  ˜ y ,  ˜ α ,  ˜ ψ ).                      (17) 

From the Liénard-Wiechert formula, the longitudinal 
radiation field is given by, 

  

€ 

Es =
e

cρ
⋅

( ˆ n ⋅
 ˙ β ')( ˆ n ⋅ ˆ s −

 
β '⋅ˆ s ) − (ˆ s ⋅

 ˙ β ')(1− ˆ n ⋅
 
β ')

(1− ˆ n ⋅
 
β ')3

. (18) 

 After the retarded angle 

€ 

˜ ψ  is solved from Eq. (10), one 
can use the following identities,  

  

€ 

ˆ n ⋅
 
β '= β sinηcosθ,  ˆ n ⋅

 ˙ β '= (β 2c cosηcosθ) /R,
ˆ n ⋅ ˆ s = sin(α +ψ +η)cosθ

. (19) 

   Eq. (18) becomes, 

 

€ 

˜ E s =
β 3

γ 4ψ(1−β sinηcosθ)3 ⋅ [(sinη −β cosθ)

     ⋅ cos(α +ψ +η) − sin2θ sin(α +ψ +η)cosη]

.      (20) 

Figure 4 shows 

€ 

˜ E s as a function of 

€ 

˜ y  and 

€ 

˜ α  for 

€ 

˜ x = 0 . 
It should be noted that the radiation field is strongest in 

the forward direction within a ~ 45 degree cone in the 
scaled variables 

€ 

˜ y  and 

€ 

˜ α , which is consistent with the 
well-known 

€ 

1/γ  radiation cone in the un-scaled spatial 
variables. This also implies that for a beam that is 
sufficiently large in the vertical y direction, both the 1D 
and 2D models in the (

€ 

˜ x ,

€ 

˜ α ) plane will overestimate the 
longitudinal CSR force.   

Similar to our previous 2D CSR model [9], the 
calculation presented here can be done once and applied 
to a range of beam parameters. The key to such flexibility 
is the recognition of the self-similarity of the radiation 
field in three spatial dimensions through the scaled 
variables. This follows the pioneering work in one spatial 
dimension by several other authors [5,6]. However, due to 
the complex radiation field pattern in 3D, it is rather 
difficult to derive an analytic formula for such field in the 
identified scaled variables. Numerical calculation for the 
3D radiation field of a single particle is generally 
necessary and possible, as demonstrated in this paper, 
whose result can then be used to construct a 3D CSR 
model through the convolution with the beam shape.      
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Figure 4: Longitudinal radiation field pattern for a highly 
relativistic in the vertical (

€ 

˜ y , 

€ 

˜ α ) plane at 

€ 

˜ x = 0 . 
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EXPERIMENTAL VERIFICATION OF DIPOLE EDGE FOCUSING IN

LINEAR MODEL BY OPERATING IN THE WEAK FOCUSING REGIME

AT THE LOS ALAMOS PROTON STORAGE RING
∗

J. Kolski† , D. Barlow, R. Macek, and T. Spickermann, LANL, Los Alamos, NM, 87545, USA

Abstract

Linear optics models are important for the operation

of circular accelerators because of their ability to predict

the linear lattice functions, primarily betatron amplitude

functions and betatron tunes. The accuracy of the liner

model’s prediction is dependent on how well the real ma-

chine’s focusing lattice is known and represented. While

quadrupoles may be mapped magnetically and their focus-

ing properties well understood, the focusing effect due to

dipole edge fields is less certain. For rings with rectan-

gular dipoles like the Proton Storage Ring (PSR) at Los

Alamos National Laboratory, the dipole edge focusing can

be a significant contributor to the vertical focusing. Most

accelerator modeling codes, like MAD and AT (Acceler-

ator Toolbox), use the K. Brown formulation[1], but this

approach can lead to errors ∼10% in the models beta-

tron tune prediction[2]. Here we discuss particle track-

ing through simulated dipole fields, including edge effects,

with TOSCA 3D to obtain the focal lengths of the edge fo-

cusing. We verify model and focal lengths by operating the

PSR in the weak focusing regime (without vertically fo-

cusing quadrupoles) and show that the model predicts the

betatron amplitude functions and tunes even in this unusual

operating condition.

INTRODUCTION

The PSR is a 90 m circumference circular accelerator

with broken ten-fold FODO cell symmetry, which occurs

in the injection section (top of Fig. 1). While most cells

have a 36◦ dipole magnet (SRBM), the injection section

starts with a SRBM-type dipole that is shunted by 100 A

(SRBM01) to allow room for RIBM09, which merges H-

beam with the circulating H+ beam for charge-exchange

injection. The dipole at the beginning of the next cell is

replaced with two large gapped C-magnets (SRBM11 and

SRBM12) accommodating a dump line. Relevant parame-

ters for the five PSR dipoles types are listed in Tab. 1.

All PSR dipoles are rectangular, so including a good rep-

resentation of the edge focusing is very important for the

PSR linear model. There are three parameters in the edge

focusing model: gap width, edge angle, and the fringe field

integral (FINT) defined by

κ =

∫

∞

−∞

B0By(s)−B2

y
(s)

gB2

0

ds (1)

∗Work supported by in part by United States Department of Energy

under contract DE-AC52-06NA25396. LA-UR 13-27451.
† Electronic address: jkolski@lanl.gov
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Figure 1: (Color) PSR model: dipoles (yellow) split

into two model elements, focusing and defocusing quads

(blue and red respectively), and vertical steering magnets

(green).

Type l [m] θ◦ θ/2◦ g [cm]

SRBM 2.550 36 18 10.478

RIBM09 1.553 6.8 3.4 12.852

SRBM01 2.542 32.8 11.9 10.478

SRBM11 1.095 16.2 8.1 18.059

SRBM12 1.080 16.2 8.1 12.852

Table 1: Five types of PSR rectangular dipoles.

and related to the edge focusing focal length by

1

f
=

1

ρ
tan

(

θ

2
− ψ

)

, (2)

where

ψ =
gκ

ρ
sec

(

θ

2

)(

1 + sin2
θ

2

)

. (3)

The initial (or baseline) PSR model uses gap width and

edge angles from physical measurements and FINT based

on applying Eq. (1) to results of a TOSCA 3D magnet field
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Measured Baseline Improved

Horizontal 3.2266± 9× 10−4 3.2216 3.2251

Vertical 2.2192± 4× 10−4 2.2642 2.2154

Table 2: Betatron tunes from baseline and improved mod-

els and measurement.
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Figure 2: (Color) Difference between measured and base-

line (blue) and improved (green) model phase advance

from the first BPM after injection (2 and 22). ORM BPM

indexing convention is used: horizontal BPMs (1-20), ver-

tical BPMs (21-40) such that BPM 2 and 22 are the hori-

zontal and vertical planes of first BPM after injection.

simulation to determine the dipole edge focusing. The re-

sulting betatron tunes from the baseline model are com-

pared with measurement in Tab. 2. We note that the vertical

tune difference between baseline model and measurement

is not good, 0.05. To understand the origin of the verti-

cal tune difference between baseline model and measure-

ment, we plot the difference between measured and base-

line model phase advance in Fig. 2. Note the vertical phase

demonstrates a systematically increasing phase difference

between baseline model and measurement. We conclude

that the baseline model systematically over focuses verti-

cally. Since the baseline model horizontal tune result is

good, we concentrate our model improvement efforts on

the only model element that effects vertical and not hori-

zontal focusing: the rectangular dipole edge focusing.

RAY TRACING THROUGH THE FRINGE

FIELDS

Ultimately, the most important part in considering fringe

fields from rectangular dipoles is obtaining the edge fo-

cusing focal length. To determine the edge focusing fo-

cal length, we traced on-momentum parallel rays through

3D magnetic field from TOSCA simulations of the PSR

dipoles. The parallel rays were initially positioned on a

4 × 4 cm transverse grid with a ray every centimeter at

0 100 200

−2

−1.5

−1

−0.5
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z
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c
m

]

Figure 3: (Color) (Left) Rays’ vertical position as a func-

tion of longitudinal coordinate, which encounter edge fo-

cusing s ≃ 120 cm. (Right) Ray position in the magnet-

based coordinate system.

Magnet
Focal Length [m] Fringe Field Integral

Baseline Improved Baseline Improved

SRBM 13.208 13.733 .54150 .90291

SRBM01 13.208 13.733 .54150 1.2908

SRBM11 32.186 32.389 .44940 .46491

SRBM12 30.823 30.889 .51930 .52685

RIBM09 234.17 238.96 .35790 .47085

Table 3: The edge focusing focal length and FINT for each

type of PSR horizontal bender from the baseline and im-

proved models.

the longitudinal center of the dipole and traced through the

downstream half of the PSR dipoles, Fig. 3. The fringe field

focal length can be calculated from the ray tracing data for

each of the PSR rectangular dipole types.

We can reverse engineer the K. Brown model of edge

focusing, Eqs. (1) to (3), to produce the focal length calcu-

lated from the ray tracing data. We choose to modify the

FINT parameter because the gap width and edge angle are

physical parameters. In Tab. 3, we compare the edge fo-

cusing focal length and FINT from ray tracing, which we

will call improved model, explained later, and the baseline

model. Note the that the baseline model edge focusing fo-

cal lengths are systematically smaller than from ray trac-

ing with the largest fractional difference in the SRBM and

SRBM01 type dipoles. This is the cause of the vertical over

focusing in the baseline model.

We construct an improved model using the FINT pa-

rameter determined by the ray tracing data and compare it

with measurement in Tab. 2 and Fig. 2. Note the improved

model has a much better prediction of the vertical tune and

little systematic phase advance difference.

Proceedings of PAC2013, Pasadena, CA USA TUPAC19

05 Beam Dynamics and Electromagnetic Fields

D01 - Beam Optics - Lattices, Correction Schemes, Transport, Spin Dynamics 491 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



80 90 100 110 120 130 140 150 160

0.8

1

1.2

1.4

1.6

1.8

BEMP02 Current

B
e

ta
tr

o
n

 T
u

n
e

 

 

Model ν
x

Model ν
y

Meas ν
x

Meas ν
y

Baseline: ν
y

Figure 4: (Color) Model and measured tunes as a function

of horizontal focusing quadrupole current: measured tunes

(horizontal: magenta circles and vertical: cyan squares),

model tunes (horizontal: blue line, and vertical baseline:

dashed red line, vertical improved: solid red line).

OPERATING THE PSR IN THE WEAK

FOCUSING REGIME

The improved model uses an engineered FINT to pro-

duce the edge focusing focal lengths calculated from the

ray tracing data. The edge focal focal length was not actu-

ally measured. Can we make a more direct, physical mea-

surement? To isolate the edge focusing in a beam-based

measurement, we operate the PSR with the vertically fo-

cusing quadrupoles at 0 A. To provide stable beam with

this set up, the horizontally focusing quadrupole current

(BEMP02) needs to be dramatically reduced so as to not

overcome the edge focusing in the vertical. The improved

model indicates that there are several regions of transverse

stability, Fig. 4.

We measured the betatron tune at several stable points

with reduced horizontally focusing quadrupole current

and compared them with predictions from the improved

model, Fig. 4. Note that even with the vertically focusing

quadrupoles turned off, the improved model does a decent

job at reproducing the measured vertical tunes, much bet-

ter than the baseline model. Of course, we would like the

model to yield closer results. Also note the greater discrep-

ancy between the measured and model horizontal tune, as

much as 0.03. This may be an indication that the current

to gradient length conversions used in the model for the

horizontally focusing quadrupoles do not work well due to

a lack of magnet mapping data for such low currents and

that we need to add the residual field effect in the vertically

focusing quadrupoles.

Figure 5 compares the measured and model phase for

horizontally focusing quadrupole current 89.4 A. Note in

the vertical, both the phase advance from the first BPM

after injection and the BPM-to-BPM phase advance de-
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BPM2BPM Phase Advance

Phase Advance from BPM 2

Figure 5: (Color) Difference in phase advance from the

first BPM after injection (BPM 2 and 22, green) and the

difference in BPM-to-BPM phase advance (blue) between

measured and improved model at focusing quadrupole cur-

rent 89.4 A. ORM BPM indexing convention is used as

described in Fig. 2.

viation between the improved model and measurement is

much smaller than in the horizontal.

We need to refine the improved model horizontal tune

and phase predictions prior to fitting the edge focusing in

the vertical. In continuing studies, we intend to fit the hor-

izontally focusing quadrupole strengths to the measured

horizontal tunes and then fit the FINT for each of the five

PSR rectangular dipole types to match the measured verti-

cal phase advance. Because the improved model performs

well for normal operating conditions, we expect only a few

percent adjustment to refine the improved model FINT.

CONCLUSIONS

We corrected the PSR linear model by engineering the

FINT to yield the same focal length as found by tracing

parallel rays through 3D magnetic fields resulting from

TOSCA simulations. We compared linear lattice functions

predicted by the improved model with measurement, in

particular the betatron tune and phase advance. Although

the improved model is better than the baseline model, we

realize that we did not directly measure the FINT. To iso-

late the edge focusing in measurement, we operate the PSR

without vertically focusing quadrupoles. We compare im-

proved model predictions with measurements of the tune

and find the model reproduces the measured vertical tunes

well but not the horizontal. We need to correct the horizon-

tal model before we can reliably fit the FINT.

REFERENCES

[1] K.L. Brown, SLAC-75 (1967).

[2] J. Kolski, Ph.D. thesis, unpublished (Indiana University

2010).

TUPAC19 Proceedings of PAC2013, Pasadena, CA USA

492C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 Beam Dynamics and Electromagnetic Fields

D01 - Beam Optics - Lattices, Correction Schemes, Transport, Spin Dynamics



COHERENT SPACE CHARGE TUNE SHIFT MEASUREMENTS IN THE

LOS ALAMOS PROTON STORAGE RING
∗

J. Kolski† , R. Macek, and T. Spickermann, LANL, Los Alamos, NM, 87545, USA

Abstract

The coherent space charge tune shift describes the av-

erage frequency shift experienced by particles due to the

effects of the beam’s image charge and current and is pro-

portional to the instantaneous beam current. For long beam

pulses like the 290 ns long accumulated beam bunch in the

Los Alamos Proton Storage Ring (PSR), we can observe

the change in the coherent space charge tune shift longi-

tudinally along the pulse. We measure an asymmetric be-

tatron tune profile about the bunch center even though the

beam current profile is symmetric about the peak intensity.

In addition, we observe the coherent space charge tune shift

to vary as a function of turn during a store. Quality mea-

surements of the coherent space charge tune shift may pro-

vide a unique handle on interesting physics including wake

field effects and electron cloud (EC) buildup. We digitize

the vertical sum and difference signals from a beam posi-

tion monitor, stack the digitized vector turn-by-turn, and fit

the tune for each slice (0.5 ns digitization bin) along the

pulse after a single-turn vertical kick. We compare the dif-

ference between the measured/fitted tune and the measured

bare tune with the theoretical tune shift and infer a charge

neutralization, which we relate to the EC density along the

pulse and buildup in turn number.

INTRODUCTION

The coherent space charge tune shift (measured tune −

bare tune) is due to image charge and current effects[1, 2],

∆νy = −

rpN

πβ2γ

[

β̄y(ring)

2γ2Bfh2
(1− η) +

π2β2C2β̄y(bend)

24g2

]

,

(1)

where rp and N are the classical proton radius, number of

protons, β and γ are the relativistic Lorentz factors, β̄y is

the average beta function either around the ring or in the

dipoles, and Bf , h, η, C2, and g are the bunching factor

(average / peak or instantaneous current), beam pipe radius,

beam neutralization, fraction of circumference occupied by

dipoles, and the dipole half gap respectively. The first term

in Eq. (1) describes the dependence of the coherent tune

shift on the instantaneous current, while the second term

relates the contribution from the average current. For the

PSR, the second contributes ∼15% to the tune shift[1].

We construct a simple simulation of the coherent space

charge tune shift using the model in Eq. (1) and a mea-

sured beam profile, Fig. 1. To match our measurements

∗Work supported by in part by United States Department of Energy

under contract DE-AC52-06NA25396. LA-UR 13-27452.
† Electronic address: jkolski@lanl.gov

Figure 1: (Color) Simulation of tune distribution along the

pulse using coherent space charge tune shift model Eq.

(1) (contour) and measured longitudinal beam profile (blue

line).
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Figure 2: (Color) Measured tune distribution along the

pulse (contour) and the last turn beam profile (dashed ma-

genta line).

(described later), we divide the beam longitudinally into

0.5 ns slices. Initially the simulated beam centroid is off-

set transversely to produce coherent betatron oscillation,

then the transverse beam centroid position is tracked for

420 turns. The FFT along turn for each slice’s position

yields the tune. The simulation results in a symmetric tune

distribution along the bunch as expected because the beam
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profile is symmetric about the peak. Compare simulation

with the measured coherent tune shift along the bunch, Fig.

2. Note that the measured tune distribution has much larger

spread for slices on the leading edge than in simulation.

This is because the tune for these slices is actually chang-

ing over the domain of the FFT.

From the model, we expect a symmetric tune distribu-

tion about the center of the bunch because the beam profile

is symmetric about the bunch, but the measured tune dis-

tribution along the bunch is asymmetric about the bunch

center. Note, the greatest discrepancy between model and

measurement, particularly the magnitude of the tune FFT,

occurs on the trailing edge. The difference could be due to

many physical effects not included in the simple coherent

space charge tune shift model of Eq. (1): EC multipactoring

and neutralization, wake fields, etc. A recent study from

Cornell[3] relates the coherent tune shift to beam neutral-

ization due to the EC and changing tune shift along a train

of bunches to EC build up. We will concentrate our efforts

on determining the EC density.

The PSR is a harmonic one machine with only one beam

bunch in the ring. For the purposes of EC buildup, the

PSR beam can be thought of as a train of 100s - 1000s

of bunches, so we may be able to relate changing coherent

tune shift turn-by-turn to EC buildup. The PSR bunch is

also a long 290 ns bunch, so we may be able to relate dif-

ferent coherent tune shifts along the bunch to EC density

variations and gain insight into pinch dynamics and multi-

pactoring of the EC.

MEASUREMENT AND ANALYSIS

To observe the coherent space charge tune shift, the

beam must undergo coherent transverse motion, which we

induce using a single-turn kick during a beam store after ac-

cumulation. The beam store is typically 200 - 400 µs. We

digitize beam position and current signals at 2 GS/s (0.5 ns

binning). Each digitization bin is a slice along the bunch.

The digitized signal is stacked turn-by-turn such that all

data for one slice is in the same row of the data matrix [#

of slices, # of turns]. FFTs of data for each slice produced

the contour in Fig. 2.

Hundreds of turns are required for precise frequency re-

sults from an FFT. The tune changes much faster, so we fit

the position to a cosine to obtain the tune,

xn = A cos (2πν(n− 1) + φ) +O, (2)

where A, ν, n, φ, O are the amplitude, tune, turn index,

phase, and offset respectively. To observe the tune change

as a function of turn for each slice, we fit 30 turns. We step

the domain of each successive fit by 10 turns to smooth the

tune change as a function of turn. The tune fit is very good,

typically yielding a fitting uncertainty ∼ 10−3.

We observe small but measurable changes in the tune as

a function of turn number. Figure 3 shows the fitted tune

as a function of fit number for slice 300. It is clear that we

can measure a changing tune, but we are really interested

in observing a change in beam neutralization.
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Figure 3: Fitted tune as a function of fit number (10 turn

steps) after a single-turn kick for slice 300 (∼25 ns in front

of the peak) with one rms fitting uncertainty.
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Figure 4: (Color) Normalized tune shift as a function of

fit number for several slices along the bunch with one rms

uncertainty. Slice 350 is the center of the bunch.

For the preliminary analysis and results reported in this

paper, we note that the coherent space charge tune shift for

a slice is proportional to the instantaneous current and sim-

ply normalize the measured tune shift for a slice to the av-

erage current during the fit for the slice to obtain a quantity

proportional to the neutralization. If we observe the nor-

malized tune shift measurably vary, we can conclude that

the beam neutralization varies as well. We plot the normal-

ized tune shift verses fit number for several slices in Fig.

4. The trend in the normalized tune shift is different for

each time slice along the bunch. Note the normalized tune

shift for slices 325 and 375, which are symmetric about the

peak, has distinctly different slopes. We observe a steeper

trend for slices located in front of the peak and observe lit-
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tle change in the slices on the trailing edge, which is similar

to the measured tune distribution in Fig. 2.

Because the PSR bunch is a long 290 ns, in this mea-

surement, we can also observe the measured normalized

tune shift for each slice along the bunch as a function of fit

number (turn number), Figs. 5 and 6.

Figure 5 plots the results for a bunched PSR production-

like beam. Note the first fit after the single-turn kick yields

a consistent normalized tune shift along the bunch. This

is as expected if the neutralization along the bunch is con-

stant. The structure along the bunch of the normalized tune

shift is much more complicated 400 turns later. Note again

the difference between leading and trailing edge. There are

low frequency oscillations on the leading edge and high

frequency oscillations on the trailing edge. This may be

an indication of EC density variation along the long PSR

bunch with EC pinch dynamics on the leading edge and

multipactoring on the trailing edge.

Figure 6 plots the results for an accumulated bunched

coasting beam with RF buncher off. Again, we observe

for the first fit after the single-turn kick a constant normal-

ized tune shift. Also notice the structure in the last fit, 800

turns after the single-turn kick. The spikes on the trail-

ing edge start growing about 600 turns after the single-turn

kick. Since the RF buncher is off, there is considerable

beam in the gap between turns. This provides a very dif-

ferent beam potential that effects both EC pinch dynamics

and multipactoring.

CONCLUSIONS

We measured the coherent space charge tune shift in

the PSR. We digitized beam position and current signals

at 2 GS/s, where each 0.5 ns digitization bin constitutes a
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Figure 5: (Color) The measured normalized tune shift im-

mediately after the single-turn kick (green) and 400 turns

later (blue) as a function of slice along the bunch for

bunched production-like beam with the RF buncher on and

the last turn beam profile (red).
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Figure 6: (Color) The measured normalized tune shift im-

mediately after the single-turn kick (green) and 800 turns

later (blue) as a function of slice along the bunch for

bunched coasting beam with RF buncher off and the last

turn beam profile (red).

slice longitudinally along the beam, stacked the beam sig-

nal turn-by-turn, and took an FFT along position for each

slice to obtain the tune. We induced coherent transverse

motion with a single-turn kick during a beam store after

accumulation. We compared model and simulated tune dis-

tributions along the pulse and found the measured tune dis-

tribution was asymmetric about the peak even though the

beam profile was symmetric.

We show the ability to measure small changes in the tune

shift as a function of slices along the bunch and turns by

fitting 30 turns of beam position to a cosine. When we

take into account the instantaneous current, we observe a

quantity proportional to beam neutralization that also varies

with turn and slice along the bunch indicating EC density

variations.

We have not positively identified the changing tune shift

to be neutralization due to the EC. Further work to be done

includes acquiring coherent space charge tune shift data at

different beam intensities and bunch lengths and using Eq.

(1) in the analysis to solve directly for the beam neutral-

ization instead of simply normalizing the tune shift to the

instantaneous beam current.
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PERFORMANCE COMPARISONS OF EMITTANCE-EXCHANGER
BEAMLINES ∗

C.R. Prokop 1, P. Piot 1,2, B.E. Carlsten 3, M. Church2

1 Department of Physics, Northern Illinois University DeKalb, IL 60115, USA
2 Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
3 Los Alamos National Laboratory, Los Alamos, NM, 87544, USA

Abstract
Earlier experiments at Fermilab’s A0 Photoinjector Lab-

oratory demonstrated successful transverse-to-longitudinal
emittance exchange (EEX) using a transverse-deflecting
cavity (TDC) located between two identical doglegs. Such
a design has the disadvantage of transversely displacing the
beam. An alternative is an EEX beamline designed out of
a variable R56 bunch compressor chicane. In this paper,
we present designs and simulation comparisons for sev-
eral emittance-exchanger beamlines, including the double-
dogleg and chicane designs, as well as variations of the chi-
cane design that allow for increasing its dispersion which
proportionally decreases the field-strength requirements on
the TDC. These comparisons are performed with PIC mod-
els of space charge and coherent synchrotron radiation.

INTRODUCTION
Transverse-to-longitudinal “emittance exchangers”

(EEXs) allow for the exchange of a particle beam’s
transverse and longitudinal phase spaces. [1, 2] An early
emittance exchanger design consisting of a transverse
deflecting cavity (TDC) between two identical doglegs,
each comprised of two opposite dipoles and a drift, was
demonstrated at Fermilab’s A0 Photoinjector Labora-
tory [3, 4]. A major disadvantage of such a configuration
is its resulting offset of the beam’s direction, which has
significant impact on linac design as an elaborate disper-
sion correction scheme would be needed to operate the
beamline in its non emittance-exchanging configuration.

A modification of the original design, based on a
variable-R65 chicane, allows for the exiting beam to re-
main in-line with the incoming beam [5]. Furthermore,
this design allows for almost-arbitrary adjustment of the
dispersion at the TDC location, which reduces its power
requirements. In this paper, we present three phase-space
exchanger designs and performance comparisons between
them.

We use two sets of beam parameters for these studies.
The first is based on a study of partially compressed beams
at ASTA [6], while the other is a smaller set of emittances
used for comparisons with reduced second-order effects.
Both are presented in Table 1.

∗Work supported by LDRD project #20110067DR and by the U.S.
DoE Contract No. DE-FG02-08ER41532 with NIU and No. DE-AC02-
07CH11359 with Fermilab.

Table 1: Initial Beam Parameters

Parameter symbol Value Value Units
(case 1) (case 2)

hor. emittance εx,0 10.0 1.0 µm
vert. emittance εy,0 10.0 1.0 µm
long. emittance εz,0 39.1 10.0 µm

bunch length σz,0 0.8 0.4 mm
LPS chirp Cz,0 0.0 0.0 m−1

OVERVIEW OF PHASE SPACE
EXCHANGER DESIGNS

In this Section we summarize the properties of the three
beamlines considered through out this paper. Each of
the designs must generally satisfy three different require-
ments [7]. For the dispersive section upstream of the TDC,
M−, we must control of the upstream dispersive section’s
x dispersion, η−, and its derivative, η−′. For TDC sec-
tion, MTDC , we must control the strength of the TDC as
κ = − 1

η−
, operated at zero-crossing. For the downstream

section, M+, the dispersive section’s transfer matrix must
be finely controlled such that the properties satisfy

D+ =

(
R11,+ R12,+

R21,+ R22,+

)
D−, and (1)

κ = −1/η−. (2)

where the + and − signs refer to values associated to re-
spectively the downstream and upstream dispersive sec-
tions and D̃ ≡ (η, η′ ≡ dη/ds) is the dispersion vector.

The most basic design is the Double Dogleg EEX
(DDEEX), of a design similar to that implemented at A0.
The dispersion η of each dogleg is 0.5 m, and the TDC is
centered between the upstream and downstream doglegs.
An accelerating-mode cavity is placed immediately down-
stream of the TDC to correct for the R65 term [8]. The
dipoles are rectangular, and the exact lengths and distances
are described in Fig. 1.

A similar design is a the Nominal-Dispersion EEX
(NDEEX), in which the bend angles and geometry of each
dogleg are the same, except the bend angles of one of them
are reversed such that it forms a chicane rather than a pair
of symmetric doglegs. Quadrupoles are placed inside the
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chicane between each of the existing elements, which al-
low for specific tailoring of the transfer matrix of the up-
stream and downstream doglegs. The quadrupole magnets
are used to adjust the sign of the dispersion the upstream
dogleg, while those of the downstream dogleg are used
to meet the new requirements on the transfer matrix. For
the simplest case, we choose the new dispersion of the up-
stream dogleg, M−, to have the same magnitude as that of
the DDEEX, i.e. η− = −0.5. Diagrams of the DDEEX
and NDEEX designs are presented in Fig. 1.

Figure 1: The DDEEX (top) and chicane-like (bottom)
emittance-exchanger configurations. The TDC is centered
between B2 and B3, and an accelerating mode cavity is
placed immediately downstream.

The boosted-dispersion EEX (BDEEX) uses the same
components and configuration of the NDEEX chicane.
Rather than using the quadrupole magnets inM− to change
only the sign of its dispersion, we increase its magnitude
as well, while correspondingly adjusting the downstream
transfer matrix.. This has the crucial advantage of de-
creasing the requirement on the cavity kick-strength, as per
Eq. 2. As the dispersion η− increases, the requirements on
η+ become more difficult to satisfy while keeping the beam
envelope well-constrained. We explore boosted values of
2η− to 6η−.

Table 2: Beamline Parameters of the EEX Configurations
in Fig. 1

Parameters Value Units
Dipole Length 0.30 m
Bend Angle ±18 degrees

Beam Energy 50 MeV
|η−| [0.5, 1.0, 1.5,2.0,2.5,3.0] m
|η′−| 0.0 m
|κ| [ 2.0,1.1,0.66,0.5,0.4,0.33] m−1

The exchanger beamlines were optimized in the simula-
tion code ELEGANT [9], and then imported into IMPACT-
Z [10], which allows for the implementation of SC ef-
fects with a three-dimensional PIC model, and with a one-
dimensional model of CSR [11].

Figure 2: Contour plots comparison of three models
(DDEEX (a,d), NDEEX (b,e), and BDEEX(c,f)) with
IMPACT-Z for 0 nC for both Fx→z (a-c) and Fz→x (d-f),
as functions of the C-S parameters at the EEX entrance,
βx,0 and αx,0.

BEAMLINE COMPARISONS
As a way to measure the relative performance of the

various configurations, we performed scans of the initial
Courant-Snyder (C-S) parameters, βx,0 and αx,0 at the en-
trance of the EEX. This is required to account for varying
optics between each of the configurations and the second-
order effects of varying strengths that result from the dif-
fering optics.

We compare the core emittance exchanger designs for
equivalent doglegs with dispersion of |ηx| = 0.5m, and
the BDEEX design for |ηx| = 1.0m. Units for the color
scales are µm when presenting the normalized emittances,
mm for RMS bunch sizes, and unit-less when presenting
the “exchange quality”, Fx→z ≡ εz,f

εx,0
and Fz→x ≡ εx,f

εz,0
,

where perfect emittance exchange occurs at F = 1. We
also define the term “acceptance” with regards to the range
over which the emittance exchange quality is near unity.

In Fig. 2, the DDEEX, NDEEX, and BDEEX are com-
pared for the case of no collective effects. Boosting the
dispersion causes a notable decrease in the acceptance of
initial C-S parameters, as the quadrupole settings within
the chicane cause the transverse beam sizes to be more er-
ratic along the beamline.

When SC+CSR are introduced for a 1 nC bunch, as
shown in Fig. 3, the acceptance is reduced for all three
configurations. Comparisons of σz to the contour plots for
the emittance exchange quality reveal a significant degra-
dation to the emittance exchange quality that occurs when
the beam size is at its minimum, i.e. when the final LPS is
upright, a vital part of achieving optimal beam shaping.
This indicates a significant barrier to achieving optimal
shaping while also achieving optimal emittance exchange,
and that there is some significant trade-off that must be de-
termined when setting the EEX settings.

DISPERSION BOOSTING
Boosting the dispersion up to 6x of the nominal value

(in this case, 3.0 m) introduces significant complications to
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Figure 3: Contour plots comparison of three models
(DDEEX, NDEEX, and BDEEX(2×) with IMPACT-Z for
0 nC for both Fx→z and Fz→x, as functions of the C-S
parameters at the EEX entrance, βx,0 and αx,0.

beam control. As the x transfer matrix in the second dog-
leg must be controlled to specifically satisfy the basic re-
quirements for perfect emittance exchange, the y dynamics
becomes difficult to control. For an example of optimized
functions (via the same method of C-S scans presented ear-
lier), see Fig. 4, using both ASTA and A0-style beam emit-
tances.

Figure 4: Horizontal dispersion ηx (left), σx (middle), and
σy (right) along the NDEEX and BDEEX designs for η− =
0.5 m (blue), 1.0 m (red), 1.5 m (green), 2.0 m (magenta),
2.5 m (yellow) and 3.0 m (black).

The key difference between these simulations and those
of the nominal-dispersion and double-boosted-dispersion is
that σy is large and divergent, in addition to σx, which is
large and divergent due to the kick from the TDC. Switch-
ing to smaller emittances reduces the beam size and the
resultant emittance growth from second-order effects; see
Table 3.

The key feature of dispersion boosting is the reduced re-
quirements on the TDC, so while the quadrupole strengths
are increased, the transverse beam size is less dominated
by the TDC kick. The trade-offs that must be considered

Table 3: Quality of Emittance Exchange for Various
Dispersions using the BDEEX Configuration, along with
Which Emittances were Used

η− (m) Beam Type Fx→z Fz→x
0.5 1 1.00 1.00
0.5 2 1.00 1.00
1.0 1 1.04 1.02
1.0 2 1.01 1.00
1.5 1 1.08 1.01
1.5 2 1.01 1.000
2.0 1 2.407 1.05
2.0 2 1.22 1.000
2.5 1 10.42 1.12
2.5 2 3.43 1.01
3.0 1 79.98 1.75
3.0 2 25.35 1.04

are not simple, and depend greatly on both initial bunch
length and transverse emittances. Dispersion-boosting up
to 3x of the baseline dispersion is possible with ASTA-
scale beam parameters, but greater dispersion is feasible
for lower emittance regimes.
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ION BEAM CHARGE NEUTRALIZATION BY FERROELECTRIC
DISCHARGE PLASMA ∗

A.D. Stepanov, E.P Gilson, L.R. Grisham, R.C. Davidson
Princeton Plasma Physics Laboratory, Princeton, New Jersey, 08543, USA

Abstract
Space-charge forces limit the possible transverse com-

pression of high perveance ion beams that are used in ion-
beam-driven high energy density physics applications; the
minimum radius to which a beam can be focused is an
increasing function of perveance. The limit can be over-
come if a plasma is introduced in the beam path between
the focusing element and the target in order to neutral-
ize the space charge of the beam. This concept has been
implemented on the Neutralized Drift Compression eX-
periment (NDCX) at LBNL using Ferroelectric Plasma
Sources (FEPS). In experiments at PPPL, a perveance-
dominated ion beam was propagated through a FEPS and
the transverse beam phase space was measured with a slit-
slit emittance scanner to characterize the effect of charge-
neutralizing plasma on beam divergence.

INTRODUCTION
To reduce the divergence of high-perveance ion beams

due to space charge, electrons can be introduced into the
beam volume. In most experimental applications, electrons
are produced by ion impact ionization of background gas
and from secondary electron emission (SEE) from surfaces
impacted by the beam. Electrons become confined the elec-
trostatic potential well of the ions, reducing the magnitude
of the potential well, which decreases until equilibrium is
established between electron production and loss rates. For
charge neutralization by ionization of background neutrals,
this process typically takes 50 µs.

For charge neutralization of pulsed ion beams with du-
ration < 100 µs, a volume plasma can be introduced into
the beam path to provide electrons. Ferroelectric Plasma
Sources (FEPS) can produce volume plasmas with low
electron temperatures, and have been used successfully on
NDCX-I to neutralize the space charge of a converging
high-perveance ion beam pulse. Herein, experiments on
charge neutralization of a 32-42 keV Ar+ beam with a
plasma produced in a ferroelectric discharge are presented.

FERROELECTRIC PLASMA SOURCES
Ferroelectric materials (FE), such as PZT and (BaTiO3)

are characterized by a high relative dielectric constant
(εr > 1000) and the presence of a spontaneous electric
polarization. It was found that under the application of a
fast-changing electric field, high electron current densities
are be emitted from the FE surface [1, 2], and plasma can

∗This work is supported by US DOE contract DE-AC02-09CH11466

be produced. Plasma sources based on BaTiO3 have been
built for use on NDCX-I/II [3] for ion beam charge neutral-
ization. The basic configuration of a ferroelectric plasma
source (FEPS) is a slab of ferroelectric material placed be-
tween two flat electrodes, one of which is perforated. When
a fast-rising voltage pulse (∼ 5 kV) is applied between the
electrodes, a plasma is formed at the side of the perforated
electrode at points of juncture between metal, ceramic, and
vacuum. In addition, gas desorption occurs during FEPS
discharge, which most likely plays a role in plasma forma-
tion. The precise mechanism of operation of FEPS is still
under investigation [4].

EXPERIMENTAL SETUP

z

x

x1

x2

slit 1 slit 2
FEPS

13 cm

24.6 cm

40.1 cm

Plasma

Source

+V_accel -V_sup

Figure 1: Diagram of the beamline used in the experiment.
An Ar+ beam, extracted from a plasma, propagates through
a cylindrical FEPS. Downstream of the FEPS, the beam is
intercepted by a two-slit emittance scanner which is used
to measure the transverse current distribution of the beam.

The experiments were carried out on the Princeton Ad-
vanced Test Stand (PATS) at PPPL. Ar+ ions are extracted
from an RF-driven plasma and formed into a beam with a
3-electrode, accel-decel extraction system with gap length
d = 1.1 cm and plasma aperture with radius rB = 1.5 mm.
The plasma is generated in a multicusp RF source with an
internal antenna [5], driven by a pulsed RF power supply.
Ion current density up to 28 mA/cm2 can be extracted. Ac-
celerating potential Vaccel (30-60 kV) is supplied by an HV
pulser [6].

The ion beam exits the accelerator through a grounded
aperture at z = 0. At z = 13 cm, the beam enters a 10.1 cm
long FEPS with an inner diameter of 7.62 cm. After the
FEPS, the beam is intercepted by a slit-slit emittance scan-
ner. The slits, located at z1 = 24.6 cm and z2 = 40.1 cm,
are 2.5” long, 0.1 mm wide, and oriented horizontally. The
second slit, referred to as the slit-cup, has a Faraday cup
(FC) with SEE suppressor grid mounted directly behind it
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for measuring ion current. Both slits are mounted on lin-
ear motion feedthroughs and can be moved in the vertical
direction. The feedthroughs are driven by stepper motors,
which provide positioning accuracy better than 0.1 mil.
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Figure 2: Waveforms of plasma density (blue trace), ac-
celerating potential Vaccel (black trace, 1 V = 10 kV), and
FC current IFC (red trace, 1 V = 1 µA) measured with
the slit-cup positioned on beam axis. Vaccel = 42 kV and
IB = 0.7 mA. FEPS was triggered at t = 350 µs. Plasma
density is inferred from plasma light emission intensity.

The emittance scanner diagnostic provides y−integrated
measurements of the transverse distribution f(x, vx, y, vy).
The first slit can be moved out of the way, so the beam is
intercepted by the slit-cup only. Then, y−integrated trans-
verse current density profiles IFC(x2) =

∫
j(x2, y)dy at

z = z2 = 40.1 cm can be obtained by recording IFC

for a range of slit-cup positions. If the beam is made to
pass through both slits, then the current IFC(x1, x2) will
be due to beam ions with x = x1 and transverse angle x′ =
(x2−x1)/D, whereD = z2−z1 = 15.5 cm is the z− dis-
tance between the slits. In this way, the y− integrated trace-
space distribution f(x, x′) at z = z1 = 24.6 cm can be
measured.

In the experiment, ion beam pulses were generated every
2 seconds, with 200 µs-long RF and Vaccel pulses applied
concurrently. Afterglow plasma from an earlier RF pulse
(from t = −180 µs to t = −30 µ s) was used as source
of electrons to improve RF breakdown and plasma density
rise-time. The FEPS was triggered 100 µs after the start of
beam pulse. Typical waveforms of IFC(t), Vaccel(t) and
plasma density are shown in Fig. 2.

EXPERIMENTAL RESULTS
In general, the beam divergence was greatly reduced

when the FEPS was triggered, as can be seen in Fig. 2,
showing IFC(t) for the slit-cup positioned on the beam
axis. The increase in current after the FEPS is triggered
at t = 350 µs, corresponds to the narrowing of the beam
profile. IFC(t) reaches a maximum 15 µs after the FEPS
discharge. Data from slit-cup profile scans and trace-space
scans is used to investigate the timing and duration of

charge neutralization and the minimum beam divergence
that can be attained.
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Figure 3: Transverse current density profiles IFC(x2)
taken with the slit cup at different times in the shot.

In the analysis, the effectiveness of neutralization is char-
acterized by a decrease in beam divergence. For an ion
beam extracted from a free plasma boundary, experimen-
tally measured divergence is due several factors. The beam
will expand due to space charge, characterized by gener-
alized perveance Q = (1/4πε0)

√
M/2eIB/V

3/2
accel, and

transverse emittance ε, due to finite temperature of plasma
ions. These effects are included in the envelope equation
for r(z):

dr2

dz2
=
Q

r
+
ε2

r3
(1)

Equation (1) can be solved numerically with initial con-
ditions (r, r′) at z = 0, which correspond to initial beam
radius and divergence at the exit of the accelerator. In a
plasma ion source, beam current and accelerating potential
can be controlled independently, and the initial divergence
of the beam depends on the perveance match. According
to [7], the divergence angle ω = 0.29S(1 − 2.14Q/Q0),
where S is the aspect ration of the extraction gap and Q0

is the optimal perveance. The optimal divergence that was
obtained experimentally in [7] was 1.2◦, as measured by
1/e Gaussian half-width.

In order to compare experimental results to the enve-
lope model, transverse current density profiles I(x) are
measured with the slit-cup for beam energies of 32, 38,
and 42 kV, and beam currents from 0.4 to 0.8 mA. Time
evolution of total current IB(t) and HWHM profile width
xHWHM (t), calculated from profiles of I(x), is shown
in Fig. 4. IB(t) remains the same before and after the
FEPS is triggered, except for the dip in at 350 µs due to
electrical noise from the FEPS HV pulse. The curve of
xHWHM (t) shows that before neutralization, xHWHM (t)
reaches steady state quickly. After the FEPS is triggered,
xHWHM (t) decreases to a minimum at t = 365 µs, and
then increases but remains smaller than before neutraliza-
tion. Transverse current density profiles at different times
are plotted in Fig. 3.
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Figure 4: Time evolution of total beam current IB (black
trace) and xHWHM (blue trace) computed from slit-cup
profile data for Vaccel = 42 kV, IB = 0.7 mA

Beam divergence, characterized by half-width, half-max
of profiles I(x) is plotted as a function of Q in Fig. 5
before neutralization (t = 340 µs, blue dots) and at op-
timal neutralization (t = 365 µs, red dots). Beam ra-
dius rB(Q) calculated from the envelope equation with
r(z = 0) = 0.15 cm and r′(z = 0) = 0 is shown for com-
parison. For the unneutralized case, xHWHM monotoni-
cally increases withQ, consistent with space charge expan-
sion. For the neutralized case, xHWHM vsQ has the shape
of a perveance curve with a minimum at Q ' 2.9× 10−4,
suggesting that beam divergence is due to perveance match
in the accelerating gap. At optimum perveance, the 1/e
Gaussian half-width divergence angle is equal to 0.87◦.

This angular divergence is close to optimal divergence
of 1.2◦ obtained in [7] with a DC ion beam neutralized by
ionization of neutral gas. This suggests that observed di-
vergence is due to initial divergence at the exit of the accel-
erator, and that the beam propagated with Qeff ' 0 from
the source to the diagnostic. This means that that electrons
from the FEPS plasma filled the volume of the whole beam
and the beam propagated ballistically. This is evident from
measurements of the trace-space distribution f(x, x′) with
the two slit method.

In order to visualise the shape of the beam ellipse in x−
x′ trace-space, a transformation x′ → x′2 was applied:

x′2 = x2 −
D2 +D1

D1
x1 = x2 − 1.61x1 (2)

Here, D1 and D2 are distances from the extractor to the
first and second slits respectively. With this transforma-
tion, the horizontal line x′2 = 0 corresponds to the two slits
being positioned on line-of-sight to the extractor. In Fig.
6, results of trace-space measurements are shown, compar-
ing an unneutralized beam with the beam during optimal
neutralization, which occurs 15 µs after the FEPS is trig-
gered. The unneutralized beam has greater laminar diver-
gence than lines-of-sight to the extractor, with the appar-
ent source point located at z = 3.6 cm. This is consistent
with space-charge expansion, when divergence angle r′ in-
creases with z. In the neutralized case, the beam trajecto-

0 1 2 3 4 5

x 10
−4

0

2

4

6

8

10

12

14

16

18

20

Q

x
H

W
H

M

 

 

32 kV

38 kV

42 kV

32 kV

38 kV

42 kV

env

solution

Figure 5: Profile widths characterized by xHWHM versus
generalized perveance Q for unneutralized (blue) and neu-
tralized (red) cases at z = 40.1 cm. The solution to the
envelope equation rB(Q) (black) is also plotted.

Figure 6: Trace-space data a) before neutralization (t =
340 µs) and b) after neutralization (t = 365 µs). The hor-
izontal line x′2 = 0 corresponds to straight ion trajectories
from the extraction aperture of the ion beam to the diagnos-
tic.

ries are more convergent than lines-of-sight to the extractor,
with the apparent source point located at z < 0. This indi-
cates that the ion beam was completely charge-neutralized
by FEPS plasma.
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IDENTIFICATION OF INTRA-BUNCH DYNAMICS USING CERN SPS
MACHINE MEASUREMENTS∗

Ozhan Turgut† , John Cesaratto, John Dusatko, John D. Fox
Kristin Pollock, Claudio Rivetta, SLAC, Menlo Park 94025, USA

Abstract
Modern control techniques can be used to design feed-

back systems for stabilizing the intra-bunch dynamics in
the presence of electron cloud (ECI) and transverse mode
coupling (TMCI) instabilities. These techniques require
reduced models of the bunch dynamics. We present a
methodology to identify reduced order linear models repre-
senting single bunch dynamics using CERN SPS machine
measurements. Vertical motion, in response to a wideband
excitation signal, is sampled multiple times across the 5 ns
bunch. The data and an observable canonical structure [1]
are used to identify the dynamics, which is represented as
a discrete time multi-input multi-output (MIMO) system.
We focus on mode 0 (barycentric) and mode 1 (head-tail)
data to identify a reduced order model. Results show that
models clearly capture dominant dynamics and replicate
machine measurements with corresponding central tune,
damping value for each mode and correct separation be-
tween the modes.

INTRODUCTION
Electron cloud and machine impedance can cause intra-

bunch instabilities [2]. Modern control techniques can be
used to mitigate these problems but require reduced order
models of intra-bunch dynamics to design optimal and ro-
bust controllers for wideband feedback systems [3]. We
use system identification techniques to estimate parame-
ters of linear models representing single bunch dynamics.
We briefly explain the reduced order model and identifica-
tion method. Experimental data was collected from a single
bunch with 1×1011 protons at 26 GeV with low chromatic-
ity configuration at CERN SPS. This paper includes results
from mode 0 and mode 1 dynamics analysis but the meth-
ods are in principle applicable to N modes.

MODEL AND IDENTIFICATION
The physical system analyzed in this study is a nanosec-

ond scale SPS bunch. The interaction with the bunch is
done via control variables (momentum kick / driving sig-
nal) and measured variables (vertical displacement). The
control variables and measured variables are discretized to
represent the physical system in a MIMO form. The num-
ber of samples is arbitrary and depends on the sampling
rate of the data acquisition system. These studies use 3.2

∗Work supported by U.S. Department of Energy under contract DE-
AC02-76SF00515 and the US LHC Accelerator Research Program
† oturgut@stanford.edu

GS/s sampling rate allowing us to sample 16 different loca-
tions across 5 ns RF bucket [3]. The goal is to estimate the
intra-bunch dynamics using these input and output signals.

Reduced Order Model
Any linear dynamical system can be represented in state

space matrix form. A discrete time system sampled at every
revolution period k with p inputs and q outputs is:

Xk+1 = AXk +BUk

Yk = CXk

(1)

where control variable (external excitation) U ∈ Rp, ver-
tical displacement measurement Y ∈ Rq , system matrix
A ∈ Rn×n, input matrix B ∈ Rn×p, and output matrix
C ∈ Rq×n. For a MIMO system, the model order deter-
mines the complexity.

Identification
Identification of a linear dynamical system is done by

casting this problem into a linear least squares form. As-
suming full observability, we can represent our state space
in discrete time observable canonical form. This will en-
able us to estimate a minimum number of parameters [1].
However, even for linear systems there are two well known
limitations for identification. These are the effect of noise
and lack of persistent excitation.

Persistent Input
Input signal design and persistent excitation are critical

aspects of system identification. Given a quasi-stationary
input of uwith a dimension nu and with a spectrum φu(ω),
φu(ω) > 0 should hold for at least n distinct frequencies
for u to be a persistent excitation [4]. Random noise would
be ideal to excite all the modes in the system but requires
high excitation power and bandwidth. The hardware used
in these measurements puts constraints on both power and
bandwidth. The design of an input signal for identification
under given constraints becomes an important question for
the future studies.

Noise Sensitivity
Noise affects the performance of the identification, and

in certain cases can make identification impossible. We
can quantify the effect of the noise by adding noise on a
known system until the identification can no longer clearly
estimate the known dynamics. We drive a synthetic 2 ×
2 coupled MIMO system using a frequency chirp signal
with random noise added to the output signals. The effect
of noise is tested by running the identification algorithm
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Figure 1: Deviation of estimated natural tune and damping
of the 1st mode from the true value for different SNR val-
ues. Red line shows min SNR to get errors less than 10%,
green line is for errors less than 5%.

on input - output data as we increase the noise level. Pa-
rameters of the model and the corresponding modes of the
identified model are estimated for different noise cases. We
observe the effect of noise on the mode estimation by look-
ing at the natural frequency and damping values of the first
mode for different values of signal to noise ratio (SNR).
Figure 1 shows the impact of noise on estimation of system
parameters. For identification algorithm to perform well,
we need to have SNR >∼ 8.

APPLICATION : SPS MEASUREMENTS
In this case the persistent excitation condition is satis-

fied because we are analyzing the dynamics of mode 0 and
mode 1 excited by a chirp excitation, where the frequency
changes over 15000 turns.

Our data processing uses a time varying bandpass fil-
ter to improve SNR to ∼ 20. A window of 500 turns is
used to calculate corresponding center frequency of the fil-
ter, which follows the chirp excitation.

We focus on mode 0 (barycentric) and mode 1 (head-tail)
dynamics. Dynamics, input-output relation of momentum
kick and vertical displacement, can be defined by 2 cou-
pled 2nd order differential equations and represented as 2
× 2 MIMO system with p = 2, q = 2 and n = 4. As men-
tioned before the number of inputs and outputs depends on
the sampling across the bunch. Measurement data should
be arranged in such a way that we have 2 × 2 system. As
an initial approach we separate the bunch into two parts.
The samples lying in the first part (head) are represented
by a macro particle. Its motion is calculated by taking the
average motion of the all samples in the head. The same ap-
proach is used for the second part (tail) of the bunch. Sim-
ilarly we calculate an effective kick for the head and the
tail by using same technique. At each turn we calculate the
effective kick that the head and tail experience by averag-

Figure 2: Amplitude modulated momentum signal used to
kick particles in vertical plane. Each color represents the
kick applied at a single turn. Average kicks, o : head, ∗ :
tail.

ing the waveform between samples 1-8 and 9-16. Figure 2
shows 6 sequential traces (each represents a different turn)
of the momentum waveform across the bunch and corre-
sponding effective kicks for head and tail.

Results

In driven measurements we use both mode 0 and mode 1
excitations [3]. Excitations and corresponding bunch mea-
surements are used to estimate the parameters of the model.
In Fig. 3 the top left plot shows the vertical displacement of
the centroid of the head with measurements in blue and the
response of the model in red. The bottom left plot shows
the same for the tail. Note that our reduced order model is
linear time invariant. It cannot capture external perturba-
tions or parameter variations in the bunch. Still the enve-
lope of the amplitude of the centroid motions is captured
in the time domain. The figures on the right show mea-
surements and response of model in frequency domain. As
an example of external perturbation, we see modulations
in FFT data. One of mechanisms for these effects can be
tune modulation. From both the time and frequency do-
mains we observe that in this specific measurement, mode
0 is dominantly excited in the tail of the bunch. Although
it is a frequency chirp sweeping both mode 0 and mode 1
frequencies, the excitation signal was generated and time
aligned to dominantly excite mode 0. Figure 4 shows an-
other data with strong excitation of mode 1. On the left, we
see the RMS spectrogram of the driven measurement with
clear mode 0 and mode 1 excitation around turns ∼ 4000
and ∼ 9000. On the right side, we show the RMS spec-
trogram of bunch’s vertical motion predicted by reduced
model. The model is able to capture dominant characteris-
tics such as motions at mode 0 and mode 1 tune together
with the effect of chirp and mode 0 residual motion.
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Figure 3: Comparison of the reduced order models response with machine measurements in time and frequency domain.

Figure 4: On the left we see the spectrogram of physical measurement showing both chirp excitation where we excite
mode 0 and mode 1 around turns ∼ 4000 and ∼ 9000, respectively. On the right, we see the same excitation and analysis
applied to the reduced order model.

CONCLUSION
Control of intra-bunch instabilities via a wideband feed-

back control system with optimal control algorithms re-
quires a model of the intra-bunch dynamics. We show ini-
tial promising system identification results. We identify pa-
rameters of a reduced order model that captures mode 0
and mode 1 dynamics from CERN SPS machine measure-
ments. The natural tunes, damping values and the separa-
tion of modes associated with the motion seen in measure-
ments are estimated correctly using a linear model. Fu-
ture work is aimed at estimating more internal modes as
the wideband kicker is available late 2014. The techniques
used are also applicable to explore optimal and robust con-
trol techniques using nonlinear simulation codes [5].
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NONLINEAR BEAM DYNAMICS STUDIES OF HIGH-INTENSITY, 

HIGH-BRIGHTNESS PROTON DRIVERS * 

Saeed Assadi#, Karie Melconian, Peter McIntyre, Texas A&M University, College Station, TX

Abstract 

Space charge effects, beam losses, wake fields, and 

orbital control are significant collective effects that affect 

beam dynamics. The strong-focusing cyclotron 

incorporates helical orbits with a strong-focusing lattice 

and high-gradient cavities.  It makes it possible to fully 

separate orbits and suppress interaction between bunches 

on neighboring orbits.  We simulate nonlinear synchro-

betratron coupling and explore methods to use the tools of 

strong-focusing to suppress beam blowup mechanisms. 

INTRODUCTION 

The Accelerator Resarch Lab at Texas A&M Universi-

ty is developing designs for a strong-focusing cyclotron 

(SFC) as a high-current (12 mA CW) proton driver for 

ADS fission [1], production of medical isotopes, and neu-

tron damage studies [2].  The purpose of this paper is to 

explore how the unique features of the SFC can be used to 

control nonlinear dynamical effects that limit beam cur-

rent in accelerators. 

Particle motion in the SFC is described in terms of six 

phase space coordinates (x,x’,y,y’,ΔE,Δφ]. The lattice of 

the Strong Focusing Cyclotron (SFC) requires inclusion 

of longitudinal or synchrotron motion as one cannot de-

couple longitudinal and transverse planes past mid-plane 

analysis. In this case synchrotron motion causes modula-

tions of the parameters or forces and sidebands appear as 

a result in the tune space. The effects of synchrobetatron 

couplings and resonance-crossing should become domi-

nant as intensity increases or bunch length elongates.  

The SFC lattice combines periodic quad-focusing ele-

ments [FD] with common sector magnets and RF cavities, 

and in this respect it is similar to a combined-function 

synchrotron.  The orbits however are spirals, and dynam-

ics is strongly dependent on initial conditions, and in this 

respect it is similar to linacs.  This results in synchrotron 

sidebands [1] in the betatron motion with chromaticity as 

developed by Orlov [2] and synchrobetatron resonances 

caused by chromaticity as analyzed in a review by Suzuki 

[3]. The SFC lattice is highly regulated by the arrange-

ment of superconducting beam transport channels (BTCs) 

[4], Mobius-geometry RF cavities [5], and low-field su-

perconducting sector dipoles [6] to produce matched beta 

function [βx, βy], dispersion [D] and D’ to manage emit-

tances.  We simulate the SFC as a spiral transmission line, 

and we include forces from error fields, wake fields, cavi-

ty-coupling of bunches, and space charge.  

Designs have been developed for a 6-sector 100 MeV 

SFC (TAMU100, shown in Figure 1) and for a 12-sector 

800 MeV SFC (TAMU800) for which TAMU100 would 

serve as injector.  A key element of the SFC is its use of 

the beam transport channels (BTC), installed along the 

equilibrium trajectory or each orbit in each sector as 

shown in Figure 1b.  Each BTC contains an FD doublet of 

Panovsky quadrupoles (up to 6 T/m, used to local tune) 

and a window-frame dipole (up to .02 T, used to control 

isochronicity). 

Simulation of beam dynamics in both SFCs starts by 

tracking a 4D map of a bunch propagating through the 

lattice elements and interacting with EM fields, similarly 

to the kick codes COSY-INFINITY, Elegant, MADx, and 

CERN Mathematica. We have started with that frame-

work and added complexity to the simulation as the de-

sign progresses. The framework utilizes a combination of 

mathematical scripts based on COSY-INFINITY fed by 

Madtomma. Tracking is made using CSRtrack. Figure 2 

shows the elements of one cell of an SFC lattice. 

We impose a shell on the kick code that operates a sim-

ultaneous quadratic optimization, in which we can opti-

mize up to 48 variables that define the isochronous orbits. 

The framework has evolved to include space charge, 

chromatic effects, and evolution of bunch-length.  

Beam position monitors are provided in a gap at the end 

of each sector for each orbit. In the planning for commis-

sioning of TAMU100, we plan to inject low-power beam 

into the first two turns of the lattice with RF off and cap-

ture it on a retractable beam dump.  That will enable us to 

verify injection matching and BTC alignment before 

 ____________________________________________  

*Work supported by grants from the State of Texas (ASE) and the  

George P. and Cynthia W. Mitchell Foundation. 

# assadi@tamu.edu 

,  

Figure 1. a) 3-stack of 100 MeV SFCs, with cutaway to 
show superconducting cavities, BTCs, and orbits;  

b) detail of a sector dipole flux plate and the arced BTCs. 
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‘threading the needle’ of orbits with acceleration.  The 

retractable beam dump can also be traversed to dump the 

beam after any desired orbit.  

Figure 3 shows a first example of how the BTCs con-

vey benefit in optimizing the SFC. Figure 3a shows a 

reference orbit for TAMU100 in which the orbit was 

launched from the extraction point and tracked back to 

injection, optimizing for isochronicity, maintaining stable 

phase advance in all cells, and holding constant betatron 

tunes from injection to extraction to a favorable operating 

point. Figure 3b shows a second optimization in which 

the optimization of the first two orbits was added to the 

optimizer criteria.  

BEAM DYNAMICS STUDIES 

We have studied beam dynamics using the tools de-

scribed above.  We established that the BTC quadrupoles 

can be grouped into 6 families (3x, 3y) and still provide 

excellent control with which to set tunes to any desired 

operating point and hold it there throughout acceleration.  

We implemented a similarly grouped set of sextupoles 

at the exit from each sector to provide control of chroma-

ticity, and a set of beam position monitors that will enable 

us to develop a correspondence between simulation and 

actual operation of the accelerator.  With those tools, we 

proceeded to simulate the phase space dynamics of 

bunches, starting with low current and increasing to our 

design value.  

Figure 4 shows Poincare plots for the 1σ-5σ contours 

of a bunch in a 3.5 mA 162 MHz SFC, tuned to hold 

(νx,νy) = (3.196, 3.241).  The first three plots show that 

the phase space has very regular motion throughout ac-

celeration with no particles reaching the BTC apertures.  

For the last plot νx was moved near a 7
th

-order resonance.  

By the 9
th

 orbit (40 MeV) beam breakup is evident on the 

5σ plot. This result gives an example of the simulation at 

work, and it underscores the importance of controlling 

tune in a high-current cyclotron.  

The nonlinearity and couplings are essentially due to 

two factors. First, off-momentum particles that go through 

cavity and then the edge of the sector magnet will go un-

der a different chromatic affect. One aspect of this is 

shown in Figure 5b, where the space charge of the bunch 

produces asymmetric fields in the center of the bunch.  

Such chromatic effects result in synchrobetatron coupling.  

We simulated the acceleration of the bunches in a 10 

mA CW beam, for a favorable operating point and for 

tunes near 3
rd

- and 5
th

-order resonance.  The favorable-

tune case produced Poincare plots similar to those of Fig-

ure 4a-c; the cases near resonance are shown in Figure 6.  

When the tune is near a 3
rd

 order resonance, clumping is 

evident by end of the 2
nd

 orbit and the clumps can be seen 

driven apart.  Similar clumping is evident when the tune 

is near a 5
th

 order resonance, but clumps remain close. In 

both cases the beam was lost by 20 MeV.  We conjecture 

that the clumps are driven apart in the 3
rd

 order case by 

fringe fields of the sector dipoles and by cavity fields, 

both of which couple to 3
rd

 order in the 6-sector lattice. 

For a favorable tune, clumping was not observed until 

near 100 MeV, and the beam profile remained intact.  

Figure 2. Lattice elements in the tracking simulation of 

one cell (sector dipoles) of the SFC lattice. 

Figure 3, Reference orbits in the 6-sector TAMU100, 

before and after optimization of the injection orbit. 

Figure 4. Poincare plots of a 3.5 mA 116 MHz bunch 

as it is accelerated in an optimized TAMU100 lattice. 
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Figure 5. Effect of space charge on longitudinal bunch 

dynamics: a)bunch passing through cavity; b) longitudinal 

field inside bunch showing asymmetry from space charge. 
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Figure 7 shows similar dynamics for the longitudinal 

phase space of bunches in a 10 mA beam with favorable 
tune.  ΔE grew from ±5

o
 at injection to ±6

o
 at extraction; 

Δφ increased by 30%; the bunch was accelerated without 

loss from the 20 MV bucket.    

Figure 8 shows a map of the tunes of individual parti-

cles on the 5σ contour of a bunch in 10 mA beam, accel-

erated using a favorable operating point.  The tune can be 

positioned so no resonance crossing occurs, even at 5σ.

   

CONCLUSIONS 

The above results are the beginning stages of a 

systematic investigation of non-linear dynamics in our 

strong-focusing cyclotron as it accelerates >10 mA of 

proton beam to 800 MeV for ADS fission and other 

applications. 
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Figure 7. Longitudinal phase space of a bunch in a 

10 mA beam: a) after first half-turn; b) 100 MeV. 

Δ
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Figure 8. Tune distribution of points on the 5σ  

trajectory for a favorable tune. 

Figure 6. a) Beam breakup in transverse phase space after 2nd orbit when tune is near 3rd order and 5th-

order resonances; b) beam breakup in longitudinal phase space when tune is near 5th order resonance. 
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JLAB’S MEIC 
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Jefferson Lab, Newport News, VA, USA 
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Abstract 

The Electron Ion Collider (EIC) will be a next-
generation facility for the study of the strong interaction 
(QCD). JLab’s Medium-energy Electron Ion Collider 
(MEIC) is designed for high luminosities of up to  
1034 cm-2s-1. This is achieved in part due to an 
aggressively small beta-star, which imposes stringent 
requirements on the collider rings’ dynamical properties. 
Additionally, one of the unique features of MEIC is a full-
acceptance detector with a dedicated, small-angle, high-
resolution detection system, capable of covering a wide 
range of momenta (and charge-to-mass ratios) with 
respect to the original ion beam to enable access to new 
physics. The detector design relies on a number of 
features, such as a 50 mrad beam crossing angle, large-
aperture ion and electron final focusing quads and 
spectrometer dipoles as well as a large machine-element-
free detection space downstream of the final focusing 
quads. We present an interaction region (IR) design 
developed with close integration of the detection and 
beam dynamical aspects. The dynamical aspect of the 
design rests on a symmetry-based concept for 
compensation of non-linear effects. The optics and 
geometry have been optimized to accommodate the 
detection requirements and to ensure the interaction 
region’s modularity for easiness of integration into the 
collider ring lattices. As a result, the design offers an 
excellent detector performance combined with the 
necessary non-linear dynamical properties. 

INTRODUCTION 
The MEIC accelerator complex at Jefferson Lab is 

designed to pursue a high luminosity to understand QCD 
in the nuclear physics programs [1]. As an interface 
between the beam acceleration/transport system and the 
detector, the interaction region (IR) is one of the most 
challenging parts of the MEIC design and largely 
determines the performance of the detectors and colliders. 
To achieve the required physics goals, the IR design 
should go through an optimization process between the 
physics requirements and accelerator performance. 
Besides, as part of the optics design of the complete 
accelerator complex, the IR design should also consider 
the modularity for its integration into the collider rings. 
This paper provides an overall consideration from the 
detection and accelerator performance points of view in 
the IR design and demonstrates a well-developed multi-
function MEIC IR layout. 

IR DESIGN REQUIREMENTS AND 
CONSTRAINTS 

Detector Requirements 
The primary full-acceptance detector has a sufficiently 

large magnet-free space near the interaction point (IP) for 
detection of particles down to about 0.5 in front of the 
final focus blocks. In addition, to allow detection of 
particles scattered between 0-0.5, the hadrons and 
electrons need to pass through the large-aperture final 
focusing quadrupoles and are detected by the further 
downstream (up to 37 m) detector components. To 
maximize the detector’s acceptance to the forwarding-
scattered hadrons and electrons, both the ion and electron 
beams are focused downstream of the forward final focus 
so that small beam sizes at the focal points allow one to 
place the detectors closer to the beam centers. In 
combination with ~1 m dispersion at those points, this 
allows detection of particles with small momentum offset 
Δp/p. This optics was optimized to maximize its angular 
and momentum acceptance and detector resolution [2]. 

The considerations of detection performance in the IR 
design can be comprehensively described as follows,  

1. large detector space (-4.4m / +7m) for a full-
acceptance detector, 

2. detection of forward scattered hadrons down to 0 
achieved by  
− large aperture downstream ion final focusing 

quadrupoles,  
− strong spectrometer dipole,  
− large machine-element-free drift space after the 

spectrometer dipole,  
− secondary focus after the spectrometer dipole 

combined with large dispersion for better 
momentum resolution, 

3. detection of low-Q2 electrons and electron 
momentum analysis, 

4. large 50 mrad crab crossing angle for faster beam 
separation to 
− reduce parasitic collisions due to high repetition 

rate, 
− increase space for magnets, 
− obtain better detector resolution, 

5. IP locations 
− close to exit from ion arcs to reduce the residual 

gas scattering background, 
− far from exit from electron arcs to reduce 

synchrotron radiation background.  ___________________________________________  
# fanglei@jlab.org 
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Beam Dynamic Requirements 
To achieve the required high luminosity, the colliding 

beams are strongly focused to a small spot at the IP, 
associated with a large transverse beam expansion before 
its focusing. This unavoidably induces a large chromatic 
betatron tune spread and chromatic beam smear at the 
collision point. The betatron tune spread is limited by the 
beam resonances and therefore restricts the ring’s 
momentum aperture. The chromatic beam smear increases 
the beam spot size at the IP, resulting in a luminosity loss. 
A dedicated compensation approach to the chromatic 
effects has been reported and studied systematically by 
using a symmetric Chromaticity Compensation Block 
(CCB) [3,4,5,6,7]. The symmetries of particle’s orbital 
motions and dispersion in the CCB allow simultaneous 
compensation of the 1st-order chromaticities and 
chromatic beam smear at the collision point without 
inducing significant 2nd-order aberrations and therefore 
preserving the ring’s dynamic aperture.  

In addition, the IR design was performed to consider a 
simultaneous optimization of chromatic compensation and 
detector requirements. Such an optimized optics is 
asymmetrically detector-optimized, with the upstream 
final focusing elements placed much closer to the IP than 
those on the downstream side, as shown in Figs. 1 and 2 
for the MEIC ion and electron collider rings. This will be 
beneficial in reducing both the maximum betatron 
functions on the upstream side and the contribution to the 
chromaticity.  

The layout of magnets in this detector-optimized optics 
is shown in Fig. 3, a complete 3D model of the detector 
region implemented using G4beamline/GEANT4 [7]. 
Special attention was paid to sizes and positions of the 
detector region elements to avoid interference with each 
other and with the detector functionality. For example, i) 
two permanent magnetic quadrupoles were used in the 
electron upstream final focusing block so that they are 
very close to the IP to maximize the detector acceptance 
by reducing the solid angle blocked by the final focusing 
quadrupoles; ii) the upstream ion final focusing block was 
designed using standard ring elements as much as possible 
and its layout was adjusted to minimize its interference 
with the forward electron detection; iii) the apertures and 
position of the downstream electron final focusing block 
were optimized to maximize the forward electron 
acceptance while ensuring proper fit of the electron and 
ion quads.  

Geometric Constraints 
The figure-8 MEIC collider rings are designed to have 

two collider rings’ arcs vertically stacked in the same 
underground tunnel. Each arc bends the beam by 240 in 
the horizontal plane and two arcs in one ring are 
connected by straights with 60 crossing angle. With the 
50 mrad crab crossing angle between the two collider 
rings at the IP, the geometry of the IR affects the overall 
ring geometry. The optics design decouples this 
dependence of the ring geometry from the IR design by 

imposing the following constraints to both electron and 
ion ring. 

1. Electron ring 
− IR 
 zero net bend and zero transverse beam shift 

on each side of the IP, 
− Arcs 
 240 bending angle including the spin rotators, 

 

 

Figure 1: Detector region optics in the MEIC ion collider 
ring.  
 

 

Figure 2: Detector region optics in the MEIC electron 
collider ring.  

 

Figure 3: Layout of magnets in the detector region of 
MEIC collider rings. 
 

2. Ion ring 
− IR 
 50mrad net bend on each side of the IP to 

compensate the crossing angle (opposite bends 
on two sides of the IP), 
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 2m transverse beam shift on each side of the IP 
with respect to the electron ring, 

− Arcs 
 240 arc bend, 
 2m transverse separation from the electron ring 

at the arc ends. 

IR design is modular and any lattice changes in the IR 
will not interfere with the rest of the collider rings’ 
configuration. 

Combining all these considerations of detection, beam 
dynamics and geometry requirements, the interaction 
region components and its layout are shown in Fig. 4. 
Note that the two beam lines are parallel at the entrance 
and the exit of the interaction region with 2 m separation 
on each side. In order to compensate the chromatic 
aberrations at the IP and in the ring, each collider ring has 
two CCBs located upstream and downstream of the IP. 
The ion upstream and downstream CCBs produce a  
50 mrad net bending angle for the crab crossing. The 
electron upstream CCB is moved away from the IP to 
avoid synchrotron radiation background in the detector.  

 

Figure 4: MEIC interaction region components and layout. 
 

CONCLUSIONS 
An asymmetric detector-optimized IR optics design was 

developed for a full-acceptance detector simultaneously 
considering the detection requirements, chromatic 
compensation and rings’ geometric constraints. The 
design provides the necessary properties of both the 
physics detection and beam dynamical aspects. In 
addition, such optics and geometry guarantee that the 

interaction region is modular and can be easily integrated 
into the collider ring lattices. We next plan to validate the 
design by tracking simulations.  

ACKNOWLEDGEMENTS 
This manuscript has been authored by Jefferson Science 

Associates, LLC under U.S. DOE Contract No. DE-
AC05-06OR23177, DE-AC02-06CH11357 and DE-
AC03-76SF00515. The U.S. Government retains a non-
exclusive, paid-up, irrevocable, world-wide license to 
publish or reproduce this manuscript for U.S. Government 
purposes. 

REFERENCES 
[1] MEIC Design Report, edited by J. Bisognano and Y. 

Zhang (2012). 
[2] V.S. Morozov, et al., Proc. IPAC’12, p. 2011, New 

Orleans, LA, USA (2012). 
[3] Ya.S. Derbenev, presentation at LEMC’07, Batavia, 

IL, USA, (2007) 
[http://www.muonsinc.com/mcwfeb07/presentations/
Derbenev 021307.doc] 

[4] G. Wang, et al., Proc. PAC’09, p. 2649, Vancouver, 
Canada (2009). 

[5] V.S. Morozov and Ya.S. Derbenev, Proc. IPAC’11, 
p.3723, San Sebastian, Spain (2011). 

[6] F. Lin, et al., Proc. IPAC’12, p. 1389, New Orleans, 
LA, USA (2012). 

[7] V.S. Morozov, et al., PRST-AB 16, 011004 (2013). 

    These geometric constraints to the optics promise that the 

TUPAC28 Proceedings of PAC2013, Pasadena, CA USA

510C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

01 Colliders

A19 - Electron-hadron Colliders



MODELING SPACE CHARGE EFFECTS IN OPTICAL BUNCHERS∗

L.V. Ho, P. Musumeci, J. P. Duris, R. K. Li, UCLA, Los Angeles, CA 90095, USA

Abstract
This paper introduces a 1-D, self-consistent simulation

of Inverse Free Electron Laser (IFEL) based optical bunch-
ers. Starting with a review of the conventional (monochro-
matic) IFEL bunching, we consider slow amplitude vari-
ation and multiple harmonics of the fundamental radia-
tion wave. We model two new bunching schemes – the
adiabatic and harmonic microbuncher and compare the
bunching mechanisms between the optical bunchers as well
as space charge effects to the modified IFEL interaction.
Here, we present a model approximating the space charge
fields and verification of the simulation with the well-
known Free Electron Laser (FEL) simulator, Genesis 1.3.

INTRODUCTION
In recent years, the Inverse Free Electron Laser (IFEL)

has gained popularity because of its accessibility as table-
top accelerator with high energy gradient and most of all–
because of its ability to microbunch beams on orders of
the radiation scale [1]. Microbunched beams finds various
applications throughout accelerator and beam physics in-
cluding its use as a seed for high-gain harmonic generation
(HGHG) FEL, preinjectors for advanced accelerators, and
production of high quality, high current beams [2, 3].

Radiation
Electron Beam

Undulator Magnets

Figure 1: IFEL Interaction - Copropogating electron beam
and laser within an undulator.

An IFEL consists of a laser and an electron beam co-
propogating within an undulator such that the electric field
of the radiation is parallel to the wiggling of the electrons
induced by the undulator (Figure 1). Efficient energy ex-
change between the beam and laser occurs when the reso-
nant condition is satisfied – that is, when the electrons have
energies such that the oscillation induced by the wiggler
in its rest frame is in resonant with the electric field of the
laser. This is satisfied when electrons has energy [1]:

γ2
r '

λω
2λ

(
1 +

K2

2

)
(1)

∗Work supported by DOE grant DE-FG02-92ER40693

where γr is the resonant electron energy, λω is the un-
dulator wavelength, λ is the radiation wavelength, and
K = eB

mckω
is the normalized undulator parameter.

The IFEL was introduced by Palmer in 1972, who pro-
posed the possibility of 10 GeV electron acceleration using
the IFEL interaction [4]. In recent years, various exper-
iments have shown the success of IFEL to achieve high-
energy gradients with good beam quality [2], with exper-
iments being done in national laboratories such as ATF
and Livermore [5, 6]. In addition, the use of the IFEL
microbunched beams have been demonstrated to increase
radiation gain of over seven orders of magnitude in the
HGHG FEL [3].

Here we present a 1-D IFEL simulation with the capa-
bility of including slow amplitude variation and multiple
harmonics of the fundamental radiation wave. Thus, we
can model the three different types of IFEL based optical
bunchers: the conventional (monochromatic), harmonic,
and the adiabatic microbuncher. With the newly proposed
harmonic and adiabatic buncher, the ability to modulate
the electron beam density is increased significantly, with
bunching factors larger than 90 % [2, 7]. Space charge ef-
fects in ultra-relativistic electron beams may no longer be
neglected, and considerations of its effects on the resulting
beam becomes more important. We first present a review
of the IFEL based optical bunchers. Then, we introduce a
model approximating the space charge fields and verifica-
tion of the bunching simulation with Genesis 1.3.

MICROBUNCHING THEORY
Monochromatic Microbuncher

The basic IFEL interaction of microbunching can be de-
scribed in terms of phase space variables, γ and ψ, as al-
ternative representations of the momentum and position of
the electrons. The equations of motion are [1]:

dγi
dz

=
1

2
kKl

KJJ

γi
sinψi +

e

m0c2
Esci (2)

dψi
dz
' kω − k

1 +K2/2

2γ2
i

(3)

where the i denotes the ith electron, kω = 2π
λ is the un-

dulator wavenumber, k = 2π
λ is the radiation wavenum-

ber, Kl = eE0

m0c2k
is the normalized radiation potential, and

JJ = J0(G) − J1(G) is the coupling factor due to the
geometry of the undulator, where G ≈ K2

4+2K2 .
In the special case where there is no net energy exchange

between the radiation and electrons, the resonant energy is
constant, dγ/dz = 0, and modulation of the density of
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Hamiltonian

Figure 2: IFEL Hamiltonian for small oscillations and elec-
tron trajectories near resonant particle.

the electron beam occurs (microbunching). Figure 2 illus-
trates a contour of the Hamiltonian as well as the separatrix
(bucket), denoted by the solid red line, and its reduction to
a cosine-like potential for small oscillations about the res-
onant particle. In addition, Figure 2 shows the phase space
evolution of electrons with energies close to the resonant
energy (within the separatrix) reveal rotation within phase
space, indicating the modulation of electron densities.

3 2 1 0 1 2 3
1.5
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0.5

0.0

0.5

1.0

1.5

Phase

En
erg

y
arb

un
its
 PondermotiveGradient

Harmonic
Monochromatic

Phase Space

Figure 3: IFEL pondermotive gradients. The harmonic po-
tential includes the first 4 harmonics of the fundamental ra-
diation. The longtidunal phase space (lower left) illustrates
the phase space of each gradient.

Harmonic Microbuncher

For the harmonic microbuncher, the novel change is the
addition of multiple harmonics of the fundamental radia-
tion to copropogate with the electron beam [8]. The pon-
dermotive potential is no longer limited by the nonlinear-
ities experiences by the monochromatic buncher, but be-
comes more like an ideal simple harmonic oscillator with
the addition of more harmonics (Figure 3) [2]. In theory, a
combination of infinite harmonics can produce a perfectly
linear restoring force and thus perfect bunching and infinite
current, limited only by space charge [2].

Adiabatic Buncher
The adiabatic buncher is another proposed microbuncher

that eliminates the nonlinearities of the pondermotive po-
tential [7]. An appreciable quality of the adiabatic mi-
crobuncher over the other two is its ability to preserve lon-
gitudinal beam emittance [7]. In this interaction, the ra-
diation power is slowly increased along the undulator to
fulfill the adiabatic condition – to change the amplitude of
the pondermotive gradient on time scales much longer than
the synchrotron period in order to preserve beam quality.
In practice, the adiabatic condition is challenging to imple-
ment but can be approximated by utilizing the diffraction
dominated regime of a gaussian wave and a very long un-
dulator [7]. Figure 4 illustrates the validity of the approxi-
mation and the output longtidudinal phase space.

Phase Space

Figure 4: Fulfillment of the adiabatic condition and the ap-
proximation of the diffraction effects [7].

SIMULATION
Space Charge Approximation

The space charge fields are modeled by approximating
each macroparticle as charged finite radial disks and sum-
ming the effects due all other macroparticles. In solving the
coupled differential equations (2) and (3), we focus only on
one bucket, with the assumption that all other buckets be-
have similarly. To evaluate the space charge effects, we
must also account for the neighboring buckets and their
contribution to the primary bucket.

Obtaining the electric field of one macroparticle on an-
other and applying periodic boundary conditions, the elec-
tric field can be evaluated by:

Esc0 = ε

N∑
x

∞∑
b=−∞

sgn (∆0 − b)

1− 1√
1 +

(
Λ

∆0−b

)2


where ε = 1

2ε0

Ipλ
Nc

1
πσ2

x
, ∆0 = ψx−ψ0

2π , Λ = σx

λ , Ip is the
input peak current,N is the total number of macroparticles,
b is the bucket, and σx is the transverse beam size.

When examining the sum over the buckets, we can see
that contributions due to the buckets located to the left
can be manipulated such that the buckets need only to be
summed from b = 0 to b = ∞. In addition, because the

TUPAC29 Proceedings of PAC2013, Pasadena, CA USA

512C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 Beam Dynamics and Electromagnetic Fields

D04 - High Intensity in Linear Accelerators - Incoherent Instabilities, Space ..



sign function is defined to be 0 for sgn(0) = 0, this avoids
double counting of the particle in the bucket of interest.
Then, the contribution of the electric field on the 0th parti-
cle due to the xth particle and its mirroring buckets can be
written as:

Esc0 (ψx) = ε sgn ∆0

1− 1√
1 +

(
λ

∆0

)2

+

∞∑
b=1

1√
1 +

(
λ

∆0−b

)2
− 1√

1 +
(

λ
∆0+b

)2

It is then possible to evaluate this sum for various phase
positions, ∆0, and use a nth order fit function to replace
this sum. This heavily simplifies the summation process by
replacing an infinite sum to a simple polynomial function
and reduces the space charge calculations to evaluating one
sum that includes periodic boundary conditions.

Table 1: IFEL Monochromatic Bunching Parameters
Electron Beam
Input Energy 100 MeV
Emittance 2 mm mrad
Peak Current 20000 Amps
Laser
Power 50 TW
Wavelength 800 nm
Spot size

(
1/e2

)
at focus 3.56 mm

Rayleigh Range 50m
Undulator
Undulator Length 0.96m
Undulator Period .0639m
Undulator Parameter .056

Verification of Simulation
The simulation, executed in Mathematica 8.0, was veri-

fied with the well-known FEL simulator, Genesis 1.3, de-
veloped by Sven Reiche [9]. This simulation is capable
of modeling the conventional IFEL buncher, as well as the
harmonic and adiabatic buncher.

In order to properly compare the models and the correct-
ness of the space charge effects, we simulated in a particu-
lar case with parameters shown in Table 1. In this regime,
the laser waist is much larger than the transverse size of the
beam, reducing transverse effects and inducing a regime
where 1-D simulations are justified. Additionally, in this
regime, the gain length is much greater than the plasma
length – that is Lg

Lp
>> 1. This ensures that there is no ra-

diation gain, which would otherwise counteract the space
charge effects. Thus, we can clearly compare the effects
of the pondermotive potential as well as space charge ef-
fects between the simulation and the Genesis 1.3 simula-
tion without erroneous contributions existing in other par-
ticle simulators.

We found that the solutions of the equations of motion as
well as the space charge calculations are consistent in the
Mathematica simulation in comparison with Genesis 1.3.
The bunching factors for space charge on and off are shown
in Figure 5, showing the consistency between the models.
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Figure 5: Comparison of Bunching Factor of monochro-
matic microbuncher between the simulations.

CONCLUSION
Verification with Genesis 1.3 and isolation the space

charge effects validates the use of this simulation to ade-
quately compare the different type of bunchers as well as
the space charge effects.

Future plans include comparing the benefits and draw-
backs of each – their experimental feasibility, bunching ca-
pabilities, and effects on the beam’s final emittance, en-
ergy spread, peak current. Because space charge effects
become much more dominant in the harmonic and adia-
batic buncher, considerations of the extent of its affects on
beam quality will also be analyzed.
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STABILITY OF EMITTANCE VS. SPACE-CHARGE DOMINATED BEAMS
IN AN ELECTRON RECIRCULATOR ∗

S. Bernal† , B. Beaudoin, M. Cornacchia, and D. Sutter
IREAP, University of Maryland, College Park, MD, USA

Abstract
We report on experiments and simulations of beam life-

time at the University of Maryland Electron Ring (UMER)
for an emittance as well as a strongly space-charge domi-
nated beam. We note the presence of expected (and strong)
integer resonances for both beam currents and the absence,
for moderate envelope mismatch, of some half-integer res-
onances for the high current beam only. The observations
are related to particle-tracking simulations with the matrix
code ELEGANT. The simulations employ a simple inco-
herent space charge model for a continuous beam, as well
as lattice and magnet errors.

INTRODUCTION
The operation of all circular accelerators rely on careful

selection of the betatron tunes for optimal beam quality and
lifetime. In addition, when collective effects are an impor-
tant factor, systematic study of current-dependent phenom-
ena, e.g. envelope resonance conditions, is required. The
basis for our investigation is the University of Maryland
Electron Ring (UMER), a low-energy, high-current com-
pact machine dedicated to beam physics research [1, 2].
We discuss the use of a simple computer model and show
that the results are consistent with the main features of ex-
perimental beam lifetime charts, i.e. charts that display the
surviving fraction of injected beam current at a given turn
as a function of betatron bare tunes. Of particular interest
is to compare the beam lifetimes of emittance-dominated
and space-charge dominated beams.

When space charge is a factor, realistic 6D computer
simulations of beam evolution over even a few turns is very
computer intensive. Customarily, particle-in-cell codes
are employed for tracking hundreds of thousands or even
million of macroparticles. Other calculations with space
charge such as transverse rms envelope matching are per-
formed with matrix codes such as TRACE3D [3] which
employ a linear space charge model and do not allow par-
ticle tracking. By contrast, the matrix code ELEGANT
[4] can be adapted to do particle tracking in the presence
of strong transverse space charge including non-linearities.
The ELEGANT model of transverse space charge is only
approximate but has yielded satisfactory results in envelope
as well as dispersion calculations in UMER [5].

EXPERIMENTS
We have conducted experiments with two electron

beams, 0.6 mA and 6.0 mA, both at 10 keV. The ini-
tial normalized rms emittances are 0.4 µm (0.6 mA) and
1.3 µm (6.0 mA); the bunch duration is 100 ns for both

∗Work supported by the U.S. Department of Energy.
† sabern@umd.edu

beams. In one set of experiments, all 70 DC magnetic
ring quadrupoles are powered with currents varying from
1.65 to 2.10 A in 10 mA steps, while the injection (pulsed)
quadrupoles (YQ and QR1) are kept fixed at the nominal
operating currents. For each operating set of quad currents,
the transmitted peak beam current is measured with a wall-
current monitor located roughly half-way around the ring.
In the second set of experiments, the value of one of the in-
jection quads (QR1) is also varied so its focal length equals
the corresponding one for the ring focusing quadrupoles.
The other injection quadrupole (YQ) could not be varied
because it plays a critical role for the injection angle into
the closed orbit.

Figure 1a displays the results of beam lifetime at the 10th
turn as a function of estimated bare tunes for the 0.6 mA
beam (emittance dominated) when varying the strength of
QR1. Deep red in the figures indicates 90-100% transmis-
sion while deep blue or purple near complete loss. The
overall beam transmission for the 0.6 mA beam at the 10th
turn is slightly improved by varying QR1 (the results with
fixed QR1 are not shown), particularly far from the nom-
inal operating point (IF , ID) = (1.826,1.826)A, indicated
in Fig. 1a by “0”. “IF,D” refer to the currents of focus-
ing and defocussing ring quadrupoles. Also worth noting
is that good transmission for 0.6 mA occurs for ν0x>∼ 6.5,
but it is greatly reduced for ν0x<∼ 6.5.

Figures 1 b-c illustrate the beam lifetime results for the
6.0 mA beam (space-charge dominated at injection). The
results of varying QR1 are more dramatic for the 6.0 mA
beam. In this case, the beam losses near the nominal hor-
izontal bare tune ν0x = 7.5 are markedly reduced. Fur-
ther, significant beam transmission occurs for highly asym-
metric focusing, around (ν0x, ν0y) = (5.5, 8.5), unlike the
case for 0.6 mA (Fig. 1a.) Finally, beam transmission for
6.0 mA displays an asymmetry around the line defined by
ν0x + ν0y = 13, corresponding to a sum resonance. No-
tice that beam transmission, overall, is noticeably better for
the 6.0 mA beam than for the 0.6 mA, with e.g. no visible
beam loss at ν0x = 6.5 for the former.

The estimated bare tunes in Fig. 1 are determined
through a transformation of the quadrupole current space,
which is square [(1.65, 2.09) A×(1.65, 2.09) A in 10 mA
steps], into the trapezoidal tune space using an effective
quadrupole peak gradient per amp of g0 = 3.95 G/cmA
and standard matrix formulas (specifically, the inversion of
eqs. 18-ab in Ref. [6].) The choice of g0 corresponds to
a calibration to the observed integer-resonance bands for
the low-current beam (Fig. 1a). Another model of UMER
in ELEGANT based on fitting g0 to match results from re-
sponse matrix measurements leads to a slightly different
tune calibration [7]. We stress the fact that the plots in
Fig. 1 are meant mostly as a guide to study beam lifetime

TUPAC31 Proceedings of PAC2013, Pasadena, CA USA

514C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 Beam Dynamics and Electromagnetic Fields

D03 - High Intensity Circular Machines - Incoherent Instabilities, Space Charge,



Figure 1: Beam lifetime charts at 10th turn as a function of estimated bare tunes (x: horizontal, y: vertical): (a) 0.6 mA
beam (emittance dominated) with varying strength of injection quadrupole QR1 (see text ant Table 1); (b) 6.0 mA beam
(space charge dominated) with fixed strength of QR1; and (c) 6.0 mA beam with varying strength of QR1. The green
and red areas on opposite corners are artifacts of the graphics.

as a function of tunes, and that a more accurate calcula-
tion of tunes requires inclusion of all magnets. In fact, in-
cluding the injection quadrupoles, and especially a realis-
tic model of the main bending dipoles is important. The
dipoles are used also as orbit correctors in UMER; the cor-
rections compensate for the action of the vertical earth’s
field, the quadrupole radial displacement errors, and the
machine imperfections.

Image forces also modify the tunes by values measured
to be −0.003 and −0.03 for 0.6 and 6.0 mA beams, respec-
tively, at the default operating point of 1.826 A [8]. The
effect of image forces is seen by comparing Figs. 1a and
1b: e.g. the occurrence of the resonance at νx0 = 7.0 is
shifted to an apparently higher value for the 6.0 mA beam
relative to the 0.6 mA beam.

COMPUTER SIMULATIONS
The lattice model in ELEGANT employs hard-edge

focusing and bending elements following the model de-
scribed in [6], 3 injection elements (2 wide-aperture
quadrupoles and one dipole), and a uniform 0.4 G earth’s
B-field pointing downward. A small quadrupole focusing
term K1 = 3.45 m−2 is also included at every dipole; this
arises from the presence of a sextupole component and the
sagitta effect of particle orbits. Furthermore, symplectic
quadrupoles and dipoles are employed.

We include magnet alignment and strength errors for
the calculations: displacement errors of (rms) amplitude
(DX,DY ) = (0.3, 0.1) mm; ring quadrupole strength er-
ror of amplitude ∆K1 = 1.0 m−2; and 2 mrad quadrupole
and dipole tilt angle errors. The distribution of errors is
Gaussian in all cases, with a cutoff of 2σ. Furthermore, we
link the radial (DX) alignment errors of ring quadrupoles
in groups of 4 as in the actual ring sections. We also imple-
ment a simple model of incoherent transverse space charge
for a continuous beam [5], but image forces and momen-
tum errors are not included. Also missing in the model are
a number of vertical-steering corrector magnets.

The simulations are run over 10 turns with initial beam
Courant-Snyder parameters that correspond to near rms-
envelope matched conditions, and particle tracking is per-
formed with 10K particles. We limit the simulations to 10
turns mainly because effects from debunching are not in-
cluded. These effects, which manifest after about 20 turns

for the 6.0 mA beam, render ineffective the measurement
of the AC component of the beam current which is key for
quantifying the beam lifetime as a function of tunes.

Out of the more than 2,000 operating tunes represented
in Figs. 1, we focus our attention on a small number for
tune measurements and for calculations in ELEGANT. The
tunes are obtained by doing sinusoidal fits to 3 sets of dif-
ference orbits (for 6.0 mA); the resulting errors are 0.03 to
0.1. We calculate the small-amplitude tunes in ELEGANT
by running a simple lattice model, with no magnet errors,
over one turn. The Table below summarizes the results for
9 operating points; these are also indicated as numerals in
Fig. 1a. The calculated and measured tunes agree in all
cases but one to better than 0.08.

Table 1: Calculated (ELE.) and Measured (EXP.) Horizontal (x)
and Vertical (y) Betatron Linear Tunes. Injection quad YQ is
fixed at K1 = −99.86 m−2 (6.0 mA beam) for most points, while
injection quad QR1 is varied (see text and Fig. 1a.)

Ring Quad Currents ν0x ν0y ν0x ν0y
IF (A), ID(A) ELE. ELE. EXP. EXP.

0 1.826, 1.826 6.744 6.850 6.677 6.850
1 1.750, 1.920 6.066 7.521 N/A N/A
2 1.750, 1.650 6.641 5.908 N/A N/A
3 1.650, 1.750 5.768 6.756 5.787 6.740
4 1.850, 1.850 6.852 6.950 6.727 6.902
5 1.960, 1.860 7.538 6.787 7.555 6.793
6 1.9901, 1.9901 7.453 unst. 7.531 7.632
7 1.9902, 1.9902 7.443 7.567 7.452 7.525
8 2.0003, 2.0003 7.536 7.610 7.570 7.601

1 Inj. quads: (YQ,QR1) = (−99.86,114.43) m−2

2 Inj. quads: (YQ,QR1) = (−114.43,114.43) m−2

3 Inj. quads: (YQ,QR1) = (−115.00,115.00) m−2

At operating points like 0 and 5 in Table 1 and Fig. 1a,
beam transmission at the 10th turn is essentially 100%. The
magnet and lattice errors assumed (see above) lead in cal-
culations to centroid oscillations of maximum amplitude
of close to 6 mm and 10 mm in the horizontal and vertical
planes, respectively, at point 0. At point 5, the calculated
centroid oscillations are 4 mm and 10 mm, maximum am-
plitude. The magnitude of the oscillations in the vertical
plane is about a factor of 2 larger than observed in beam-
position-monitor data and also in results from simple cal-
culations. Also regarding operating point 5, we note the
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Figure 2: Results of calculations (with incoherent transverse space charge) in ELEGANT over 10 turns at (1.99, 1.99)A
operating point in UMER: a) Vertical component of centroid motion for either 0.6 or 6.0 mA beams; b) 6.0 mA beam’s
vertical 2×rms semi-axis; and c) 0.6 mA beam’s vertical 2×rms semi-axis. The strength of injection quadrupole YQ is
increased by ∼15% to yield near-matched envelope conditions past ν0y = 7.5. The vacuum pipe radius is 0.025 m.

proximity to ν0x = 7.5, but the fact that beam transmission
is unaffected at the 10th turn (Fig. 1c). Furthermore, enve-
lope calculations with the “unmatched” original strength of
the injection quad QR1, corresponding to Fig. 1b, show a
steep increase in the 2×rms horizontal envelope of the 6.0
mA beam to almost 16 mm before the 10th turn, but only a
modest increase for the 0.6 mA under the same conditions.
Thus, retuning of QR1 in calculations makes a far more no-
ticeable difference for high current than for low current, as
in the experiment.

At four operating points (1, 2, 4, and 6 in Table 1), the
beam circulates for 5 turns or less, insufficient to allow us
to measure the tunes accurately at all these points. In ELE-
GANT, point 1 corresponds to tunes near (ν0x, ν0y) = (6.0,
7.5), while point 2 leads to tunes near (6.5, 6.0). The large
centroid excursions seen in calculations for point 1 can ex-
plain the almost complete beam loss after only a few turns.
Point 4 has (ν0x, ν0y) near (7.0, 7.0) and leads to the largest
centroid oscillations and also to steep envelope growth af-
ter only 5 turns. Lastly, point 6 leads to an unstable vertical
orbit and corresponding growing vertical centroid oscilla-
tions and envelope growth.

In Fig. 2a, we show the results of vertical centroid mo-
tion for two values of the strength of the injection quad
YQ corresponding to “mismatched” and “matched” fo-
cal lengths, i.e. points 6 and 7 in Table 1. Also shown
(Fig. 2b) are the vertical envelopes (2×rms semi-axis) for
the 6.0 mA beam. These results are consistent with exper-
iment: point 6 yields only 5 turns while point 7 recovers
almost 80% beam transmission. A simple calculation us-
ing ∆ν0 = (4π)−1β̄(∆k0)L, where β̄ = 0.22 m, ∆k0 =
+15 m−2, L = 7.45 cm, shows that retuning YQ, as de-
scribed above, leads to ∆ν0y = +0.020, compared with
∆ν0x = −0.010 from Table 1 (ELE.) However, no conclu-
sive change in tunes can be measured because of the large
errors, at least ± 0.05 near ν0y = 7.5.

Figure 2c shows the vertical 2×rms semi-axis of the 0.6
mA beam for “matched” and “mismatched” cases. The dif-
ference between the two cases is smaller than for the 6.0
mA beam. This example and results for a few additional
operating points are in qualitative agreement with experi-
ment, as little difference is seen in the beam lifetime chart
for the 0.6 mA beam if the injection quad QR1 is adjusted
to match the ring quads.

Naturally, without image forces in the model, the results
for centroid motion do not change for the lower current
beam, but those for the rms beam size yield about half the
amplitude as for 6.0 mA because of the reduced incoherent
space charge. At point 1, about half the peak beam cur-
rent survives in the experiment at low current (Fig. 1a),
unlike the case for 6.0 mA. Smaller envelope excursions,
differences in orbit steering corrections and detuning from
image forces may explain the different beam lifetimes.

To summarize, calculations of linear tunes with the code
ELEGANT using a simple model are in good agreement
with measurements in UMER. Further, calculated centroid
and beam envelope evolution over 10 turns relate well to
observed beam losses at points near integer and half-integer
tunes. Other than reasonable assumptions for the mag-
nitudes of magnet and lattice errors, the model has only
one adjustable parameter, i.e. the transfer function of ring
quadrupoles. The beam lifetime charts from experiments
show that the emittance-dominated beam behaves more co-
herently than the space-charge dominated beam. Addi-
tional work for the near future includes more realistic mod-
eling of lattice errors, improved tune measurements, and
calculations and measurements of incoherent tunes.

We acknowledge helpful assistance from D. Brosius with
typesetting the manuscript.
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EXPERIMENTAL DETECTION OF ENVELOPE RESONANCE IN A 

SPACE-CHARGE-DOMINATED ELECTRON RING* 

W.D. Stem, T.W. Koeth, I. Haber, B. Beaudoin, IREAP, University of Maryand, College Park, MD 

20742, USA

Abstract 
   Linear perturbation analysis of the RMS envelope 

equations predicts a frequency splitting of the transverse 

envelope modes with the onset of space charge. The 

resulting resonances are a potential source of beam 

degradation for circular particle accelerators and storage 

rings encountering space charge. Following WARP 

simulations that predict measurable consequences of these 

resonances, an experiment has been designed for their 

direct detection. This paper provides a detailed 

description and preliminary results of an experiment to 

study envelope resonances in the beam at the University 

of Maryland Electron Ring (UMER), a scalable high 

intensity electron storage ring. 

INTRODUCTION 

   In a particle beam, the set of particles that make up the 

transverse extremes of the beam at any given time is 

called the envelope. Because each particle oscillates 

sinusoidally in and out of the bulk, the envelope make-up 

changes in time. Independently of these particle 

oscillations, the envelope itself oscillates as described by 

the K-V equations [1,2,3]. These oscillations can be two 

different types as shown in Figure 1. The first type is 

called the breathing or even mode, in which the envelope 

oscillates in an azimuthally symmetric sense. The second 

is called the quadrupole or odd mode, in which the 

oscillations of the envelope are 90 degrees out of phase.  

 
Figure 1: Transverse picture of the envelope modes [4]. 

 

   At high energies, these envelope oscillations have the 

same frequency. This frequency occurs at a half-integer 

resonance, naturally determined from the geometry of the 

accelerator ring.  At the onset of space charge a frequency 

splitting occurs and we can observe each of these 

oscillations independently. This frequency splitting is 

shown for UMER operating parameters in Figure 2.   

 
Figure 2: Relative envelope mode frequencies as a 

function of the tune depression for UMER operating 

parameters, plotted next to a calculation for the smooth 

approximation (dashed lines). 

 

   If we apply the appropriate perturbation to the envelope 

in phase with the mode we are trying to identify, the 

envelope will magnify in amplitude. This amplitude 

magnification results in the formation of a beam halo as 

shown in WARP simulation results [5]. After applying the 

perturbation, we can image the beam halo using a 

phosphor screen. Sweeping across frequencies, we can 

identify the resonant frequency of the oscillation as it will 

be proportional to the formation of beam halo. Applying 

the breathing mode perturbation may be possible with 

UMER’s existing beam position monitors (BPMs), but 

the quadrupole mode requires the addition of an 

electrostatic quadrupole. This paper details the design, 

fabrication, and bench testing of the electrostatic 

quadrupole. 

QUADRUPOLE DESIGN 

   In order to apply a quadrupole perturbation to the 

beam envelope, it is necessary to create a time-varying 

quadrupole field to match the oscillation frequency of the 

mode. To accomplish this, we create a resonant LC circuit 

using the quadrupole as a capacitor. The circuit design is 

shown in Figure 3. 
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Figure 3: Circuit design for the electrostatic quadrupole. 

There is an undesired parasitic capacitance as the 

quadrupole interacts with the beam pipe wall. 

 

   Ideally, electrodes for a quadrupole field should have a 

hyperbolic cross section. However, fixing the ratio 

between the radius of the aperture and the radius of the 

electrode at 1:1.1468, a circular cross section 

approximates a hyperbolic cross section [6].  

   The quadrupole will replace an existing BPM in a BPM 

chamber. Due to the close proximity of the beam pipe 

wall, there exists a parasitic capacitance between the 

electrodes and the beam wall. To reduce this parasitic 

capacitance, the quadrupole’s electrodes were designed to 

be half cylinders. The electric fields were simulated using 

a program developed by the Los Alamos Accelerator 

Code group called Poisson/Superfish [7]. The simulation 

is shown in Figure 4. 

 

 
Figure 4: Poisson/Superfish electrostatic quadrupole 

simulation. 

 

Since the opposing electrodes need to carry an 

identical, symmetrical voltage, the quadrupole was 

designed so that each group of opposing electrodes is in 

electrical contact through the base. Then the electrode 

pairs are attached by an insulating material. The CAD 

design for the quadrupole is shown in Figure 5. 

 

 
Figure 5: Pro/E diagram of machined quadrupole. 

Material is aluminum except for the insulating washers 

and insulating screws. 

BENCH TESTS 

Having machined the quadrupole to the CAD design in 

Figure 5, we proceeded to take measurements. By 

connecting a variable inductor to the bases of the 

quadrupole using the circuit design shown in Figure 3, a 

resonant circuit was formed. Using an MFJ-259B SWR 

Analyzer, the resonant frequency of the resonant circuit 

was measured. By finding the resonances for several 

values of inductance, we could plot the resonant 

frequency versus inductance and extract the capacitance 

according to the following equation: 

 

       � =
�

�����	

�
                                 (1) 

 

0

value was checked against a direct measurement of the 

capacitance using an SR715 LCR Meter. Initially, we 

used a stack of Mylar washers an inch in diameter for the 

insulating standoff. However, with a large area and a 

dielectric constant of 3.1, the capacitance between the 

electrodes and the base across the insulating gap was too 

great and it dominated the capacitance value between the 

electrodes. Instead, we opted for thinner, hollow plastic 

tubes to be used in place of the washers. Also, the base 

was unnecessarily large, so we fabricated new bases in the 

second bench model design shown in Figure 6. 

where f  is the resonant frequency of the circuit. This 
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Figure 6: Finished bench model design using updated 

bases and insulating standoffs. 

 

   After completing a workable model of the quadrupole, 

we placed the quadrupole inside three sheets of wrapped 

sheet metal with a 6.9” inner diameter to simulate the 

parasitic capacitance from the beam pipe. Taking an S11 

measurement with a network analyzer, the frequency 

spectrum for the resonant circuit was determined as 

shown in Figure 7. By perturbing the resonance in 

different ways, we have determined that the resonant peak 

for this circuit is just above 60 MHz. This of course can 

be varied by changing the value of the inductance in the 

LC circuit. 

 

 
Figure 7: Frequency spectrum of the quadrupole from the 

network analyzer untouched (top) and touching each 

electrode (middle and bottom, respectively). 

 

   Using Matlab, the resonant peak was analyzed. The 

following formula was used to determine a Q of 444 for 

our resonant peak: 

 

� =
�	

���������

   (2) 

    

where f-3db and f3db represent the 3 dB bandwidth points. 

Using this analysis, we can verify that the parasitic 

capacitances from the beam pipe do not interfere with the 

capacitance of the quadrupole. 

 

CONCLUSIONS 
Envelope perturbations arising from resonant modes 

are present in space-charge-dominated particle 

accelerators and storage rings. It is important to 

understand these resonances when building and operating 

a high intensity accelerator to avoid emittance growth and 

beam loss. These modes can be observed experimentally 

using perturbative electric fields generated by an 

electrostatic quadrupole. After building a prototype and 

performing bench tests, we are certain that we can 

produce the fields necessary to induce envelope resonance 

in the beam. In the future, we plan to install a vacuum-

ready electrostatic quadrupole into UMER and 

experimentally observe and manipulate high intensity 

envelope modes. 
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MEASUREMENT OF PLASMA WAVE SPEED FROM ELECTRON BEAM 

END EROSION* 

D. F. Sutter and B.L. Beaudoin, Institute for Research in Electronics and Applied Physics, 

University of Maryland, College Park, MD 20742, USA 

Abstract 
The University of Maryland Electron Ring (UMER) 

normally injects a beam that is square in longitudinal 

profile (constant line density), filling one half the ring.  

When operating without longitudinal focusing, the beam 

head and tail erode at a constant plasma wave speed. 

Because the beam is very long (580 cm) compared to the 

beam pipe diameter (5 cm), the two eroding edges remain 

sharply defined until they meet.  This paper describes how 

the plasma wave speed in the beam can be obtained 

experimentally by measuring only the initial pulse length, 

the time it takes for the eroding ends to meet and the 

kinetic energy.  The plasma wave velocity can then be 

used to get an estimate of the average beam radius during 

the erosion time.  Experimental results are compared to 

theoretical predictions.  

INTRODUCTION 

   The University of Maryland Electron Ring (UMER) 

was built to explore the physics of non relativistic, space 

charge dominated beams that would be relevant for an ion 

accumulator ring of the type originally envisaged for 

application in heavy ion fusion.  While the operating 

kinetic energy of 10 keV is very low, it is sufficient at the 

range of available operating currents, 0.6 to 100 mA, to 

serve as a good analog model for such accumulator rings.  

Moreover, because the relativistic gamma factor is only 

1.02, there also exist a whole range of non neutral plasma 

phenomena that cannot be so easily observed in a highly 

relativistic beam. One of these is the ready generation and 

observation of plasma density waves.  In UMER the beam 

can be operated with or with out longitudinal confinement 

[1]. When there is no longitudinal confinement, the 

initially almost square ends of the injected pulse begin to 

immediately disperse, or “erode” in a characteristic 

debunching pattern as shown in Figure 1.  The electrons 

at the leading edge are pushed forward, gaining kinetic 

energy from the potential energy stored in the electrical 

potential of the beam charge, and electrons at the trailing 

edge are decelerated, in effect losing kinetic energy.  The 

edges where the beam is actively eroding into the constant 

line charge density in the longitudinal beam center retain 

a sharp definition up to the point where the two edges 

come together in what is called the “breakpoint” in Figure 

1.  The rate at which each edge moves toward the center 

is the plasma wave velocity, cs, and that is what is 

measured in this experiment.  

PHYSICS OF THE EXPERIMENT 

Boundary Conditions       
The general operating parameters of UMER have been 

described elsewhere [2] as has the generation of density 

waves and solitons [3][4][5][6].  The specific properties 

that support the non neutral plasma experiments and 

modelling with cold fluid equations for space charge 

dominated beams are, the very long bunch length 

compared to the beam pipe diameter, the low beam 

velocity, the presence of strong space charge (for beam 

currents > 1 mA), and a beam density that is 

approximately constant over the radius.   As a 

consequence, the radial component of the electric field, 

Er, points outward and Ez = 0 in the region between the 

eroding edges.  In the region between an eroding edge and 

the head or tail end point, Ez is proportional to the 

gradient in z of the line charge density, which is no longer 

constant.  Of particular importance to the present 

technique, the 10 keV beam injected into UMER has an 

almost rectangular, constant initial line charge density 

profile with rise and fall times of a few nanoseconds, and 

a flat top of adjustable pulse length (~20 to 145 ns).  

 

Computing the Wave velocity 
The wave velocity, usually referred to as the “sound 

velocity” of the density wave because it is analogous to 

the ion acoustic velocity in neutral plasma, can be 

computed from [4], 
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for space charge dominated beams [3].  Noting that the 

classical radius of the electron re and the “characteristic 

current” I0 are defined, respectively, by 
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Equation (1) can be rewritten in a more convenient form 

as 

5

0

1
2 lnbm

s

I b
c c

I aβ γ
= ,                (2) 

where c is the velocity of light, β and γ are the usual 

relativistic parameters, b is the beam pipe inner diameter 

and a is the beam radius. Given a set of beam radii 

corresponding to the relevant operating parameters,  

 ___________________________________________  
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Figure 1: Mountain top plot of UMER 6 mA beam debunching past the “Break Point.” 

 

 including the emittance at injection, and beam currents, 

equation (2) is used to compute the set of predicted values 

of cs, shown in Table 1, column 3, corresponding to the 

initial beam radii shown in column 6. Solving equation 

(2) for the beam radius,  

       

2
s

b m

c
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I
a b e

−

=  , with  
5

0

22

I
A

c

β γ
=             (3) 

Equation (3) can then be used to compute a value of 

average beam radius based on the independent 

measurement of cs described in the following section. 

 

Sound Speed from Times 
If the length of a beam pulse is tp, and the velocity of 

the 10 keV beam is vbm, the beam has a physical length l 

= vbmtp.  But since the two edges are moving towards each 

other at the sound speed cs, the edges will cover the same 

distance l in 2cstbk, where tbk is the break point time that it 

takes the two edges to come together.  Since the distance 

is the same, vbmtp = 2cstbk and 

                           1

2

p

s b m

b k

t
c v

t
=                          (4) 

So to measure the sound speed, it is only necessary to 

know three quantities: kinetic energy (to get vbm) and the 

two times, the initial pulse length and the time to 

breakpoint.  To compute the average beam radius for a 

measured cs using equation (3), the corresponding beam 

current must also be measured. 

 

Figure 2: A plot of the measured values of tbk vs tp for a 

6.0 mA beam. 

MEASUREMENTS 

   In order to get a more accurate determination of the 

sound speed, tbk was measured over a range of pulse  

lengths, and this was done for three different beam  

currents, Ibm = 0.6, 6.0 and 20.0 mA.  The injected beam 

current is measured using a calibrated Bergoz integrating 

current monitor in the injection line and the values tp and 

tbk from a wall current monitor in the ring that displays 

the circulating beam current on a Tektronix DPO7254 

oscilloscope.  A plot of a typical data set is shown for the 

6.0 mA beam in Figure 2.  A linear fit is then made to the 

data which gives the slope and related errors as standard 

deviations.  The fit also defines a linear relation  

bk pt mt d= + , 

where m is the slope and d the offset at tp = 0, that can be 

used to predict tbk.  Using equation (4), the measured 

value of cs in column 2 of Table 1 is computed from 

  

1
, .

2

bm bk
s

p fit

v t
c where m

m t
= =        (5)  

Each of the measured values of cs is an average over the 

time tbk; so equation (5) gives a sort of “average of 

averages” of cs over the tbk versus tp data sets.   

   All of the measurements were made with a beam kinetic 

energy of 10.000 keV giving a value of vbm = 5.846  

cm/ns, calculated from the special relativity relation for 

vbm as a function of kinetic energy and electron rest 

energy.  This was done to avoid a systematic error of ~ 

1.4 % that would occur by using the nonrelativistic 

relation. The systematic error in equation (5) is calculated 

from,     

                  







∆−∆=∆ m

m

v
v

m2

1
c bm

bms ;                 (6)                                                          

∆m is the standard deviation of m obtained from the 

linear fitting routine. The results for three beam currents 

are shown in Table 1. 
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Table 1: Results of measuring the sound speed in the core of the UMER beam for several beam currents.  The predicted 

radii in column 6 are based on the computed emittance of the beam generated at the exit of the electron gun [7].  These 

emittances have been confirmed by independent measurements using tomographic techniques [8].  The predicted radii 

are used to compute the predicted cs values in column 3. 

 

Beam 

Current (mA) 

Meas. 

cs (cm/ns) 

Pred. 

cs (cm/ns) 

Percent 

Difference 

Est. Beam 

Radius(mm) 

Pred. Beam 

Radius (mm) 

Percent 

Diff. 

0.58  0.0274 ± 0.0002 0.0276 0.7 1.78 ± 0.01 1.71 4.0 

6.0  0.0750 ± 0.0015 0.0752 0.3 3.69 ± 0.04 3.64 1.4 

20.5  0.1282 ± 0.0040 0.1223 3.5 4.87 ± 0.34 5.64 13.6 

                                               

    The average beam radii in column 5 of Table 1 are 

computed from equations (3).  The contribution to the 
error in the exponential is dominated by the errors from 

values for cs and Ibm; so the much smaller error in A is 

ignored in the following expression for the error in 

measured beam radius, 

 
2

2 s s

s bm

bm bm

c cb
a c I A a

b I I

   ∆ 
 ∆ = − ∆ − ∆  
     

   (7) 

We have used the following values in calculating the 

entries in table 1:  b= 24.89 ± 0.089 mm, ∆Ibm = ± 0.2 

mA for all beam currents and vbm = 5.846 ± .006 cm/ns 

based on our best estimate for momentum spread, ∆p = 

± 20 eV. 

CONCLUSIONS 

The derivation of equation (1) for cs using the one 

dimensional fluid model in the cited references 

assumes that the electron beam is space charge 

dominated.  The 0.6 mA beam, although it exhibits lots 

of serious space charge effects, is considered emittance 

dominated.  So using the definition of equation (1) 

instead of the non space charge definition, 









+=

a

b
ln2

2

1
g , 

was a question. The results in Table 1 confirm that the 

space charge dominated form of g works for 0.6 mA.  

Based on operating experience with UMER, there have 

been problems of beam blow up with the 0.6 mA beam, 

associated with injection line quadrupole settings, over 

the ~50 turns required to reach tbk.   We have found 

only a few sets of injection quad settings that reduce 

the blow up, and the presented results confirm the 

effectiveness of the settings used for the measurements.  

The lack of significant blow up for these quad values 

has been confirmed by kicking the 0.6 mA beam out, 

turn - by – turn, onto a phosphor screen for a direct, but 

laborious, measurement of beam radius. 

    Beam loss has a variety of causes, and all of these 

can change the assumed constant line charge density in 

the flattop region of the beam pulse.  There are also a 

variety of potential causes of emittance blow up 

implying a corresponding radial size blow up.  This 

experiment cannot distinguish among such causes, but 

the measured results for average cs and aavg for the 0.6 

and 6.0 mA beams indicate that such effects are 

minimal over the corresponding times to tbk (~50 turns 

for 0.6 mA and ~18 turns for 6.0 mA at tp = 100 ns) 

and the machine operating parameters in place during 

the measurements.  Beam and emittance blow up are 

known issues for the more strongly space charge 

dominated 20 mA beam.  So the measured results are 

better than expected, but then the number of turns to tbk 

is only ~10 or 11- not a very long sample of beam 

behaviour. 

 

In summary, the work presented shows that the use of 

this simple cs measurement technique is a quick and 

easy way to get an estimate of beam behaviour over the 

store time from injection to the breakpoint and is easier 

than the beam knockout and phosphor screen method 

that is our only other present alternative.  
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PRELIMINARY ACCELERATOR DESIGN OF A CIRCULAR HIGGS 

FACTORY IN CHINA 

Q. Qin, J.Y. Tang, Y.W. An, S. Bai, J. Gao, H.P. Geng, Y.Y. Guo, D. Wang, S. Wang, Y.W. Wang, M. 

Xiao, G. Xu, S.Y. Xu, T. Yue, J.Y. Zhai, C. Zhang, Institute of High Energy Physics, Chinese 

Academy of Sciences, P.O. Box 918-9, Beijing 100049, P. R. China 

Abstract 
Since the Higgs boson was announced to find at LHC 

in CERN last July, many labs around the world have 

showed their interests on building electron positron 

colliders as Higgs factories to investigate the features of 

the Higgs boson. IHEP also proposed a circular Higgs 

factory last Sept. with a circumference of 50 – 70 km, and 

can be converted to a super proton-proton collider, which 

can be a discovery machine for new particles and physics. 

A preliminary design of circular electron positron collider 

as a Higgs factory is given here.   

INTRODUCTION 

On July 4, 2012, CERN announced that the Higgs 

boson was found at the Atlas and CMS experiments of 

LHC. The mass of the Higgs boson is about 125 GeV, 

which is only 20 GeV higher than the maximum beam 

energy LEP reached. After that moment, concept of Higgs 

factory were proposed, including circular e+-e- collider, 

linear collider, muon collider and γ-γ collider. Among 

these machines, the international linear collider has been 

studied by global efforts for more than 10 years, with the 

TDR [1] just released, but the accelerator technologies of 

circular machine seem more mature after being developed 

during the past decades. Muon and γ-γ colliders are also 

considered as the candidates of Higgs factory, but some of 

their technologies are still under development. Reviews 

of these machines can be found in [2].  

As the development of future high energy accelerator , 

a circular e+-e- collider (CEPC) as the Higgs factory was 

proposed in IHEP, China, last Sept. with a circumference 

of 50–70 km. It can also be converted to a super p-p 

collider (SppC), with the beam energy of 50 TeV or more, 

as a discovery machine in the far future. Figure 1 shows a 

schematic graph of the whole machine (CEPC+SppC).  

 

Figure 1: Schematic graph of the CEPC+SppC. 

In this paper, we will first describe the determination of 

beam and machine parameters of the CEPC. Then, the 

linear lattice of the main ring will be given. The 

preliminary linear lattice design of the possible SppC 

converted from the CEPC by using the same tunnel is 

also presented. Some problems, covering both accelerator 

physics and technologies, are discussed at last. 

PARAMETER DETERMINATION 

In this section, main parameters for such a high energy 

collider will be given, after considering some important 

effects of beamstrahlung and the limit of synchrotron 

radiation power. 

Beam Energy, Circumference, and Luminosity  

As to a collider, beam energy and peak luminosity are 

the most important parameters.  

Since the mass of Higgs particle is 125 GeV, the beam 

energy of CEPC can be set in the range of 120 – 125 GeV. 

In such a high energy region, beamstrahlung due to very 

strong synchrotron radiation (SR) when the two beams 

interact at IP, will be the main reason of the beam energy 

spread increase and thus the luminosity reduction. Under 

this concerning, we choose the lower limit of the Higgs 

particle, say 120 GeV, as the design energy of the storage 

ring of CEPC. Figure 2 shows the crossing-section of the 

Higgs at this energy region [3], from which we can see 

that though the lower beam energy was taken, the cross-

section doesn’t decrease too much. 

 
Ec.m. (GeV) 

Figure 2: Cross-section at the Higgs energy region. 

If we take cross-section of 200 fb and we need 20000 

Higgs events per IP every year, we can easily get that the 

average luminosity will be 1×1034cm-2s-1, which is then 

the design value for the CEPC. 

The circumference of the CEPC storage ring can be 

determined by the future super p-p collider, converted 

from the CEPC. So the maximum proton beam energy, 

for example, Ecm=50–90 TeV, will be the energy of SppC, 

and thus we take 50–70 km as the circumference of the 

CEPC. Here we first use 50 km as the input parameter. 

Considering the operation experience of LEP, we take 

the design value of vertical beam-beam parameter ξy as 

large as 0.1 for the CEPC, and 0.004 for the SppC. 

Besides these restrictions, another limit comes from the 

synchrotron radiation power of beam, which is taken as 

large as 50 MW. As to the 50 km circumference ring, if 
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we take the filling factor of bending magnets around the 

ring as 0.78, we can get the bending radius of dipoles as ρ 

= 6.2 km. With these parameters, we can get the beam 

current from the following equation 

                     �[��] = 88.5
�4[���]�[�] �[��] ,               (1) 

as I = kbIb = 16.9mA. If we don’t consider the hour glass 

effect, or beamstrahlung, the luminosity is expressed as 

         �[cm−2s−1] = 2.17 × 1034(1 + �)�� �[GeV]�[A]��∗ [cm]  , (2) 

where r is the aspect factor, ��∗ the vertical beta function 

at IP, and I the beam current. With Eq. (2), we can get the 

luminosity can reach 4.42×1034cm-2s-1if we take ��∗=1mm. 

Energy Spread, Emittance and Aspect Factor 

Beamstrahlung plays an important role in such a high 

energy e+-e- collider when two beams interact at the IP. 

Theories on how beamstrahlung affects beam parameters 

and the corresponding formulae can be found in [4]. 

Beam energy spread and lifetime are seriously influenced 

with the following equations 

 , ,     
  (3) 

and 

                  � = 20�√6�����2���� �3/2��,  � = ������3��2��� ,               (4) 

where C is the circumference, re the classical electron 

radius, Ne the number of particles per bunch, γ the 

relativistic energy factor, η the energy acceptance, and σx, σy and σz the 3-D bunch sizes. With some typical beam 

parameters, we can get the beam lifetime is about 10–20 

min, which is much shorter than the existing or previous 

colliders. So the top-off injection should be adopted in the 

future CEPC.  

Combining beam-beam parameter ξy with Eqs. (3) and 

(4), we can have the beam energy spread due to 

beamstrahlung as  

. (5) 

If we take ξy = 0.1, we will have Ne = 5.26×1019εx. From 

the above equations, one can find that small Ne can reduce 

the beam energy spread δBS, but one has to increase bunch 

number and decrease the horizontal emittance to keep the 

luminosity as high as possible. So, 50 bunches per beam 

can be adopted with the particle number of 3.52×1011 per 

bunch and the horizontal emittance of 6.69 nm.rad. Eq. 

(6) shows the luminosity concerning the beamstrahlung 

effect and limit of synchrotron radiation power. 

.    (6) 

Here, we can take the aspect factor, r, as small as 0.005, 

which was already realized in the existing particle 

factories, like KEKB, DAFNE and BEPCII. 

Longitudinal and RF Parameters 

Energy spread and acceptance due to synchrotron 

radiation are main parameters in longitudinal, together 

with bunch length and momentum compaction. Beam 

lifetime due to beamstrahlung as a function of Vrf at 

different RF frequency can be got and shown as Fig. 3.  

   

Figure 3: Beam lifetime as a function of RF voltage at 

different RF frequency. 

If we take some typical values of σz <3mm, νs<0.3, δBS 

<σe/3, η<0.05 and τ >10 min, the correlation between αp 

and Vrf can be got and shown as Fig. 4.   

 

Figure 4: Momentum compaction vs. RF voltage (Grey: 

stable area). 

If we choose the simplest FODO cell, as the basic unit 

of the arc, the momentum compaction can be got from 

                                   �� = �24 � 1���2�2 − 112�,                  (7) 

and  

                                 �� = 1−34���2�2���3�2����2 ���2 �24  .                 (8)  

With εx = 6.69 nm.rad, we can choose αp = 0.4×10-4. Then 

from Fig. 4, we can get the total RF voltage Vrf = 4.2GV. 

The 5-cell RF cavity can be the candidate of the RF 

system, so we can take the acceleration field Eacc=10 

MV/m with Vc=2 MV for each cavity. The total number 

of RF cavity will be 420.  

Table 1 lists all the main parameters of the CEPC. The 

Llimit means the luminosity with the beamstrahlung effect. 

The luminosity with the beamstrahlung effect will be 

about half of the calculated luminosity. Here we take the 

hourglass coefficient as 0.6. 

LINEAR LATTICE DESING OF CEPC 

As we mentioned in previous section, the FODO cell is 

chosen as the basic unit of arcs. The phase advance of 

each cell is 60 degree for both horizontal and vertical 
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planes. 16-folder symmetry is used for the whole ring and 

RF sections are distributed in each folder. A booster is 

assumed to be in the same tunnel as the main ring, with 

the energy range from 6 – 120 GeV. A 6-GeV linac is 

hoped to be the injector of the booster. For more IPs 

around the ring, pretzel scheme can be adopted. Figure 5 

shows the Twiss functions for the standard cell in arcs. 

Table 1: Main Parameters of the CEPS Storage Ring 

Para. Unit  Value  Para. Unit  Value  

Energy GeV 120  Circum. km 50 

Ne 1E11 3.52 Nb/beam  50 

Beam 

current 

mA  16.9  SR power 

/beam 

MW 50 

Dipole 

field 

T 0.065 Bending 

radius 

km 6.2 

εx, y nm 6.69, 

0.033 
 σx/σy  µm 36.6/0.2 

βIP 

(x/y) 

mm 200/1 SR loss GeV/ 

turn 

2.96 

ξx,y  0.1, 0.1 σz mm 3 

αp 1E-4 0.4 IP No.  1 

Vrf GV 4.2 frf GHz 0.7 νs  0.13 Harmonic  116747 

δSR  0.0013 δBS  0.00014 

η % 2.7 τBS hr 1.6 

L0/IP 

(1034) 

/cm2/s 2.65 Llimit/IP 

(1034) /cm2/s 1.26 

To promote the luminosity at the same SR power, one 

has to increase the circumference of the ring. Another 

scheme with the circumference of 70 km is under design. 

Option for pretzel scheme is kept for more IPs, which can 

also have the luminosity enhanced, but not linearly with 

the number of IP. The final focusing system in the 

interaction region (IR) is still in its design, which will be 

one of the most difficult and critical parts of the machine. 

 

Figure 5: Twiss functions of a 60 degree cell. 

The SppC, which will be constructed as a discovery 

machine using the tunnel of CEPC, can also have two 

scenarios with different circumferences, 50 km or 70 km. 

The maximum proton beam energy could reach 45 TeV, if 

the dipole field is about 20 Tesla using superconducting 

magnets. The energy limit mainly comes from the dipole 

field. The arc can also apply the standard cell with a 

phase advance of 60 or 90 degree.  

With the empirical value of beam-beam parameter, say ξy = 0.004, beam current = 0.5mA, vertical beta function 

at the IP = 0.1m, we can get the luminosity of the SppC 

can be 2-3×1035cm-2s-1. Table 2 gives the main parameters 

of SppC for 2 scenarios of 50 and 70 km circumference.  

Table 2: Main Parameters of SppC for Two Schemes 

Para. SppC-1 SppC-2 

Beam Energy (TeV) 20 45 

Circumference (km) 50 70 

No. of IPs 2 2 

SR loss/turn (keV) 440 4090 Νp/bunch   (1011) 1.3 0.98 

Bunch No. 3000 6000 

Beam current (mA) 0.5 0.405 

SR power/ring(MW) 0.22 1.66 

Dipole field (T) 12 19.24 

Bending radius (km) 6.9 7.8 

Momentum compaction (10-4) 3.5 2.5 

βIP  x/y (m) 0.1/0.1 0.1/0.1 

Norm. Trans. emit, x/y  (µm.rad) 4 3 

Geo. Lumi. reduction factor 0.8 0.9 

L0/IP (1035 cm-2s-1) 2.15 2.85 

DISCUSSION AND CONCLUSION 

Although we have the preliminary design of the storage 

ring, but still a lot of problems remain. The accelerator 

physics related topics, such as dynamic aperture, low 

emittance ring design with pretzel orbits, beamstrahlung 

effect, design of the interaction ragion, beam background, 

beam polarization, collective effect and heat loading due 

to SR power, machine and detector interface (MDI), etc., 

are all very important to the machine design, and can 

influence the hardware system of the whole machine. 

Meanwhile, accelerator technology towards such a future 

machine needs to be developed too. The technique of very 

low field dipole and very high gradient quadrupole will 

be critical. Ultra-high field dipoles, such as 20 T, will be 

difficult for both superconducting and cryogenics system. 

How to realize the beam polarization at such a high beam 

energy, will be a challenge to both accelerator physics and 

technology.  

In a word, the CEPC is very promising in physics, with 

some mature technologies. It could be converted to a p-p 

collider as a discovery machine. Some technologies need 

R&D, and accelerator physics studies need more efforts. 
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AC DIPOLE BASED OPTICS MEASUREMENT
AND CORRECTION AT RHIC∗

X. Shen† , S. Y. Lee, Indiana University of Bloomington, IN, 47405, USA
M. Bai, S. White, G. Robert-Domolaize, Y. Luo, A. Marusic, BNL, Upton, NY, 11973, USA

R. Tomás, CERN, CH1211 Geneva 23, Switzerland

Abstract
Independent component analysis (ICA) was applied to

the AC dipole based optics measurement at RHIC to extract

beta functions as well as phase advances at each BPM. Ex-

istence of excessive beta-beat was observed in both rings of

RHIC at polarized proton store energy. A unique global op-

tics correction scheme was then developed and tested suc-

cessfully during the RHIC polarized proton run in 2013.

The feasibility of using horizontal closed orbit bump at sex-

tupole for arc beta-beat correction was also demonstrated.

INTRODUCTION
Accurate optics measurement and efficient optics correc-

tion schemes are highly demanded to provide more precise

optics manipulation for further improvement of RHIC lu-

minosity as well as its polarization performance.

ICA FOR AC DIPOLE BASED OPTICS
MEASUREMENT

At RHIC, AC dipole has been routinely used to excite

sustained coherent beam motion with large amplitude and

preservation of beam emittance to facilitate acquisition of

1024 turn by turn beam position data at the beam position

monitors (BPMs) [1]. Optical functions can then be ex-

tracted from the recorded BPM data by the technique of in-

dependent component analysis (ICA). ICA is more efficient

than principle component analysis (PCA) because, in addi-

tion to correlations of data from all BPMs, it takes advan-

tage of the time correlation between independent compo-

nents to extract source signals with non-overlapping spec-

tra [2]. From the spatial functions of source signals cor-

responding to AC dipole driven oscillation, one may ex-

tracted the modified betatron amplitude function βd and

phase advance ψd, which are related to the optical func-

tions βf and ψf of free betatron oscillation as [3]:

βd =
1 + λ2 − 2λ cos[2(ψf − πν)]

1− λ2 βf , (1)

tan(ψd − πνd) = 1 + λ

1− λ tan(ψf − πνf ), (2)

where λ = sin[π(νd−νf )]/ sin[π(νd+νf )], νd is the driv-

ing tune of the AC dipole, and νf is the betatron tune of free

oscillation. In Eq. (1) and (2), the reference point for phase

∗Work supported by grants from the US Department of Energy under

contract DE-FG02-12ER41800 and the National Science Foundation NSF

PHY-1205431.
† xiaoshen@indiana.edu

advance is at the location of the AC dipole. In order to re-

construct the βf and ψf , an accurate and efficient method

was developed for routine operation. This method averages

optical functions from two measurements in which νd is set

on either side of νf with a distance of 0.01 to minimize the

systematic errors from AC dipole driven oscillation. De-

tails about the robustness of this averaging method against

BPM errors can be found in Ref. [4].

Δβ
β

Δβ
β

Figure 1: Measured beta-beat with error bars in the hor-

izontal (bottom) and vertical (top) plane for both rings at

RHIC. 15% peak beta-beat was observed in the horizontal

plane for both rings. A 30% vertical peak beta-beat was

found in the Blue ring and 60% in the Yellow ring

Figure 1 shows the beta-beat for the 255 GeV polarized

proton beams in the Blue and Yellow rings during RHIC

operation in 2013. In both rings, the horizontal peak beta-

beat is approximately 15%. In the vertical plane, the peak

beta-beat reaches 30% in the Blue ring and 60% in the Yel-

low ring. The excessively large beta-beat requires efficient

correction to be explored.

BETA-BEAT RESPONSE MATRIX
CORRECTION METHOD

The problem of beta-beat correction can be described by

the following model:

WB = WRK, (3)

where BT = (
�Δβx

βx
,
�Δβy

βy
,Δνx,Δνy) is composed

of the beta-beat vectors and tune variations, KT =
(ΔK1L1,ΔK1L2, . . . ,ΔK1LN ) represents the change

of integrated strength of N quadrupoles, and the super-

script T means a transpose. R is the M × N beta-beat
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response matrix. W is a diagonal matrix containing the

weighting factors wi (i = 1, . . . ,M). To avoid beam

loss and polarization loss, the tune variations receive high

weights to be minimized. Beta-beat from noisy BPMs

are assigned low weights. In reality, the number of inde-

pendently powered quadrupoles is often very limited, i.e.,

M � N , such that Eq. (3) describes an overdetermined

system in which the weighted measured beta-beat is mini-

mized with the constraint of zero tune shifts. The required

correction strength Kcor is computed by using the general-

ized inverse (WR)† of the weighted response matrix from

singular value decomposition (SVD) as:

Kcor = −(WR)†WB. (4)

Since the response matrix R is calculated from the ideal

model, multiple iterations of correction based on Eq. (4)

are necessary in the event of large beta-beat.

Based on the method discussed above, systematic com-

putations were carried out to determine optimum correc-

tion for both rings of RHIC, in which a total of 72 triplet

and trim quadrupoles in the interaction regions (IRs) with

independent power supply are used as beta-beat correctors

and two families of arc quadrupoles are included for tune

compensation.

Figure 2 shows the relative correction strength for the

Blue ring. All relative changes are below the maximum

capability of power supplies. The large changes in trim

quadrupoles are because the trim quadrupoles are initially

set at a low field. Figure 3 shows the measured beta-beat

with and without correction. The horizontal peak beta-beat

was successfully reduced from 15% to 8%, while the ver-

tical peak beta-beat was reduced from 40% to 14%. The

experimental results were in good agreement with predic-

tions.

Δ

Figure 2: Relative changes of quadrupole integrated

strength as a function of quadrupole locations in the Blue

ring.

Due to the excessively large beta-beat in the vertical

plane of the Yellow ring, two iterations of correction were

implemented within the limited beam time. Figure 4 shows

the computed relative corrections for the Yellow ring for

the first and second iteration. Figures 5 and 6 show the

Δβ
β

Δβ
β

Figure 3: Baseline and corrected horizontal (bottom) and

vertical (top) beta-beat with error bars for the Blue ring.

Horizontal peak beta-beat was corrected from 15% to 8%,

while vertical peak beta-beat from 40% to 14%
.

measured horizontal and vertical beta-beat in the Yellow

ring with and without corrections ,respectively. After the

first iteration, the horizontal peak beta-beat was reduced

to 12% which is consistent with the prediction, while the

vertical peak beta-beat was reduced to 20% which still de-

viates quite much from the computation. Good agreement

between experiment and prediction was found after the sec-

ond iteration and peak beta-beat in both planes were re-

duced to 10%.

Δ

Figure 4: Relative changes of quadrupole integrated

strength as a function of quadrupole locations in the Yellow

ring for the first iteration (hollow bars) and second iteration

(solid bars), respectively.

ARC BETA-BEAT CORRECTION USING
CLOSED ORBIT BUMP AND SEXTUPOLE

In RHIC, there are no independently powered

quadrupoles in the arcs such that gradient errors in

these regions cannot be effectively corrected. However,

feed-down normal quadrupole field from horizontal closed

orbit bump at sextupole can be included as additional

correctors to reduce beta-beat in these regions. This

technique also provides capabilities of more precise optics
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Δβ
β

Δβ
β

Figure 5: Baseline and corrected horizontal beta-beat with

error bars for the Yellow ring. The peak beta-beat was re-

duced from 15% to 12% after the first iteration of correc-

tion, and further reduced to 10% after the second iteration.

Δβ
β

Δβ
β

Figure 6: Baseline and corrected vertical beta-beat with er-

ror bars for the Yellow ring. The peak beta-beat was re-

duced from 60% to 20% after the first iteration of correc-

tion, and further reduced to 10% after the second iteration.

control to facilitate demanding optics manipulations.

A proof-of-principle experiment of this technique was

successfully carried out during the 2013 RHIC polarized

proton operation.

Figure 7 shows the computed horizontal closed orbit

required for arc beta-beat correction as well as the mea-

sured horizontal closed orbit. The computed and mea-

sured closed orbit are well matched in the arcs. The mis-

matches at around the interaction points (IPs) do not af-

fect the correction performance because there are no sex-

tupoles in these regions. The correction results are shown

in Fig. 8. In the horizontal plane, beta-beat reduction was

seen clearly in the arc between IP10 and IP12 as well as the

arc between IP4 and IP6. In the vertical plane, significant

beta-beat reduction was observed in the four arcs between

IP10 and IP4. Overall, the peak beta-beat was reduced to

7%.

Figure 7: Measured and computed horizontal closed orbit

for correction of arc beta-beat in the Yellow ring.

Δβ
β

Δβ
β

Figure 8: Horizontal (bottom) and vertical (top) residual

beta-beat with and without the horizontal closed orbit bump

displayed in Fig. 7 for the Yellow ring. Peak beta-beat was

reduced to 7% for both planes with the closed orbit bump.

CONCLUSION
ICA was by the first time applied to RHIC to accurately

extract optical functions from turn by turn BPM data of

AC dipole driven betatron oscillation. With limited num-

ber of quadrupole correctors, a global correction scheme

using beta-beat response matrix method was experimen-

tally demonstrated to reduce the peak beta-beat to 10%.

Peak beta-beat was further reduced to 7% during a proof-

of-principle experiment of arc beta-beat correction using

horizontal closed orbit bumps at sextupoles.
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IMPLEMENTATION OF OPTICS CORRECTION
ON THE RAMP IN RHIC∗

C. Liu† , A. Marusic, M. Minty, BNL, Upton, NY 11973, USA

Abstract

In this report we describe and present experimental re-
sults from correction of the accelerator optics during ac-
celeration and preparation for collisions at the Relativistic
Heavy Ion Collider (RHIC) at BNL. Past experiences with
beam optics correction at RHIC have concentrated on mea-
surements and corrections at store beam energies. While
well-corrected store beam optics is desirable for maximiz-
ing beam and polarization lifetime, well-corrected beam
optics during the ramp is also desirable for example to re-
duce the strength of depolarizing resonances. With optics
measurements on the ramp at every 2 or 4 seconds, correc-
tions were computed for several fixed points on the ramp
using a well-tested weighted Singular Value Decomposi-
tion algorithm. Successful implementation of correction
on the second part of the ramp (rotator ramp), together with
some observations on the first part of the ramp (the energy
ramp) will be presented.

INTRODUCTION

Analysis of depolarizing resonances on the ramp and dy-
namic aperture study are part of the ramp optics design
nowadays in RHIC [1]. Acceptable intrinsic resonance
strength and dynamic aperture are ensured by design. With
optics errors, both of these quantities are hard to predict.
Most likely the machine performance in both aspects will
degrade to some extent with optics errors. Therefore, it is
desirable to correct the optics on the ramp for better polar-
ization and intensity transmission efficiencies.

Besides continuous efforts for improving TbT (turn-by-
turn) BPM data quality over the years [2], there are two de-
velopments in 2013 that make ramp optics correction fea-
sible. One of the developments is the precision optics mea-
surement based on ARTUS kicker [3] which is critical for
ramp optics analysis. Firing the AC dipole for optics mea-
surement is operational and robust at injection and store
energies [4], however, it has not been demonstrated on the
ramp during acceleration. Exciting the beam periodically
with the ARTUS tune meter kicker has been done previ-
ously for the purpose of ramp chromaticity control, how-
ever, no successful effort has been applied to extract accu-
rate linear optics information along the ramp. The other
development is the successful demonstration of global op-
tics corrections based on both the ARTUS kicker and the
AC dipole [5, 6].

∗The work was performed under Contract No. DE-AC02-98CH10886
with the U.S. Department of Energy.

† cliu1@bnl.gov

RAMP OPTICS MEASUREMENT
By firing the ARTUS kicker every 2 or 4 seconds on the

ramp, TbT BPM data of free betatron oscillations can be
recorded in both planes [2]. The timing of the excitations
in the two transverse planes is shifted by 510 turns to re-
duce coupling effects. Special care was taken to avoid in-
terference between TbT and average orbit data taking. The
option of 1k, 2k and 4k turns TbT orbit is available. The
option of 1k is chosen for the ramp optics measurement
since usually the oscillation lasts less than 500 turns due
to decoherence. Examples of TbT BPM data are shown
Fig. 1.

Figure 1: Turn by turn BPM positions in the horizontal
(left) and the vertical (right) plane from ramp optics mea-
surement, residual coupling (right) appears in the vertical
plane where the horizontal oscillation starts.

As with usual optics analysis, beta functions and phase
advances are determined for both planes from TbT BPM
data. The analysis technique adopted by the author favors
the data in the horizontal plane for better measurement res-
olution [3]. Therefore, the data in the vertical plane was
shifted backwards by 500 turns (data after 500 turns being
discarded) before windowed FFT being applied, which also
reduces the impact of the residual coupling in the vertical
plane after ∼500 turns.

The beta beats and phase errors at 289 s into the ramp
are shown in Figs. 2 and 3. The whole ramp takes 320 s.
Similar analyses were performed with data acquired every
4 seconds in the Blue ring and every 2 seconds for the Yel-
low ring. The overall trend of the optics errors is similar for
both rings. As beam is being accelerated, the optics error
decreases to its minmum in the middle of the ramp. Then
the error goes up as beta stars are being squeezed.

RAMP OPTICS CORRECTION SCHEME
For the polarized proton program at RHIC in 2013, the

ramp has two parts. The first one, during which the energy
is ramped up and beta stars are squeezed, is called energy
ramp. The second ramp, during which the rotator magnet
ramps up, is called rotator ramp. There are 32 fixed points
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Figure 2: Beta beats at 289 s into ramp in the horizontal
plane from ramp optics measurement.

Figure 3: Phase errors at 289 s into ramp in the horizontal
plane from ramp optics measurement.

(stepstones) for the energy ramp where magnet strengths
are controllable for the energy ramp. The magnet strengths
are interpolated between these stepstones. The rotator ramp
has fewer stepstones since the optics is smoothier.

TbT orbits near stepstones are picked for optics analy-
sis for the availability of optics models. Then corrections
using the 72 trim quads are calculated based on the prin-
ciple presented in [5]. Two scripts are designed for ramp
optics correction. One of them goes through all the picked
orbits for analyzing optics in both planes. The second one
implements the corrections in RampEditor for all relevant
stepstones. Due to the fact that the beam is not perfectly
centered in quadrupoles, the closed orbit will vary with
implementation of correction. Therefore, orbit feedback
was turned on to keep the orbit stable. Besides that, tune
feedback was used as well to avoid beam loss due to res-
onances. Chromaticity changes due to optics corrections
were predicted by the online model (OptiCalc), which was
then manually corrected before activation of corrections.

TEST ON ROTATOR RAMP
The concerns regarding ramp optics correction imple-

mentation are mostly related to the beam loss and beam

emittance dilution. As a test, correction on a rotator ramp
with fewer bunches (12 by 12) was attempted to study these
effects. The test ramp was the same as a physics ramp ex-
cept for the fewer bunches. The optics for the rotator ramp
is considered as smooth regardless of the ramping of the ro-
tators. Therefore, corrections calculated for the full energy
were applied to all stepstones of the rotator ramp except
the very first one. It means the correction strengths ramp
up from the first to the second stepstone.

Beam loss of the test ramp and a physics ramp are shown
in Fig. 4. The rising of beam loss around 1300 s in the
Blue ring was due to other beam study. The oberservation
is that the beam loss was slightly better for the test ramp
during the rotator ramp and after beam collision. The IPM

Figure 4: Comparison of beam loss between the test ramp
and a physics ramp for both rings.

(Ionization Profile Monitor) reported emittance for the test
ramp and a physics ramp are shown in Fig. 5. They are
similar except for the large error bars due to fewer bunches.
In addition, the calculated beam emittance inferred from
beam collision signals are as good as in a good physics
store.

Figure 5: IPM measured emittance in a physics ramp (left)
and the test ramp (right) for both rings.

The collision rate was expected to reach 1070 kHz at
STAR by scaling beam intensities, which is ∼15% increase
of luminosity.

The results of the test eliminate the concern of adverse
effects of ramp optics corrections. Later on, the correc-
tion for the rotator ramp was implemented operationally
for the physics program in the Yellow ring only due to other
changes being made in the Blue ring. The rest of the pro-
gram has been running with corrected optics without any
complication.
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Figure 6: Beam collision signals in the test ramp for both
experiments.

TEST ON ENERGY RAMP

Ramp optics correction for the energy ramp has been
tested twice in 2013. We ran a 12 by 12 ramp for ramp
optics measurement, ran a script to select the TBT orbit
files near the stepstones and calculate optics corrections,
ran script to send correction strengths to RampEditor and
activated corrections. We were not able to ramp again for
ramp optics measurement to verify the correction due to
time limitations.

The problem encountered in the first attempt was that,
each time a set of strengths were sent to a stepstone
in RampEditor, the online model recalculated all rele-
vant magnet strengths for the whole ramp which was too
time-consuming. The solution was to send all correction
strengths for a stepstone once, not separately. The other
way around is to fix magnet strengths (anchoring) for the
relevant stepstones so interpolation of magnet strengths
will not occur after implementing correctons. The two
ways are similar because changing strengths for a step-
stone would anchor it as well. The problem encountered in
the second attempt was that, anchoring stepstones changes
the current curves for magnets dramatically, which caused
magnets to exceed limits. The selected current curves be-
fore and after anchoring stepstones are shown in Figs. 7, 8.
The ongoing effort is to change the RampManager code so
that anchoring stepstones only fix the magnet strengths, but
does not change the derivatives of the current curves.

SUMMARY

Precision analysis of the linear optics based on TbT
BPM data by the ARTUS kicker opened out the possibil-
ity of ramp optics measurement at RHIC. Breakthrough of
global optics correction added the critical piece for imple-
menting ramp optics correction. Ramp optics correction
for the rotator ramp has been implemented operationally
at RHIC. Ramp optics correction for the energy ramp is in
progress.

Figure 7: Current curves for selected magnets without
ramp optics correction.

Figure 8: Current curves for selected magnets with ramp
optics correction.
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GLOBAL OPTICS CORRECTION IN RHIC BASED ON TURN-BY-TURN
DATA FROM ARTUS TUNE METER∗

C. Liu† , M. Blaskiewicz, K.A. Drees, A. Marusic, M. Minty, BNL, Upton, NY 11973, USA

Abstract
Deviation of the optical functions from the model may

result in reduced dynamic aperture, luminosity and beam
polarization all of which are of particular interest in the po-
larized proton program at RHIC. Peak to peak beta beats
as large as +/- 80% have been observed. In Run-13, we
demonstrated that the optical functions can be corrected
globally by two different approaches, either beta beat or
phase error correction. The optics measurement, correc-
tion algorithm and beta beat and phase error measurements
before and after correction will be presented.

INTRODUCTION
RHIC (Relativistic Heavy Ion Collider) has been running

with large beta beat over the years for both heavy ion and
polarized proton programs. The impact on dynamic aper-
ture and beam polarization from optics error are expected,
however hard to quantify. The optics errors manifest them-
selves as beta beats (relative error of beta functions), or as
phase advance errors, and as the integral, the tune errors.
Usually, the luminosity decreases because of enlarged β∗

from the presence of beta beat. Therefore, luminosity is ex-
pected to benefit from optics correction even though many
other parameters contribute as well. Model optical func-
tions are usually used in correction in accelerators, like or-
bit, tune and chromaticity corrections [1] since calibration
of optical functions is non-trivial. The errors in optics obvi-
ously set a limitation on the best performance of the correc-
tions. In addition, many critial diagnostics rely on model
optics as well. For instance, IPM (Ionization Profile Mon-
itor) uses model beta functions to calculate the beam emit-
tance. The accuracy of all these diagnostics are expected to
be improved with the measurement of optical functions and
correction. The above facts justify the need of a robust fast
turn-around optics measurement and correction scheme.

OPTICS MEASUREMENT
In RHIC, two types of TbT (turn-by-turn) BPM data can

be acquired for optics measurement. One is the betatron
oscillation driven by the AC dipole [2]; the other is the
free betatron oscillation initiated by the ARTUS kicker [3]
(tune meter). The oscillation caused by the AC dipole is
adiabatical and renders high signal to noise ratio. The AR-
TUS kicker affects only one bunch, so it is more robust in
practice. All measurments and corrections in this paper are
based on TbT BPM data acquired using the ARTUS kicker.

∗The work was performed under Contract No. DE-AC02-98CH10886
with the U.S. Department of Energy.

† cliu1@bnl.gov

TbT data analysis techniques, whether it is a time do-
main, frequency domain or any statistical method, should
in principle deliver similar measurement resolutions pro-
vided they are employed to their best capacities. The au-
thor adopted a frequency domain method which produces
∼0.2 deg phase measurement resolution [4] at RHIC.

In addition to measurements at BPM locations, beta
functions at various critical devices can be interpolated
based on the measured beta functions at nearby BPMs.
First, one calculates the transfer matrices between the de-
vice and the upstream and downstream BPMs based on
model optical functions. Then two equations can be es-
tablished which relate the unknown beta and alpha at the
device and the measured betas at the two BPMs.{

β1 = R2
11β0 − 2R11R12α0 +R2

12
1+α2

0

β0

β2 = r211β0 − 2r11r12α0 + r212
1+α2

0

β0

(1)

Here β1, β2 are the measured beta functions at BPM 1
and 2. R and r are the transfer matrices from the device
to BPM 1 and 2 respectively. β0 and α0 are the unknown
Twiss parameters at the device.

CORRECTION SCHEME
Global beta beat correction has been implemented on

various accelerators successfully [5]. However, global
phase error correction has been proposed but not demon-
strated successfully [6]. The basics of the two cor-
rections being applied in RHIC are similar. Suppose
(e1, e2, . . . , em)′ is the optics error (beta beat or phase er-
ror) being measured, M is the response of optics errors to
quadrupole strength variationd in form of a matrix. The
correction can be obtained by solving the following equa-
tions:

−


e1
e2
...
em

 =


M11 M12 · · · M1n

M21 M22 · · · M2n

...
...

. . .
...

Mm1 Mm2 · · · Mmn

∗


k1
k2
...
kn

 (2)

The optics error on the left side are from both planes, on
which proper weights can be applied based on the scale
of the errors. The correction knobs in RHIC are the 72
quadrupoles with trim power supplies which all reside in
the interaction regions [7].

The response matrix for beta beat correction can be
calculated either by an optics program (MAD-X) simula-
tion or analytically based on the online model (OptiCalc)
optical functions. The analytical formula are presented
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in Eq. 3. Betas in Eq. 3 are for the quadrupoles. The
quadrupole integrated strength is assumed.{

Mij,x = − βi,x

2 sinπµx
cos (2πµx − 2|ϕi,x − ϕj,x|)

Mij,y =
βi,y

2 sinπµy
cos (2πµy − 2|ϕi,y − ϕj,y|)

(3)

The results from both calculations were compared for
RHIC at both the injection and store energies. Because of
the fact that gamma-t quads are implemented in OptiCalc
but not in the MAD-X model, the response matrices dif-
fer considerably from each other at injection energy. At
full energy, the two results agree very well with each other
since the contribution of gamma-t quads decreases with en-
ergy.

The response matrix for the phase error correction was
only simulated with MAD-X. Therefore, the error in the
phase response matrix is expected to be non-negligible due
to the missing gamma-t quads at injection. At full energy,
the impact of gamma-t quads on the phase response ma-
trix should be minimal just like for the beta beat response
matrix.

OPTICS CORRECTION
Due to time limitations and the known error in the model,

a phase error correction was only attempted briefly at in-
jection energy. With one iteration of corrections, the phase
errors before and after correction at injection are shown in
Figs. 1, 2, 3 and 4.

Figure 1: The measured and model phase advance in the
horizontal plane before phase correction (in units of 2π).

The corresponding rms beta beat was reduced from
17.3% to 9.3% in the vertical plane, from 7.8% to 5.2%
in the horizontal plane with the phase error correction.

Beta beat corrections were demonstrated in both rings at
full energy. The beta beat before and after correction in the
Blue ring are shown in Figs. 5 and 6. The applied integrated
trim strengths for all 72 quads are shown in Fig. 7.

The phase measurement and correction has certain ad-
vantages over the beta beat correction. First, the phase
measurement is model independent; secondly, the phase
measurement is mostly immune to BPM calibration errors;
and lastly, the phase correction will not introduce addi-
tional tune changes which have to be corrected. Phase error

Figure 2: The measured and model phase advance in the
horizontal plane after phase correction (in units of 2π).

Figure 3: The measured and model phase advance in the
vertical plane before phase correction (in units of 2π).

correction has been demonstrated successfully in RHIC at
injection energy, however, not to its full capacity.

The beta functions at IPs (Interaction Points) are inter-
polated from the measurements before and after beta beat
correction. The results are shown in Table 1 and 2. The
numbers in parenthesis are the design values for the β∗.

SUMMARY
Both global optics correction schemes (beta beat and

phase error correction) have been demonstrated success-
fully at RHIC based on ARTUS TbT BPM data. The beta

Figure 4: The measured and model phase advance in the
vertical plane after phase correction (in units of 2π).
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Figure 5: Beta beat in horizontal plane before (blue) and
after correction (red).

Figure 6: Beta beat in vertical plane before (blue) and after
correction (red).

Figure 7: Applied integrated correction strength in the Blue
ring at full energy.

Table 1: β∗ at IPs in the Blue Ring Before and After Beta
Beat Correction

βx (IP6) βx (IP8) βy (IP6) βy (IP8)

Before 0.74 0.63 0.82 0.73
After 0.66(0.64) 0.63(0.61) 0.69(0.63) 0.73(0.64)

Table 2: β∗ at IPs in the Yellow Ring Before and After Beta
Beat Correction

βx (IP6) βx (IP8) βy (IP6) βy (IP8)

Before 0.6 0.79 0.62 0.75
After 0.63(0.66) 0.66(0.6) 0.68(0.67) 0.70(0.68)

beat correction has since then been implemented opera-
tionally at store. The benefit on luminosity was observed
[8]. The correction of β∗ was verified by measurements
after correction. Even though the phase response matrix
has certain errors due to the missing gamma-t quads in
the MAD-X model, phase error correction was demon-
strated successfully at injection energy. Further studies are
planned for the future. The result of a phase error correc-
tion is expected to be no worse than the beta beat correc-
tion.
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DYNAMIC APERTURE MAXIMIZATION

WITH HEAD-ON BEAM-BEAM COMPENSATION IN RHIC
∗

Y. Luo, W. Fischer, S. White

Brookhaven National Laboratory, Upton, NY USA

Abstract

To reduce the large beam-beam tune spread and to com-

pensate the beam-beam non-linear resonance driving terms,

two electron lenses are being installed in the RHIC tunnel

for head-on beam-beam compensation. In this article we

discuss the approaches to maximize the proton dynamic

aperture by adjusting the phase advances between beam-

beam interaction points and the electron lenses. We present

the beam-beam compensation lattice design, dynamic aper-

ture calculation results, and comparisons between the lat-

tices used in the previous RHIC proton operation.

INTRODUCTION

The working point in the polarized proton collision oper-

ation in the Relativistic Heavy Ion Collider (RHIC) is con-

strained between 2/3 and 7/10 to achieve a good beam life-

time with beam-beam interaction and to preserve the proton

polarization on the energy acceleration and at the physics

store. To further improve the luminosity, with an upgraded

polarized proton source, the proton bunch intensity will be

increased from currently 1.8×1011 up to 3.0×1011. How-

ever, with such a high bunch intensity, there is not enough

tune space between 2/3 and 7/10 to accommodate the large

beam-beam tune spread.

To reduce the large beam-beam tune spread and compen-

sate the large beam-beam resonance driving terms (RDTs),

head-on beam-beam compensation with electron lenses (e-

lenses) is adopted in RHIC [1]. Figure 1 shows the layout

of RHIC head-on beam-beam compensation. The two pro-

ton beams collide at IP6 and IP8. Two e-lenses are being

installed on either side of IP10, one for the Blue ring and

one for the Yellow ring. To cancel the non-linear beam-

beam RDTs from collision at IP8, we require the betatron

phase advances between IP8 and the e-lens center to be kπ,

where k is an integer.

For the next 100 GeV polarized proton run, we will

commission head-on beam-beam compensation for the first

time in RHIC. To best utilize head-on beam-beam compen-

sation and to maximize the proton dynamic aperture, we re-

designed the proton lattices for both RHIC rings. On top of

the above kπ phase advances between IP8 and the e-lenses,

we also attempt to maximize the off-momentum dynamic

aperture by adjusting the phase advances between the two

collisional IP6 and IP8. In the following, we first discuss

∗This work was supported by Brookhaven Science Associates, LLC

under Contract No. DE-AC02-98CH10886 with the U.S. Department of

Energy.
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IP6 STAR

IP8 PHENIX

IP10

Figure 1: Layout of RHIC head-on beam-beam compen-

sation. Proton beams collide at IP6 and IP8. E-lenses are

located on both sides of IP10.

the phase requirements for head-on beam-beam compensa-

tion, then present the newly designed lattices and the calcu-

lated proton dynamic apertures compared with the previous

RHIC proton operation lattices.

PHASE ADVANCE CONSIDERATIONS

For head-on beam-beam compensation in the proton op-

eration in RHIC, simulation results show that full compen-

sation gives a lower dynamic aperture than that with half

beam-beam compensation. With half beam-beam comn-

pensation, if the phase advances between IP8 and the center

of e-lenses is kπ, k being an integer, the non-linear beam-

beam RDTs from beam-beam interaction at IP8 will be ex-

actly compensated by the e-lens at IP10 to the first order.

For this purpose, we added two shunt power supplies to the

main quadrupoles in the arc between IP8 and IP10.

In the previous proton runs, we observed that the par-

ticle loss at store took place in the transverse plane with

beam-beam interaction. The proton loss rate was found to

be proportional to the particle leakage rate from the proton

bunch center to the tail. Since the particles in the bunch

tail have bigger momentum errors, we concluded that the

proton loss at store was caused by the low off-momentum

dynamic aperture [2]. To improve it, we need to compen-

sate the chromatic effects and compensate the higher order

chromaticities.

In the early studies, we identified that the non-linear

chromaticities for the RHIC proton lattices are mainly

contributed by the triplet quadrupoles in the two interac-

tion regions IR6 and IR8 where βs are much bigger than

other non-collisional interaction regions [3]. From the
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Table 1: Optics Parameters of E-lens and Standard Lattices.

Parameter E-lens Lattices Standard Lattice

Blue ring:

Integer tunes (27, 29) (28, 29)

ξ
(2)
x,y (167,-324) (-1894, 213)

∆Φx,y|IP6−>IP8 (10.5π, 8.5π) (10.9π, 8.5π)

∆Φx,y|IP8−>elens (8π,11π) (8.4π,10.1π)

Yellow ring:

Tunes (27,28) (28, 29)

ξ
(2)
x,y (-119,-60) (-4160,-1045)

∆Φx,y|IP6−>IP8 (7.5π, 11.5π) (8.3π, 11.0π)

∆Φx,y|IP8−>elens (11π,9π) (10.7π,8.8π)

perturbation theory, the second order contributions from

quadrupoles are mostly determined by the first order off-

momentum β-beat dβ/dδ, δ = dp/p0. Therefore, for the

asymmetric optics at IP6 and IP8 in RHIC, we can min-

imize dβ/dδ at the triplet quadrupoles by adjusting the

phase advances between IP6 and IP8 to be (p+1/2)π, with

p an integer [4].

OPTICS DESIGN

For the next RHIC proton run, the particle energy will be

100 GeV. According to the operational experiences in the

previous RHIC 100 GeV proton runs, to obtain acceptable

store beam lifetime, we choose β∗ = 0.85 m, the same

as in the 2012 100 GeV proton run. The luminosity gain

will mainly come from the increased proton bunch inten-

sity. With half beam-beam compensation with e-lenses, we

expect that the maximum proton bunch intensity at store

exceeds 2.5× 1011.

Table 1 shows the main optics parameters for the new

lattice design for beam-beam compensation, together with

the lattices used in the previous RHIC proton runs. For sim-

plicity, we name the previous RHIC run lattices “standard

lattices” and the newly designed lattices for beam-beam

compensation “e-lens lattices”. From Table 1, the e-lens

lattices meet all above phase advance requirements: kπ be-

tween IP8 and e-lens and (p+1/2)π between IP6 and IP8.

As an example, Figure 2 shows the fractional vertical

tunes versus dp/p0 for the e-lens lattices and the standard

lattices. With the phase advances between IP6 and IP8 be-

ing (p+1/2)π, the second order chromacticities are largely

reduced. Figure 3 shows the RDTs of 3Qx along the ring.

Large 3Qx RDTs affect negatively the beam lifetime at in-

jection and cause beam loss and emittance growth on the

energy and rotator ramps. From Figure 3, for the e-lens lat-

tices, the RDTs of 3Qx in the Yellow ring are bigger than

that from the Blue ring. To meet these phase advance re-

quirements, the e-lens lattices reduce the arc FODO cell’s

phase advances from optimum 90◦ to 74◦ and generate ex-

tra β and dispersion beats between IP8 and IP10 with shunt

qudrupole power supplies between them.
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Figure 2: Yellow vertical tunes versus dp/p0. Phase ad-

vances (p + 1/2)π between IP6 and IP8 reduce ξ
(2)
x,y. The

Yellow vertical plane shows the largest nonlinear chro-

maticity in the standard lattice (Table 1).
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Figure 3: RDTs of the 3Qx resonance for e-lens and stan-

dard lattices. 3Qx RDTs are bigger in Yellow than Blue

rings.

DYNAMIC APERTURE CALCULATIONS

Figure 4 shows the proton dynamic aperture without

beam-beam interaction at store energy. The zero-amplitude

tunes are scanned along the diagonal in the tune space. In

this study, the vertical tune is always lower than the hori-

zontal tune by 0.01. The Blue e-lens lattice gives a bigger

dynamic aperture than the Yellow e-lens lattice when the

tunes are close to 2/3. The Yellow standard lattice gives

the lowest dynamic aperture in the scan, which is due to

its large 3Qx RDT and negative vertical second order chro-

maticity.

Figure 5 shows the dynamic aperture with beam-beam

interaction at IP6 and IP8. The zero-amplitude tunes are

(0.68,0.67). The dynamic aperture for the e-lens lattices

are above 5 σ when the proton bunch intensity is below

2 × 1011. The Yellow e-lens lattice gives a larger dy-

namic aperture than the standard Yellow lattice. The dy-

namic aperture begins to drop for all cases when the proton

bunch intensity is above 2 × 1011, which justifies head-
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Figure 4: Dynamic aperture without beam-beam interac-

tion at store. The initial dp/p0 = 12.5× 10−4.
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Figure 5: Dynamic aperture with beam-beam interaction at

store. The zero-amplitude tunes are (0.68,0.67).

on beam-beam compensation for proton bunch intensities

above 2× 1011.

Figure 6 shows the dynamic apertures with half head-on

beam-beam compensation (HBBC). With HBBC the e-lens

lattices give a bigger dynamic aperture than the standard

lattices. For the Blue e-lens lattice the dynamic aperture

is about 5 σ for all bunch intensities. While for the Yellow

e-lens lattice, it is above 4.5σ for bunch intensities between

2.0-3.0×1011.

The Yellow e-lens lattice gives a lower dynamic aper-

ture than the Blue e-lens lattice when bunch intensities are

below 2 × 1011. One possible reason is the large Yellow

3Qx RDT. Here we correct all the first order sextupole reso-

nance driving terms with 12 sextupole families. The focus-

ing or defocusing sextupoles in each arc are grouped into

one family. With correction, the 3Qx RDT is reduced by

more than half and the second order chromaticties are still

below 400. Figure 7 shows the dynamic apertures with the

sextupole first order RDT correction. The dynamic aper-

ture of HBBC with correction improves slightly but is still

low when the proton bunch intensity is below 2.0×1011.
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Figure 6: Dynamic aperture with half beam-beam compen-

sation at store.
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Figure 7: Dynamic aperture for the Yellow e-lens lattice

with 3Qx correction.

SUMMARY

We re-designed lattices for the head-on beam-beam com-

pensation with e-lenses in RHIC. Phase advances between

IP8 and the e-lenses are set to kπ to compensate non-linear

beam-beam RDTs and the phase advances between IP6 and

IP8 are set to (p+ 1/2)π to reduce the second order chro-

maticities. Dynamic aperture calculations show that the dy-

namic aperture is improved with e-lens lattices without and

with beam-beam compensation, compared to the previous

RHIC proton run lattices.
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MEASUREMENT OF BEAM OPTICS DURING ACCELERATION IN THE 
RELATIVISTIC HEAVY ION COLLIDER 

 

M. Minty#, K.A. Drees, R. Hulsart, C. Liu, A. Marusic, R. Michnoff, P. Thieberger 
Brookhaven National Laboratory, Upton, NY 11973, U.S.A.

Abstract     
 
Measurements of the beam optics during acceleration 

have been performed at the Relativistic Heavy Ion 
Collider (RHIC).  The results were used to obtain a 
measure of the maximum amplitude of the beta-beat 
envelope during acceleration which are of interest in the 
context of emittance and polarization preservation.  The 
measured beta functions were then interpolated to 
locations of beam profile monitors for more accurate 
determination of the transverse beam emittances during 
the energy ramp.  In this report we summarize recent 
improvements in the experimental methods, describe the 
measurement procedure and present experimental results.   

INTRODUCTION 
   Optics measurements during acceleration are here based 
on excitation of the beam using pulsed kicker magnets 
(from the RHIC tune measurement system, ARTUS [1]) 
as opposed to driven excitations using AC dipoles [2], 
which are not well suited for measurements during the 
energy ramp. The response of the beam’s change in 
centroid position was measured using beam position 
monitors (BPMs). Compared to measurements made 
previously [3] using the ARTUS kicker magnet [1], the 
measurement precision has been substantially improved 
by numerous enhancements made in the BPM and data 
delivery systems and by the application of continuously 
operating orbit and tune/coupling feedback [4] used to 
ensure reproducible and stable conditions during 
acceleration. For beam optics measurement during the 
energy ramp, a coherent beam oscillation was excited and 
single-bunch turn-by-turn (TBT) BPM measurements 
were acquired.  These were carefully interleaved with 
average orbit measurements used by the orbit feedback.  
The TBT data were acquired at a selectable maximum 
rate possible (depending on whether acquisitions were 
desirable in both RHIC accelerators simultaneously) as 
limited by the data delivery times. The results were 
analyzed using slightly modified adaptations of existing 
frequency-based analyses [5-7] as described in Ref. [8]. 
   In this report we summarize the improvements leading 
to reliable and robust measurements, describe the 
measurement procedure and present experimental results. 
----------------------------------------------------------------------  
* The work was performed under  Contract No. DE-AC02-98CH10886 
with the U.S. Department of Energy. 
#minty@bnl.gov 
 

TURN-BY-TURN BEAM POSITION 
MEASUREMENTS  

     Past beam optics measurements in RHIC were 
sometimes compromised by poor BPM performance [9].  
During the early years of RHIC operation, modifications 
(e.g. electronics relocation, gain relay modifications) were 
made and automated timing scans were developed which 
contributed to substantially improved performance [10, 
11].  Then several issues specific to the turn-by-turn BPM 
system were resolved: timestamp errors were eliminated 
(2008), FireWire (IEEE serial bus interface) error 
checking and staggering using software loop delays were 
implemented (2009), a RAM data corruption source was 
located in the integrated front end of the signal processing 
electronics and corrected (2009), changes were made to 
interrupt priorities (2009), and Sederta-card memory 
corruption was identified and eliminated (2010).  

     DETERMINISTIC DATA DELIVERY 
    During the shutdown before the RHIC FY11 run, a 
digital test mode was developed to ensure reliable and 
robust delivery of TBT BPM data and executed over 
many months.  For each of the ~650 BPMs in RHIC, a 
test pattern was set at a 0.25 Hz rate in the TBT data array 
of the local signal processing unit. The received patterns, 
as logged by the RHIC control system, were subtracted 
from the expected patterns to detect data handling errors. 
While the symptoms of data delivery errors were varied 
(values missing, values repeated, etc.), it was found that 
they were primarily due to stale data being read back (if 
overloaded, the Sederta card lost a portion of data and 
delivered data previously saved in the circular buffer).  
The errors were solved by further staggering of data 
transmitted over FireWire using now the RHIC beam 
sync link turn counter to more precisely stagger the delays 
to prevent data transmission time overlaps between 
BPMs. After these modifications, error-free data delivery 
using the digital test mode was demonstrated: >100,000 
acquisitions were performed, where 1 acquisition 
corresponds to readout of 1024 turns from all BPMs, or 
about 70 billion readings, with no errors.   

ACQUISITION METHODOLOGY 
Measurements of the beam optics were made 

reproducible by ensuring reproducible beam orbits and 
betatron tunes using the now standard beam feedback 
systems during acceleration. While orbit and tune 
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feedback operate independently, the BPM measurements 
used by orbit feedback and the turn-by-turn BPM 
measurements share the same networks for data delivery. 
The timing of the delivery of beam position 
measurements for these two systems was therefore 
carefully staggered to avoid data corruption.   

A conceptual sketch showing the data acquisition 
methodology is shown in Fig. 1. Orbit feedback operated 
at its standard 1 Hz rate.  We allowed 200 ms 
corresponding to an upper limit on the time to transmit all 
(4 planes from both accelerators) the average orbit BPM 
data well in excess of the 150 ms required based on 
previous measurements [12].   After delivery of the data 
for orbit feedback, the beam was excited in one plane 
followed a short time later by excitation in the other 
plane, where the spacing between applied excitations was 
set (~ 500 turns) to be longer than the decoherence time.  

 

Figure 1: Conceptual sketch of carefully orchestrated 
timing to allow for turn-by-turn BPM acquisitions 
interleaved with BPM acquisitions required by orbit 
feedback during beam acceleration. 

MEASUREMENT RESOLUTION 
    
       Following the above changes, the resolution of the 
turn-by-turn BPMs was first quantified using data 
acquired with continuous excitations provided by AC 
dipoles [13].  The resolution is here defined as the rms of 
the difference between the measurement and a sinusoidal 
fit to the measurement.  In Fig. 2 is plotted in histogram 
format this rms for all BPMs for both transverse planes in 
both accelerators. Note that the resolution defined here 
represents an upper bound on the instrumental resolution; 
a correlation between poor resolution and large beta 
function (on either side of each interaction region) was 
determined by Fourier analysis to be due to residual 
oscillations of the beam (of about 10 Hz [11, 14], which 
for even higher precision analyses could be fit and 
removed from the data arrays).    
 

APPLICATIONS 
  
    The Run-13 [15] ramp optics data were initially used 
[16] to determine the betatron tune spread along the 
energy ramp, which is important in the context of 

preservation of the proton beam polarization during 
acceleration.  At that time a new beam optic designed for 
operation of new electron lenses [15,17] was being 
developed.  An unexpected observation, namely reported 
shrinking beam emittances while establishing beams (i.e. 
“squeezing”) for collision was observed in the yellow ring 
which provided motivation for interpolation of the beta 
function measurements [18] to the locations of the 
ionization profile monitors (IPMs, [19]) which measure 
the transverse beam sizes.   

 

Figure 2: Resolution of turn-by-turn BPM measurements 
in histogram format for the blue/yellow ring horizontal 
plane (a)/(c) and vertical planes (b)/(d). 

 
   To investigate this further, ramp optics measurements 
were acquired. Shown in Fig. 3a/b are the model and 
measured beta functions at the IPMs in the two transverse 
planes.  For reasons that are not yet understood the 
measured local beta function was observed to decrease 
while the model beta function, which is assumed for 
conversion of the beam size to emittance for online 
reporting, increased.  The emittances (95%, normalized) 
derived using the model and measured beta functions are 
plotted in Figs. 3c/d. Using the measured beta functions, 
the emittances were constant - certainly not decreasing. 
These results are consistent with those acquired at the 
same time from the fluorescence monitor [20] which also 
indicated constant beam size while the model beta 
function increased. 
    Another example of beta function measurements at the 
RHIC IPMs is shown in Fig. 4 acquired with the lattice 
used for most of the FY13 run.   The data shown here 
were acquired with a 1 Hz acquisition rate (ref. Fig. 1) in 
both accelerators. In all four planes the agreement 
between model and measured beta functions was 
observed to be best about midway during the acceleration 
cycle (which happens to be consistent with the tune errors 
seen by the tune feedback loops).   
        The evolution of the beta- and phase-beats during 
acceleration as measured by all BPMs was evaluated (and 
available in movie-style format).   The amplitude of the 
envelope of the beta-beating in the accelerator arcs was 
consistent with those shown in Fig. 3. 
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Figure 3:  Model (red) and measured (blue) beta functions 
in the horizontal/vertical planes at 255 GeV during the 
final beta squeeze (a/b); IPM emittances (95%, 
normalized in mm-mrad) reported using the model (red) 
and measured (blue) beta functions in same planes (c/d).   

 

 

Figure 4: Model and measured beta functions at the 4 
RHIC IPMs during acceleration of protons to 255 GeV.  

 
SUMMARY 

    Numerous improvements in the BPM system have been 
completed over the years including most recently 
dedicated tests resulting in guaranteed error-free delivery 
of TBT data.  The resulting resolution of the BPMs was 
measured and found to be excellent.  This motivated 
further application of ARTUS-based beam optics 
measurements during beam acceleration in RHIC.  With 
careful management of the transmission of BPM data 
used for orbit feedback and for TBT acquisitions, beta- 
and phase-beating were measured during the energy ramp 
and during the final beta squeeze in before collisions.  
    The results revealed that the presently used approach to 
optics correction based on fixed energy correction at 

injection and store with corrections propagated forward 
and backward, respectively, into the energy ramp [7,18] is 
appropriate.  The measurements were also applied to 
better understand the beam emittances with measurement 
errors dominated by the uncertainty in the beta functions.   
   Efforts continue to utilize these ramp optics measure- 
ments for both validating corrections and for development 
of new methods for directly applying corrections during 
acceleration [21].   
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SIMULATION OF HIGH-POWER MERCURY JET TARGETS FOR
NEUTRINO FACTORY AND MUON COLLIDER∗

R. Samulyak† , Stony Brook University, Stony Brook, NY 11794, BNL, Upton, NY 11973, USA
H.C. Chen, Stony Brook University, Stony Brook, NY 11794, USA

H. Kirk, BNL, Upton, NY 11973, USA
K. McDonald, Princeton University, Princeton, NJ 08544, USA

Abstract
Hydrodynamic behavior of high power targets for future

particle accelerators, in particular for the proposed neutrino
factory and muon collider, has been investigated via numer-
ical simulations. The target will contain a series of mer-
cury jet pulses of about 1 cm in diameter, interacting with
intense proton pulses in 15 – 20 T magnetic fields. Simu-
lations used a smoothed particle hydrodynamics code de-
signed to accurately resolve free surface 3D hydrodynamic
flows. Simulation results have been compared with exist-
ing experimental data and previous simulations performed
with the front tracking code FronTier. New target parame-
ters have also been investigated.

INTRODUCTION
The key element of the target system being designed for

the future muon collider and / or neutrino factory is a liquid
mercury jet interacting with powerful proton pulses inside
a 15 – 20 T magnetic solenoid. The stability of the mercury
jet after the proton pulse disruption is a major concern for
the target design. The proof-of-principles experiment for
high-power mercury target system was conducted at CERN
in 2007 [1].

The problem of the slow distortion of the mercury jet
entering the solenoid has been evaluated numerically using
the FronTier code [2, 3]. FronTier is a hydro- and magne-
tohydrodynamic code that resolves material interfaces us-
ing the method of front tracking. FronTier simulations of
the mercury jet cavitation and disruption caused by interac-
tion with proton pulses were presented in [4] and previous
works referenced therein. Previous studies have demon-
strated that modeling of cavitation and surface dynamics
is critical for the simulation of the mercury jet interaction
with proton pulses. Cavitation is intrinsically a multiscale
phenomenon involving scales from micron-size at the cav-
itation onset to global scales in later phases of the evolu-
tion of bubbles. In FronTier, cavitation was modeled by
creating numerically grid-dependent initial cavitation bub-
bles with tracked surfaces in rarefaction waves of critical
strength. Such a cavitation model depends on a number of
artificial parameters and makes it difficult to resolve small
scales typical for clouds of cavitating bubbles. It is also
non-conservative in nature as it removes the liquid and re-
places the corresponding volume with gas bubbles. Diffi-

∗Work supported by DOE MAP
† roman.samulyak@stonybrook.edu

culties with cavitation models prevented us from simulat-
ing long time dynamics of mercury jets in 3D.

To improve the modeling of small scales and simulation
of long time dynamics of free surfaces flows, we have de-
veloped a parallel code based on the smoothed particle hy-
drodynamics (SPH) [5]. The code has been applied for the
simulation of mercury jet targets in the parameter range
typical for the muon collider, neutrino factory, and other
experimental designs. The present paper only deals with
hydrodynamic effects. The study of influence of MHD
on the mercury jet cavitation and disruption using particle
methods is in progress and will be reported in forthcoming
work.

NUMERICAL METHODS

SPH [5] is a Lagrangian particle method in computa-
tional fluid dynamics in which deforming Lagrangian cells
are replaced with particles. SPH eliminates the main mesh
tangling difficulty of the original Lagrangian method while
retaining many of its advantages. Due to its Lagrangian
nature, SPH is strictly mass-preserving and capable of ro-
bustly handling interfaces of arbitrary complexity in the
simulation of free surface and multiphase flows. It has
known accuracy issues in the numerical approximation of
differential operators but these are compensated by the SPH
properties of nonlinear stability and conservation, enabling
successful usage of SPH for a wide class of problems. We
have also developed necessary physics models pertinent to
the mercury target problem.

To model properties of mercury, we use the stiffened
polytropic equation of state (EOS) [6]

P = (γl − 1)ρ(E + E∞)− γlP∞

with the adiabatic exponent γl = 6.0 and the stiffening
constant P∞ = 47 kbar . The stiffened polytropic EOS
extends the range of pressure to negative values in order to
account for the transient effect of tension in liquids. When
the pressure falls below the cavitation threshold, the inter-
action between the corresponding particles is eliminated.
This causes internal liquid breakups or cavitation. Using
this method, cavities can appear on particle-scale length.
The particle interactions are resumed if the pressure equi-
librates and particles move close to each other causing the
merger of fluid fragments.
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(a) Mercury surface (b) z-velocity, m/s

Figure 1: Mercury thimble. Shape (left) and vertical veloc-
ity (right) of mercury splash column after 0.85 ms.

RESULTS AND DISCUSSION

Mercury Thimble Experiments
We have validated SPH simulations of the interaction

of mercury with proton pulses using data of the mercury
thimble experiments [7]. The volume of the thimble exca-
vated in a stainless steel bar is 1.3 cm3. It consists from
bottom to top of a half sphere (r = 6 mm) and a vertical
cylinder (r = h = 6 mm). The mercury has a free surface
in up-direction, where it can expand to. The proton pulse
has approximately Gaussian distribution and the intensity
range of 0.6−17 ·1012 protons at energy 24 GeV. We have
performed numerical simulations of the thimble splash and
observed that the splash velocity is sensitive to the value
of the critical pressure used in the capitation model. Good
agreement with experimental data was obtained for the crit-
ical pressure of 100 bar. This value was then used in all
mercury jet simulations. Figure 1 depicts the shape of the
mercury column in the thimble simulation.

Mercury Targets for Neutrino Factory and Muon
Collider

In this section, we report simulation results of the mer-
cury jet interaction with proton pulses in the neutrino fac-
tory and muon collider power regimes. The 4 MW beam
of 8 GeV protons will be delivered in 150 bunches per sec-
ond for the neutrino factory and in 15 bunches per second
for the muon collider. 20.8 teraproton bunches arrive at
the neutrino factory target with the 6.67 ms interval that is
large compared to hydrodynamic time scales of the mer-
cury splash. In the case of the muon collider, 208 terapro-
ton bunches arrive with the time interval of 66.7 ms. There-
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Figure 2: Isochoric increase of mercury pressure with in-
crease of internal energy (cortesy Sandia National Lab).

Figure 3: Initial pressure distribution in cross-section of
the mercury jet due to neutrino factory beam energy depo-
sition.

fore, it is sufficient to consider the interaction of the mer-
cury jet with only one proton pulse. We use the correspond-
ing energy deposition tables calculated at FNAL with the
Monte Carlo code MARS. Assuming the isochoric regime
of the energy deposition (the deposition time scale is mush
smaller than the hydrodynamic time scale), the peak pres-
sure is approximately 110 kbar in the muon collider target
and 11 kbar in the target for the neutrino factory. Figure 2
shows the increase of pressure in mercury with the increase
of internal energy. The proton pulse enters the jet under
small angle and the energy deposition is not axially sym-
metric. The pressure profile in the jet is shown in Fig. 3.

After the energy deposition, strong pressure wave prop-
agates to the jet surface and reflects from the mercury -
vacuum interface as a rarefaction wave. Rarefaction waves
focus in the center of the jet, break the liquid and create an
extensive cavitation zone. After the jet is disintegrated by
cavitation and surface instabilities, fragments of jet freely
fly apart. The velocity of the neutrino factory target splash
is in the range of 15 - 35 m/s, with some small droplets
reaching velocities of the order of 40 - 50 m/s. These ve-
locities are in the same range as ones observed in MERIT
experiments. The exact comparison is not possible because
of uncertainties in the energy deposition and spot sizes. In
the muon collider case, main jet fragments disperse with
the velocity of 90 - 110 m/s with some droplets reaching
much higher velocities (see Fig. 4).
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(a) Neutrino factory, 0.35 ms

(b) Neutrino factory, 1.0 ms

(c) Muon collider, 0.35 ms

Figure 4: Mercury jet dispersal after deposition of 4 MW
beam of 8 GeV protons. State of the neutrino factory target
at 0.35 ms (a) and 1 ms (b), and the muon collider target at
0.35 ms (c).

Evaluation of Gallium Targets

The targetry group of the MAP collaboration is inter-
ested in evaluating the performance of lower-Z materials
as targets for future accelerators / storage rings. We per-
formed initial hydrodynamic simulations of the interaction
of gallium jets with proton pulses. The density of gallium
is 6.1 g/cm3 and the sound speed is 2879 m/s. Detailed
thermodynamic properties of gallium were not available at
the time of simulations. Based on lower gallium density,
we assumed that the pressure and internal energy density
increase will be 50% of that in mercury for the same pro-
ton pulse. Using the muon collider proton beam parame-
ters, the dispersal of the gallium jet was similar to that of
the mercury jet (see Fig. 5). This observation is consistent
with a simple extimate using the energy balance law. For
the case of the neutrino factory proton beam, the jet expan-

Figure 5: Gallium jet dispersal after proton beam energy
deposition.

sion velocities were lower compared to the mercury jet and
the gallium jet exhibited little distortion at 1 ms. This re-
sult could have been affected by inaccurate thermodynamic
properties of gallium and the cavitation model. This issue
will be addressed in the future work.

CONCLUSIONS AND FUTURE WORK
Hydrodynamic response of high power mercury targets

interacting with proton pulses have been studies compu-
tationally using a smooth particle hydrodynamics (SPH)
code. The mercury thimble experiments have been used for
the validation of physics models, in particular cavitation,
implemented in the SPH code. Simulated velocities of the
mercury splash agree with experimental values. Further-
more, the sensitivity of the splash velocity to the value of
the critical pressure has again demonstrated the importance
of cavitation modeling for target simulations. With the crit-
ical pressure selected in the benchmark process, simula-
tions of the neutrino factory and muon collider targets have
been performed and mercury dispersal velocities have been
calculated. Preliminary studies of gallium targets have also
been performed. Future work will focus on MHD effects
using the SPH code and its modifications.
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IMPACT OF THE INITIAL PROTON BUNCH LENGTH ON THE

PERFORMANCE OF THE MUON FRONT END
∗

H.K. Sayed,† H.G. Kirk, J.S. Berg, Brookhaven National Laboratory, Upton, NY 11973, USA

K.T. McDonald, Joseph Henry Laboratories, Princeton University, NJ 08544, USA

Abstract

The dependence of the performance of the Front End of a

Muon Collider/Neutrino Factory on the proton-beam bunch

lengths of 0-20 ns is explored for beam kinetic energies of

3 and 8 GeV.

INTRODUCTION

Some of the requirements on the proton driver for a

staged Neutrino Factory based on muons beams [1] are

listed in Table 1. Efficient capture of muons in the Buncher

of the Front End [2] of the Neutrino Factory favors very

short proton bunch lengths. However, meeting the require-

ment of an intense proton bunch of length only 2 ns is chal-

lenging at 3-GeV beam energy because of space-charge ef-

fects [3]. We present here a study of the impact of a longer

proton bunch on the performance of the Front End.

In the course of related studies [4], an advantage in cap-

ture efficiency was found in using a short “taper” to the

profile of the capture-solenoid magnetic field, down from

the 20 T peak at the target to 1.5-3.0 T at the beginning of

the Decay Channel some 4-6 m downstream. Shorter ta-

pers were found to deliver muon beams with smaller time

spread at the Buncher for a given proton bunch length at the

pion-production target, corresponding to increased capture

efficiency of the Buncher. In this study we examined the

performance of such short tapers, as well as long adiabatic

ones, for proton bunches of 2-20 ns length.

The beam-dynamics simulations were performed using

the ICOOL code [5], with input spectra of secondary par-

ticles produced at the proton-beam target as modeled by

MARS15(2012) [6]. Figure 1 shows examples of pion

beams at the end of the target, of length from 2-10 ns, be-

fore being tracked through the tapered capture-solenoid,

Decay Channel, Buncher, Phase Rotator and Ionization

Cooling sections.

CAPTURE EFFICIENCY VERSUS

TARGET SOLENOID TAPER LENGTH

Pions (which later decay to muons) are generated at the

target with a wide spread in transverse momentum, largely

uncorrelated with their longitudinal momentum As they

move through the high target solenoid field they develop a

∗Work supported by the US DOE Contract No. DE-AC02-

98CHI10886.
† hsayed@bnl.gov

Table 1: Proton-driver requirements for the final and initial

stages of a Neutrino Factory.

Parameter Final Stage Initial Stage

Proton energy [GeV] 8 3

Beam power [MW] 4 1

Rep. frequency [Hz] 50 70

Bunch length [ns] 2 ±1 2 ±1
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Figure 1: Pion beams with bunch lengths of 2-10 ns off the

pion production target.

correlation between the longitudinal velocity and the ini-

tial transverse momentum. The higher the field integral∫
Bdl of the target solenoid leads to a larger time spread

(i.e., more muons sent out of the longitudinal acceptance of

the buncher and rotator). Figure 2 shows the longitudinal

phase space of muon beam at the end of the Decay Channel

for a short taper of 4‘m and a much longer adiabatic one of

40 m. The shorter solenoid taper delivers muon beam with

smaller time spread at a fixed longitudinal momentum pz
to the Buncher. Consequently the short taper has an ad-

vantage over the more adiabatic long taper as it manages to

pack more muons within the longitudinal acceptance of the

buncher and phase rotation channels. Figure 3 shows the

muon beam time spread at the end of decay channel (50 m

from target) for various taper solenoid profiles.

Pions (later muons) produced off the target were tracked

through the Front End starting from the end of the target,

through the tapered solenoid, Decay Channel, Buncher,
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Phase Rotator and Ionization Cooling channels. Fig.

shows the number of captured muons versus the solenoid

taper length for various target solenoid configurations. The

peak field of the target solenoid increases the transverse

capture of the pions, as shown in Fig. 4. As the field tapers

down to the constant field within the Buncher and Phase

Rotator, the faster the taper the smaller the time spread and

the better the performance. Increasing the taper-end field

strength increases the acceptance of the Front End, as can

be seen in Fig. 4).

(a) Short solenoid taper of 4 m.

(b) Long solenoid taper of 40 m.

Figure 2: Longitudinal phase space of pions and muons at

the end of the Decay Channel, 50 m from the target.

As the initial pion bunch length gets longer the advan-

tage of the short taper in preserving the time spread will not

be the dominant effect on the performance of the Buncher

and Rotator. To find the bunch-length limit over which

the short solenoid taper holds its advantage, we tracked pi-

ons (muons) with bunch lengths varying from 1 to 30 ns

through the Front End, Figure 5 shows the number of pos-

itive muons at the end of the Front End tracked through

solenoid tapers of lengths 6, 20 and 40 m in case of
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Figure 4: Muon yield after the transverse Ionization Cool-

ing Channel, within the acceptance of the following accel-

erator chain, vs. the target solenoid taper length. Optimum

yield is at taper length of 4-6 m.

an 8-GeV proton beam incident on a Hg-jet target, with

solenoid-field profile tapering from 20 down to 2.5 T. The

short taper looses its advantage gradually as bunch lengths

increase from 1 to 20 ns. Bunches with length of 20 ns and

longer will not benefit from the short-taper effect.

A similar study was carried for an initial Neutrino Fac-

tory with a 3-GeV proton beam on a graphite target and

peak solenoid field of 15 T, with results shown in Fig. 6.

The tracking study was done for a target solenoid taper

length of 4 m and end field of 2.5 T. For this case the loss

is ≈ 5% per 1 ns increase in bunch length.

4
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Figure 5: Number of positive muons within the accelerator

chain acceptance vs. the initial proton bunch length for 8

GeV proton beam on a Hg-jet target. The tracking study

was done for different target solenoid taper length of 6, 20,

40 m (red, green, blue). The short taper loses its advantage

gradually as the bunches get longer.
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Figure 6: Number of positive muons within the accelerator-

chain acceptance vs. the initial proton bunch length for 3-

GeV proton beam on a graphite target. The tracking study

was done for a target solenoid peak field of 15 T, taper

length of 4 m, and end field of 2.5 T. For this case the loss

is ≈ 5% per 1 ns increase in bunch length.

PERFORMANCE OF THE DESIGN

BUNCH LENGTH 2-8 NS

The performance of the Front End at various design

bunch lengths of 2, 5, 8 ns vs. the target-solenoid taper

length is shown in Fig. 7. For bunch lengths of interest for

a Muon Collider and Neutrino Factory (2-8 ns), the short

taper holds its advantage. The difference in performance

of the front end between a 2 and 8 ns decreases gradually

with the taper length.
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Figure 7: Number of positive muons within the accelerator-

chain acceptance vs. the target solenoid taper length at three

different bunch lengths of 2, 5, 8 ns.
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TOWARDS A GLOBAL OPTIMIZATION OF THE MUON ACCELERATOR
FRONT END ∗

H.K. Sayed,† J.S. Berg, H.G. Kirk, R.B. Palmer, D. Stratakis, BNL, Upton, NY 11973, USA
K.T. McDonald, Princeton University, Princeton, NJ 08544, USA

D. Neuffer, Fermilab, Batavia, IL 60510, USA
J. Qiang, R.D. Ryne, LBNL, Berkeley, CA 94720, USA

Abstract

The baseline design for the Front End of a Neutrino Fac-
tory and Muon Collider consists of a five major compo-
nents, namely the Target System, Decay Channel, Buncher,
Phase Rotator, and the Ionization Cooling Channel. Al-
though each of the mentioned systems has a complex de-
sign which is optimized for the best performance with its
own set of local objectives, the integration of all of them
into one overall system requires a global optimization to
insure the effectiveness of the local objectives and over-
all performance. This global optimization represents a
highly constrained multi-objective optimization problem.
The objectives are the number of muons captured into sta-
ble bunches of specified transverse and longitudinal emit-
tances, as constrained by the momentum-and dynamic-
acceptance of the subsequent acceleration systems in addi-
tion to the overall cost. A multi-objective global evolution-
ary algorithm is employed to address such a challenge. In
this study a statement of optimization strategy is discussed
along with preliminary results of the optimization.

INTRODUCTION
The capture efficiency of muon Front End [1] of a Neu-

trino Factory and Muon Collider [2] determines the lumi-
nosity of both machines. In the Neutrino Factory scenario
only a 4D transverse Cooling Channel is considered, while
in the Muon Collider a charge separation follows the Front
End before the 6D Ionization Cooling.

The muon beam is produced by bombarding a pion-
production target with a 4-MW proton beam that is pulsed
at 50 Hz. Produced pions travel through a constant-field
solenoid Decay Channel where they decay into muons.
Following the Decay Channel, muons go through bunch-
ing, phase rotation, cooling, and acceleration sections. Pre-
vious studies [3] have shown that using the global Front
End performance as the figure of merit in the optimization
of local systems improves the performance in a significant
way. In this study we identify the parameters in each of the
major subsystems of the Front End major that have an im-
pact on the integrated performance, then we optimize the
design accordingly.

∗Work supported by the US DOE Contract No. DE-AC02-
98CHI10886 and DE-AC05-00OR22725.
† hsayed@bnl.gov

TARGET AND MUON FRONT END
The Target System is designed to deliver intense muon

beam of 1014 muons/sec from an incident beam of 1015

protons/s. In the baseline design a liquid-mercury jet target
intercepts the 8-GeV proton beam inside a solenoid field
that peaks at Bi = 20 T at the target and tapers down to
Bf = 1.5 T over a distance of Ltaper = 15 m. The portion
of the mercury jet disrupted by the proton beam is replaced
before the arrival of the following proton pulse. This base-
line configuration produces 0.8 muons/proton at the end of
the Target System.

After the particles leave the tapered target solenoid they
are transported in the Decay Channel, Buncher, and Phase
Rotator in a constant solenoid field, nominally 1.5 T. At
the end of the Decay Channel, ≈ 70 m from the target,
most pions have decayed into muons and the beam is about
15 m long. The beam is then bunched over ≈ 33 m in
a sequence of RF cavities with frequencies from 320 to
230 MHz that capture muons with kinetic energy ranging
from 50-400 MeV. The bunching cavities RF voltage in-
creases linearly along the channel from 3.4 to 9 MV/m.

In the 42-m-long phase-rotation section, lower-energy
muons are accelerated and higher-energy ones are decel-
erated, until at the end of the Rotator the central momen-
tum is 232 MeV/c, and the original 15-m-long bunch of
muons of both signs has been formed into a 48-m-long train
with 33 bunches of µ+ interleaved with 33 bunches of µ−.
The muon beam is then matched into the alternating, 2.8-T
solenoid field in the Cooling Channel.

OPTIMIZATION STRATEGY
In this section we identify the parameters in each subsys-

tem that we consider in the global optimization. In the next
section we will show the improvement on the performance
after optimizing each of those parameters.

Capture Solenoid
The target-solenoid field is parameterized in three vari-

ables, the peak initial field at the target location, the taper
length, and the end solenoid field. For this study the peak
field was either 20 or 15 T The effect of solenoid field pro-
file on the phase space density and distribution of the cap-
tured muons was studied by simulating the particles pro-
duced at the target and transported through the rest of the
Front End. The target-solenoid field profile was shown to
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have a significant effect on the performance of the front end
[4]. Here, we consider optimizing the capture efficiency as
a function of the final asymptotic end field and the length
of the taper as well.

Decay Channel, Buncher and Phase Rotator
Muons are confined in the Decay Channel, Buncher,

and Phase Rotator by a series of constant-field focusing
solenoid coils.

The muon/pion bunch lengthens as it drifts through the
Decay Channel, developing a high-energy head and a low-
energy tail which depends on the Channel length. We con-
sidered a multivariable optimization of the target-solenoid
taper length, RF phase and the Decay Channel length at
various taper end-field values. Figure 1 shows the process
of optimizing the Decay Channel length with the figure of
merit being the total number of muons within the accep-
tance cuts of the accelerator [5].
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Figure 1: Optimizing the Decay Channel length using a
differential evolution algorithm.

The effect of the solenoid field strength on the perfor-
mance of the Front End was studied, including dynamic
losses due to resonances (“stop bands”) in the periodic field
structure. The coil design was optimized to suppress those
dynamic losses.

As the taper length of the target solenoid was optimized,
the RF phases of the Buncher and Phase Rotator were also
varied to find the optimal working point. Figure 2 illus-
trates an optimization of overall RF phase.

Broadband Match to Ionization Cooling Channel
While the muons are confined with a constant solenoid

field starting from the Decay Channel to the end of the
Rotator, the field in the Cooling Channel is generated by
alternating solenoid coils of ±2.8 T strength. The muon-
beam phase-space ellipse would experience filamentation
and emittance growth without matching between the region
regions of constant and alternating solenoid fields. The
muon beam out of the Phase Rotator has a large momen-
tum spread, as shown in Fig. 3. A set of 9 solenoid coils
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Figure 2: Optimization of the phase of the Buncher and
Rotator RF cavities. Each iteration represent a trial value
of the RF phase.

were considered to perform the match between the Rotator
and the Cooling Channel. The objective of this optimiza-
tion was constructed as a sum of the emittance magnifica-
tion factor [6], eq. (1), at various momenta weighted by the
number of muons within the vicinity of a central momen-
tum,

EM =
1

2

βb
βs

+
βs
βb

+

(√
βb
βs
αs −

√
βs
βb
αb

)2
 , (1)

where βb and αb are the beam ellipse parameters and βs
and αs are the periodic solution for the Cooling Channel.
Figure 4 shows the number of accepted muons along the
Front End before and after the match.
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Figure 3: Muon beam momentum distribution at the end of
the Phase Rotator.

HIGH PERFORMANCE COMPUTING
OPTIMIZATION TECHNIQUES

A set of parallel, differential-evolutionary-optimization
algorithms working on a CRAY based architecture [7] were
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Figure 4: Performance of the Front End before and after
optimizing the B = 2.5 T match to the ±2.8 T alternat-
ing solenoid field in the Ionization Cooling Channel. The
matching coils are located at z ≈ 150 m from the target.

utilized and integrated with a parallel, Monte-Carlo-based,
ionization-cooling-and-transport code ICOOL [8].

RESULTS
A first round of the global optimization of the Front End

(which included parameters from the target solenoid taper,
Buncher and Rotator RF phases, Decay Channel length
and field strength, broadband matching to Cooling Chan-
nel) showed significant improvement of the performance of
the Front End. Figure 5 shows the optimized performance
of the Front End vs. the constant solenoid field, with an
improvement of 15% above the unoptimized baseline field
of 1.5 T, increases to 60% improvement at 3.5 T. An in-
crease of the focusing field from 1.5 T to 2 T would im-
prove the performance by 40% which represents a substan-
tial increase in the performance of a mild rise in the cost.
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Figure 5: Optimized performance of the Front End vs. the
constant solenoid field in the Decay Channel, Buncher, and
Phase Rotator.

SUMMARY AND FUTURE WORK
A global optimization strategy for the muon Front End

was presented. The first round of the multivariable opti-
mization showed improvement by 15 − 60% over the cur-
rent baseline. Future work will include optimization of pa-
rameters of the Ionization Cooling Channel (focusing field,
RF phase and RF gradient, absorber configuration).
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DESIGN OF THE ILC RTML EXTRACTION LINES FOR THE RENOVATED 
TWO-STAGE BUNCH COMPRESSOR  

S. Seletskiy#, NSLS, BNL, Upton, NY 11973, U.S.A. 
N. Solyak, FNAL, Batavia, IL 60510, U.S.A.

Abstract 
The renovated two-stage bunch compressor (BC) in the 
International Linear Collider (ILC) Damping Ring to the 
Main Linac (RTML) beamline requires new design for 
the extraction lines (ELs). The ELs located downstream 
of each stage of the BC will be used for both an 
emergency abort dumping of the beam and the tune-up 
continuous train-by-train extraction. They must accept 
both compressed and uncompressed beam with energy 
spread of 1.4% and 0.1% respectively. In this paper we 
report the design that allowed minimizing the length of 
such extraction lines while offsetting the beam dumps 
from the main line by 5 m distance required for 
acceptable radiation level in the service tunnel. Proposed 
extraction lines can accommodate beams with different 
energy spreads at the same time providing the beam size 
suitable for the aluminum ball dump window. 

INTRODUCTION 
It was decided [1-3] to incorporate a two stage bunch 

compressor [4] into the final design of the ILC [5]. The 
renovated two-stage BC compresses 6 mm long beam to 
0.3 mm. The beam energy and energy spread after the 
first stage of the BC are 4.8 GeV and 1.4 % respectively. 
The beam energy after the second stage is 15 GeV and the 
beam energy spread, while it depends on the ILC 
operational mode, is 1.26 % at maximum. 

The two extraction lines (ELBC1 and ELBC2) 
considered in this paper are located downstream of 
respective stages (BC1 and BC2) of the bunch 
compressor. The ELs can be used for either an emergency 
beam abort or for a train-by-train extraction. Since these 
ELs might receive both compressed and uncompressed 
beam, they must accept beams with both low and high 
energy spread. 

Each extraction line is equipped with the 220 kW 
aluminum ball dump, which corresponds to the power of 
the continuously dumped beam with 5 GeV energy. 

EXTRACTION LINES REQUIREMENTS 
There are multiple requirements to the extraction lines: 
 Due to the requirements of acceptable radiation 

levels in the service tunnel, horizontal offset of the 
dump from the main beamline must be at least 5 m 
center-to-center [6]. 

 The beam size on the dump window must be at least 
πσxσy=12 mm2. Such beam size allows the use of an 
aluminum window on the dump. 

  The beamline apertures have to be large enough to 
accommodate the beam. The RMS energy spread of 
the beam can be as large as 1.4% (for ELBC1). 
Additionally, a reasonable limit for the horizontal β-
function is about 5 km. Since one might want to run 
beams with energy spread of 0.04% (for ELBC2 
taking 15 GeV uncompressed beam) to the dump the 
beam size due to dispersion is no help in maintaining 
the required beam size on the dump window. 

 The elements of the straight-ahead beamline and the 
extraction beamline must have enough transverse 
clearance. 

 One has to arrange for both the train-by-train 
extraction and emergency abort of the beam, i.e., the 
emergency abort kicker has to ramp from zero to full 
strength in less than the minimum bunch spacing of 
150 nsec. 

 The magnets must be physically realizable. Here we 
limit ourselves to 1 T pole-tip fields for the quads, 
1.5 T fields for the bends, and 0.05 T fields in septum 
magnets [6]. 

 The extraction line must be made as short as 
possible. 

Requirements to the ELs in the final RTML are similar 
to the requirements specified in [6]. As a matter of fact 
the extraction system of new ELs is copied from 2008 
solution.  

EXTRACTION SYSTEM 
The abort extraction of the beam is performed by four 2 

m long fast kickers, which are powered to 35 G with a 
rise time of about 100 ns. Routine tune-up beam 
extraction is performed by a single 1 m long pulsed bend 
located between two central kickers. The bend is excited 
to 280 G to make its bending angle compatible with the 
cumulative angle provided by four fast kickers. 

EXTRACTION LINES IN LINEAR 
APPROXIMATION 

To satisfy aforementioned requirements, the linear 
lattices of ELBC1 and ELBC2 are designed in accordance 
with the concept considered in details in [6].  

To decouple the dispersion and beam size issues we use 
Double Bend Achromats (DBA) as EL bending blocks. 
The extraction line is built of the cells, which have 
periodic solution for the Twiss parameters, and consist of 
DBA and focusing quads. Number of cells is determined 
by requirement to sufficient separation between the beam 

 ___________________________________________  
#seletskiy@bnl.gov 
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dump and the main line. 
The linear solutions for the ELBC1 and ELBC2 are 

presented in Fig. 1 and 2 respectively.  

 
Figure 1: Twiss parameters and dispersion in ELBC1. 

The extraction is initiated by a set of septum magnets 
(5 for ELBC1 and 6 for ELBC2) deflecting the beam 
from the main beamline by distance large enough to 
accommodate regular bends and quads. The septa are 
followed by a dispersion matching section consisting of 
two bends and two quads, which are tuned to zero the 
dispersion at the exit of the section. 

The periodic cells (one for ELBC1 and two for ELBC2) 
following the dispersion matching section separate the 
dump from the main line by required distance. The quads 
at the end of the dump line are used to blow up the beam 
size on the dump window to the specified requirements. 
The resulting lengths of ELBC1 and ELBC2 are 24.7 m 
and 45.8 m respectively. 

BEAM DUMP 
The 220 kW aluminum ball dump [6] will be used for 

each of the lines. A nominal dump window diameter is 
12.5 cm.  

Calculations show that an aluminum window using a 1 
mm thick hemispherical design is feasible for a suggested 
aluminum sphere dump. It has the promise of long term 

safe operation, with beam spot area on the dump window 
larger than 12 mm2. There are no steady state heat transfer 
issues to reject the energy deposited by the beam to the 
cooling water. 

 
Figure 2: Twiss parameters and dispersion in ELBC2. 

NONLINEAR EFFECTS 
For a beam with a high energy spread there is a 

substantial blow-up of beam size at the end of the ELs. In 
Y direction the growth of the beam halo is due to 
chromatic aberrations, while in X direction it is because 
of both chromatic aberrations and nonlinear dispersion. 

While the beam with small energy spread is contained 
within the envelope of reasonable size, the high energy 
spread beam explodes in horizontal size making the 
optical solution for the EL obtained in linear 
approximation unfeasible. 

In the previous designs of the 2-stage BC extraction 
lines a number of solutions that mitigate the nonlinear 
halo were considered, including collimators, 
superconducting quads of large aperture and large 
diameter dump window. On the other hand, for the single 
stage BC there was found an extraction line solution [7] 
that uses relatively weak sextupoles for containing the 
nonlinear halo and doesn’t require any additional beam 
collimation. 
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Following the recipe adapted from single stage BC EL 
solution, we found that for ELBC1 the two sextupoles can 
contain the nonlinear hallo of the high energy spread 
beam.  Such beam can be accommodated by the dump 
window of nominal 12.5 cm diameter, and there is no 
need in additional collimation. As Fig, 3 demonstrates, 
both high energy and low energy beam sizes are within 
the limits allowing for transporting through the EL and 
for utilization of nominal size dump window. 

Figure 3: The horizontal beam size evolution through the 
extraction line for 1.4% (red – without sextupoles, green 
with sextupoles) and 0.11% (blue) energy spread beams.  

In case of ELBC2 we found that the high energy spread 
beam can be contained with the help of only one 
sextupole strategically placed at the location of highest 
dispersion. Figure 4 shows that sizes of both low- and 
high-energy spread beams allow utilizing aluminum ball 
beam dump with a dump window of 12.5 cm diameter.  

Figure 4: The horizontal beam size evolution through the 
extraction line for 1.26% (red – without sextupoles, green 
with sextupoles) and 0.04% (blue) energy spread beams. 

CONCLUSION 
We described the final design of the ILC RTML 

extraction lines located downstream of each stage of the 

renovated two-stage bunch compressor. The extraction 
lines are only 24.7 m and 45.8 m long. They are capable 
of accepting and transmitting 220 kW of beam power. The 
ELs can be used for both fast intra-train and continual 
extraction, and are capable of accepting both low- and 
high-energy spread beams. 
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NS-FFAG FOR ELECTRON-ION COLLIDER IN RHIC (ERHIC)* 
D. Trbojevic, J. S. Berg, S. Brooks, O. Chubar, Y. Hao, V. N. Litvinenko, C. Liu, W. Meng, F. 
Meot, B. Parker, V. Ptitsyn, T. Roser, N. Tsoupas, and W. T. Weng, BNL, Upton, New York, USA 
Abstract 

A future electron ion collider "QCD test facility" is 
designed in the present Relativistic Heavy Ion Collider 
(eRHIC) tunnel. Electron acceleration and de-acceleration 
is preformed with energy recovery linac with multiple 
passes. We report on a combination of a multi-pass linac 
with the Non-Scaling Fixed Field Alternating Gradient 
(NS-FFAG) arcs. A single NS-FFAG arc allows electrons 
to pass, in the first stage of eRHIC, through the same 
structure with an energy range between 1.28 and 10 GeV. 
The NS-FFAG is placed in the existing RHIC tunnel. The 
100 MeV injector bring the polarized electrons to the 0.9 
GeV superconducting linac. After three passes through the 
linac 2.8 GeV electrons enter NS-FFAG arc and after 8 
passes reach the energy of 10 GeV. After collisions the 
beam is brought back by the NS-FFAG, decelerated to the 
initial energy and directed to the dump. 

INTRODUCTION 
 The eRHIC, future “QCD factory”, will provide 

collisions between polarized electrons and: polarized 
protons in an energy range of 100-250 (325) GeV; light 
ions (d, Si, Cu); heavy ions 50-200 (130) GeV/u; and,  
polarized He3 215 GeV/u.  Electrons will circulate in the 
present RHIC tunnel as shown in Figure 1.  

 
Figure1: Schematic layout of the electron NS-FFAG in 
the RHIC tunnel – blue and yellow superconducting ion 
rings are shown, as well as the position of the coherent 
electron cooling. 

The Energy Recovery Linac (ERL) is proposed due to 
the beam-beam tune shift limitation in the ring-ring case 

for achieving higher luminosities and due to ability to 
recover the energy of ~1 GW with a dump energy equal to 
the injection energy.  To reduce the cost and number of 
elements in the tunnel, a single NS-FFAG ring is proposed 
with an energy acceptance between 2.8-10 GeV for the 
first stage of eRHIC.  

 
Figure 2: Two RHIC rings with electron linac on the right 
side above.  

Non-Scaling FFAG 
Revival of the Fixed Field Alternating Gradient (FFAG) 

accelerators previously developed in fifties [1,2,3] is very 
evident. They have very large momentum acceptance with 
beam accelerated under a constant magnetic field. The 
scaling FFAG have been mostly built in Japan:  started 
with a the proof of principle (POP) proton accelerator at 
KEK, the 150 MeV proton accelerator (presently at the 
Kyushu University), 150 MeV accelerator at Osaka 
University, and many electron scaling FFAG’s built for 
different applications. Although the scaling FFAG’s have 
an advantage of the fixed magnetic field the synchrotrons 
are dominant accelerators in spite of magnetic field 
variation with energy. This is mostly due to significantly 
smaller aperture requirements. Large aperture magnets 
accommodate for the large orbit offsets. The aperture size 
is significantly reduced with the Non-Scaling FFAG’s 
(NS-FFAG) [4]. The maximum of the orbit offsets are -
18.6 mm<Δx<0 in the example presented. The NS-FFAG 
has fixed magnetic fields designed for the reference 
momentum. The maximum electron energy of 10 GeV, in 
the first stage of eRHIC, is selected for the reference 
energy with circular beam orbit. This is to reduce the 
synchrotron radiation, as the radius of the curvature is 
r=318 m.  
 

NS-FFAG 2.8-10 GEV 
The electron ring follows the shape of the RHIC tunnel 
and six arcs have 132 identical NS-FFAG cells. Each cell 

 ____________________________________________  
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is made of three combined function magnets: the central 
1.25 m long is a defocusing magnet with a gradient of 
GD=-17.9 T/m and dipole field of BD=0.1T, while the two 
surrounding, 0.5m long, are focusing magnets with a 
gradient of GF=23.7 T/m and dipole field of BF=0.1 T.  
Properties of a NS-FFAG cell are shown in Figure 3. 

 
Figure 3: Basic NS-FFAG cell properties. 

The tune dependence on energy is shown in Figure 4. 

 
Figure 4: Betatron tunes dependence on energy. 

The path length in NS-FFAG has a parabolic function 
with respect to the beam energy range with a minimum 
corresponding to the momentum compaction or transition 
energy equal to zero. A relation ship between bending 
angles Ratio=θF/θD of the two magnets defines the shape 
of the parabola as shown in Figure 5. The ratio of 
Ratio=θF/θD =0.4 was selected to allows for almost 
symmetric dependence in the time of flight with respect to 
the medium energy of E=6.4 GeV and the largest bending 
radius to reduce the synchrotron radiation.  

A connection of the NS-FFAG to the linac is presented 
in Figure 6. The spreaders on one side of the linac and 
combiners on the other side allow at the same time 
adjustment of the time of flight for each energy so the 
bunches arrive at linac at the top of the linac RF wave or 
if they are decelerated to the bottom of it.  

 
Figure 6: The six arcs time of flight dependence on the 
ratio between to angles of bending of the two magnets.  

The maximum orbit offset dependence on the ratio 
between the two magnets is presented in Figure 7. 

 
Figure 7: Maximum of the orbit offsets dependence on 
energy for different ratios of the bending angles θF/θD. 

2.8-10 GeV Magnet Design 
The defocusing combined function magnet made of 

combination between the permanent magnet SmCo is 
shown in Figure 8. 

 
Figure 8: Defocusing combined function magnet. 
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A magnet design for the focusing combined function 
magnet is shown in Figure 9. 

 
Figure 9: Focusing combined function magnet. 

1-1.9 GEV NS-FFAG 
The area around interaction region at 4 o’clock is 

selected for placement of the linac, injector and the NS-
FFAG racetrack for two passes of electron beam with 
energy of 1 and 1.9 GeV. The 90 MeV injector receives 
electrons with energy of 10 MeV from the polarized 
electron source as schematically shown in Figure 10. 

 
Figure 10: Schematic presentation of the linac with the 
injector, polarized electron source, and small NS-FFAG. 

The new civil construction will be necessary for the 
small NS-FFAG ring as shown in Figure 11. 

 
Figure 11: Linac and small NS-FFAG layout. 

The basic NS-FFAG cell for the two passes with 
energies of 1 and 1.9 GeV is shown in Figure 12. 

 
Figure 12: The NS-FFAG cell with two passes and 30 m 
radius of a curvature. 

ORBIT CORRECTION 
A random misalignment of the magnets, with a 

Gaussian distribution with maximum errors of 50, 100, 
and 150 µm, was implemented. Orbit for all energies were 
recorded and corrected with two correctors per cell. 

 
Figure 13: Correction of the orbit due to misalignment. 

SUMMARY 
A new approach of the NS-FFAG electron lattice 

design for the ERL eRHIC project is being studied. Two 
2.8-10 GeV and 1-1.9 GeV NS-FFAG’s lattices are 
designed and studied. Magnet design and beam dynamics 
studies are in progress. 
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DYNAMICAL BETA-SQUEEZE FROM 80 TO 40 CM AT RHIC*  

Dejan Trbojevic, Jing Yichao, and Yun Luo, BNL, Upton, New York, USA 

 
Abstract 
    Relativistic Heavy Ion Collider (RHIC) has been 
achieving record luminosities during the last decade. The 
latest stochastic cooling of the heavy ions, like uranium, 
achieved the largest luminosity at RHIC during the last 
heavy ion run. A betatron squeeze method, already used at 
LHC CERN, where a betatron wave is created through the 
arc up to the interaction region is applied at RHIC. When 
the heavy beam size is reduced due to stochastic cooling a 
dynamical beta squeeze is possible to apply in RHIC 
where the existing 75 cm value of beta-star could be 
reduced to 45 cm. This could be achieved by introducing 
the betatron wave in both planes throughout the arc before 
and after the interaction region. Higher values of 
dispersion and betatron functions in the arc, with a 90o 
degrees phase difference per FODO cell allow easier 
higher order chromatic corrections. 

 

INTRODUCTION 
The RHIC stunning discoveries in quark-gluon plasma 

in recent years went above any expectations that have 
captured worldwide attention. First and foremost was the 
unexpected “perfect”-liquid nature of the 4-trillion-degree 
quark-gluon plasma that permeated the early universe. 
RHIC is now closing in on the transition from this hot 
quark-gluon plasma into ordinary matter made of protons 
and neutrons—namely everything we see in today’s 
world.  This is a report on an attempt to improve on the 
RHIC existing large luminosity by dynamically squeezing 
the beam size as the stochastic cooling succeeds in 
reducing all three emittances. The stochastic cooling has 
already shown tremendous success during the previous 
RHIC runs. Under this assumption an additional step 
might be possible in an attempt to increase further the 
luminosity by additional beta squeeze at the interaction 
point (IP).  This would be possible as the emittances are 
reduced and the triplet aperture would not present the 
aperture limitation anymore – as the beam is getting 
smaller at the IP the maximum of the betatron functions 
become larger at the focusing triplet quadrupoles. A 
complex of the RHIC accelerators used to make the latest 
achievements is shown in Figure 1. 

RHIC 90o Lattice 
Advantages of the 90o degrees per cell lattice have been 

well known [1]. The LHC chromatic and other non-linear 
compensations [2] were followed for the RHIC lattice 
chromatic corrections after encouraging results in the 
eRHIC lattice design. 

 
*	  Work	  performed	  under	  Contract	  Number	  DE-‐AC02-‐98CH10886	  
with	  the	  auspices	  of	  the	  US	  Department	  of	  Energy 
 

  
Figure 1: The RHIC accelerator complex shows the major 
components Linac, Booster, Alternating Gradient 
Synchrotron (AGS), and RHIC. The Electron Beam Ion 
Source EBIS is an additional important element. 

Major advantage of the 90o lattice is not only reduction 
in the intra-beam scattering effect but easier linear and 
non-linear chromatic correction as there are 24 sextupole 
circuits available in RHIC. The sextupole correction has 
already shown very impressive results in dynamical 
aperture improvements during the eRHIC lattice study. 
The betatron functions of the 90o RHIC lattice with β*=75 
cm is shown in Figure 2. 

 
Figure 2: Betatron functions of the RHIC 90o degrees 
lattice with the β*=80 cm. Two interaction regions at 6 
and 8 o’clock have the same beam size. 

Details of the lattice functions around one of interaction 
regions are shown in Figure 3. The maximum of the 
dispersion function is Dmax=1.78 m. The lattice parameters 
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in both cases with the β*=75 cm and β*=45 cm are shown 
in Table 1. 

Table 1. Betatron Functions for β*=75 and 45 cm 
β*(cm) βxmax(m) βymax(m) ζx ζy Dxmax Dxmin 

75 1781 1769 -89 -91 1.76 -0.6 
40 2985 3317 -108 -119 2.52 -2.6 

 

 
Figure 3: Details of the betatron functions around the IP 
for the β*=75 cm. 

The RHIC 24 sextupole circuits are shown in Figure 4.  

 
Figure 4: RHIC 24-sextupole circuits schematic. 

Two pairs of quadrupoles are used around on each side 
of the interaction point IP-6 to induce the betatron wave 
through the IP6. At the end of the arc after the IP-6 there 
are two additional pairs in both horizontal and vertical 
plane used to cancel the wave, placed at correct betatron 
phase. A schematic presentation of the quadrupole pairs 
used in beta squeeze is shown in Figure 5. The 
quadrupoles in the pair are 90o degrees apart. The first 
quadrupole of the pair has a decrease in the gradient of 

ΔG=-7% while the second one has an increase of 
ΔG=+7%. The opposite is valid for the other plane at the 
beginning of the arc before the IP. 

 
Figure 5: The quadrupole pairs to induce the beta wave 
are labeled QFX and QFZ, and QDX and QDZ at the 
beginning and end of the arcs. 

The betatron functions in RHIC after introduction of the 
beta wave and beta squeeze is shown in Figure 6.  

 
Figure 6: Betatron functions after the betatron wave is 
created through the IP 6.  

 
Figure 7: Details of the beta squeeze. 
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Details of the beta squeeze from β*=75 cm to β*= 45 cm 
in two arcs around the IP-6 are shown in Figure 7. 

SUMMARY 
The stochastic cooling in RHIC has showed incredible 

success getting to the point that almost all beam loss 
comes from collisions with other beam. As the cooling 
reduces emittances in all three dimensions it would be 
possible to gain more in luminosity by dynamically 
squeezing the size at the collisions as the beam gets 
cooled, as the maximum of the betatron functions at the 
triplets are not a limitation any more. This is a study with 
the lattice design trying to double the luminosity. The 

LHC [2] method was followed. A betatron wave through 
the interaction point IP-6 succeeded in reducing the β* 
from β*= 75 cm to β*= 45 cm with the beta wave creation 
through the two neighboring arcs. The larger betatron functions 
and dispersion in the arcs will allow easier chromatic correction 
as the correction is given by ~K2 β Dx. The dynamical aperture 
study in this case is in progress. 

REFERENCES 
[1] B. Autin, NIM, A 298 (1990) 85. 
[2] S. Fartoukh, LHC Project Report 278, CERN. 
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ERHIC INTRACTION REGION AND LATTICE DESIGN* 

D. Trbojevic, E. C. Aschenauer, V. N. Litvinenko, Y. Luo, Jing Yichao, B. Parker, and V. Ptitsyn 
BNL, Upton, New York, USA 

Abstract 
A proposal for the new high luminosity L=1034 s-1cm-2 

polarized electron proton/3He and other un-polarized 
heavy ions eRHIC based on Electron Recovery Linac 
(ERL), assumes a location in the existing tunnel of the 
operating Relativistic Heavy Ion Collider (RHIC). 
Requests of the experiments for the interaction region are 
very challenging: allow detection of neutrons, allow deep 
virtual scattering for protons-electron collisions, detection 
of partons with lower momentum, etc. We present an 
interaction region (IR) design with a vey high focusing 
where at the collision point IP of 5 cm, and a 10-mrad 
collision angle between electrons and ions using the crab 
cavities. We are introducing a combined function magnet 
for the first element in the high focusing triplet 
configuration to provide neutron and the lower energy 
parton detection, and allow at 4.5 cm distance passage of 
electrons through free magnetic field region. The 200 T/m 
gradient quadrupoles provide very small beam size at the 
IP and allows a passage with a very small magnetic field 
for electrons. 

ERHIC PHYSICS 
The RHIC stunning discoveries in quark-gluon plasma 

in recent years went above any expectations that have 
captured worldwide attention. First and foremost was the 
unexpected “perfect”-liquid nature of the 4-trillion-degree 
quark-gluon plasma that permeated the early universe. 
RHIC is now closing in on the transition from this hot 
quark-gluon plasma into ordinary matter made of protons 
and neutrons—namely everything we see in today’s 
world. Continuation of the RHIC success will be a new 
polarized electron-polarized proton/He3 and electron-ion 
collider the QCD lab (the quantum chromodynamics 
describes the strong forces). It would be determining 
quark and gluon contribution to the proton spin, what is 
the polarization of gluons, and what is the flavor 
decomposition of the polarized sea, what is the spatial 
distribution of quarks and gluons in nuclei, and to explore 
the strong forces – understand in detail the transition to 
the non-linear regime of strong gluon fields and the 
physics of saturation, and have a probe to study deep 
inelastic scattering. 

IR LATTICE FOR HIGH LUMINOSITY 
 A choice for ERL in the eRHIC is due possibilities of 

obtaining higher luminosity as the beam-beam effect 
represents a limitation the ring-ring option. From an 
injector the beam is accelerated by the superconducting 
linac using several passes and reaching energies up to 20-
30 GeV to be able to reach luminosities of L=1034 s-1cm-1. 
We describe an ion lattice and Interaction Region (IR) 
design to allow small beam sizes with β*= 10 and 5 cm. It 

is assumed that coherent electron cooling will reduce the 
ion beam emittances, allowing very short bunches in the 
longitudinal space. The strong focusing is possible by 
placing the first magnet of the triplet at 4.5 m distance 
from the IP. The IR design is being developed together 
with the detector physicist designers. The IR in RHIC is 
made to be symmetric as shown in Figure 1 and in more 
detail in Figure 2. 

 

Figure 1: eRHIC lattice design with the β*=10 cm at the 
single interaction region at 6 o’clock IP. 

 
Figure 2: Details of betatron functions in the IR. 

 The maximum of the betatron function in the triplet 
magnets, the dispersion function, the chromaticities, and 
tunes for the β*=10 cm are shown in Table 1. It is 
 ____________________________________________  
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important to note that the natural chromaticities of the ion 
eRHIC lattice are smaller than the RHIC chromaticities at 
RHIC the operating conditions. 

Table 1. Betatron Functions for β*=10, 5 cm 
β*(cm) βxmax(m) βymax(m) ζx ζy Dxmax Dxmin 

10 1100 1103 -89 -83 1.56 -1.1 
5 2209 2210 -134 -113 1.94 -1.6 

 
The layout of the interaction region in eRHIC is 

schematically presented in Figure 3. 

 
 

Figure 3: Layout of eRHIC interaction region. 

Schematic presentation of the interaction region 
magnets downstream of the electron-ion or polarized 
proton or He3 collisions is shown in Figure 4. The solid 
angle of neutron is obtained by use of a combined 
function magnet – (shown in orange color). The electron 
beam passes through the zero field region of the combined 
function magnet as shown in Figure 5. 

 
Figure 4: The triplets for both electron and ion lattice 
eRHIC IR layout with neutron solid angle (yellow).  

A dipole coils are added to the solenoid of the detector 
to allow bending of electrons for an angle of 10 mrad. The 
combined function magnet is followed by the 200 T/m 
gradient quadrupoles. The combined function magnet 
bends the beam for 4.5 mrad allowing neutron detection 
downstream. The vertical axis in Figure 3 is centimeters 
while the horizontal axis is in meters. The detector is 
shown in looks distorted as due to different scale.   

The RHIC lattice in the arcs is made of 90o phase 
difference per cell in the arcs. The LHC chromatic 
corrections were used in his design. The beam squeeze 

with a β*=10 cm does not result in a very large natural 
chromaticities as shown in Table 1. The beam squeeze 
from 10 cm to 5 cm is realized by introduction of the 
betatron waves in both planes. The wave is created by 
changing the quadrupole gradients (ΔG= 7% with respect 
to the regular arc quadruple gradients) in two quadrupole 
pairs at the beginning of the arc before the IP.  

     

 
Figure 5: Combined function magnet with three different 
functions at the same time: bend the ions for 4.5 mrad, 
field free region for electron passage, and neutron 
detection downstream. 

The layout of the sextupoles in the eRHIC ion lattice is 
shown in Figure 6. 

 

 
Figure 6: 24 families of sextupoles in the 90o degrees 
lattice are able to correct the first and higher orders of 
chromaticitiies in eRHIC lattice. 

The betatron wave, as in the LHC design [1], not only 
achieves a reduction of the β* from β*=10 to β*=5 cm, but 
also allow easier chromatic correction as the beta 
functions in the arcs before and after the IP are increased, 
as well as the dispersion function, reducing the strength of 
the sextupoles. The betatron functions after the beta 
squeeze to β*=5 cm are shown in Figure 7 with detail of 
the sextupoles in the arcs in Figure 8. 
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Figure 7. Betatron squeeze to β*=5 cm. 

 
Figure 8. Sextupoles and pairs of quadrupoles used to 
create the wave in two arcs neighboring the IP. 

The tune dependence on momentum after the sextupole 
corrections is shown in Figure 9. 

 
Figure 9: Tune dependence on momentum after sextupole 
correction 

The dynamical aperture studied by applying only 8 
families of sextupoles shown in Figure 10. 

 
 

Figure 10:  The dynamical aperture with 8 families of 
sextupoles. 

The dynamical aperture after 24 families sextupole 
correction is shown in Figure 11. 

 
Figure 11: The dynamical aperture in the eRHIC lattice 

with β*=10 cm after 24 family of sextupole correction. 

SUMMARY 
The eRHIC interaction region design with lattice design 

is presented. The LHC [1] beta squeeze was used as 
driving idea of the eRHIC lattice design. Initial results of 
the dynamical aperture are very favorable. A study of the 
dynamical aperture with the β*=5 is in progress. 
Improvement in the interaction region design, with new 
superconducting triplet magnet design will follow. 

REFERENCES 
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nuSTORM PION BEAMLINE DESIGN UPDATE∗

A. Liu† , A. Bross, D. Neuffer, Fermilab, Batavia, IL, 60510, USA
S.Y. Lee, Department of Physics, Indiana University, Bloomington, IN, 47405, USA

Abstract
A facility producing neutrinos from muons that de-

cay in a racetrack ring can provide extremely well un-
derstood neutrino beams for oscillation physics and the
search for sterile neutrinos. The “neutrinos from STORed
Muons”(nuSTORM) facility based on this idea has been
introduced by Bross, Neuffer et al. The design of the nuS-
TORM facility and the particle tracking have been pre-
sented in the paper of Liu, et al. This paper demonstrates
the recent optimization results of the pion beamline, with
G4beamline simulations. The optimum choice of pion
beam center momentum, a new algorithm on fitting bivari-
ate Gaussian distribution to the pion phase space data at
the downstream side of the horn, and the comparison of the
beamline performance with the optics designed based on
Graphite and Inconel targets are also described.

INTRODUCTION
The overview of the nuSTORM project can be found

in the nuSTORM Fermilab proposal [1]. A possible nuS-
TORM facility design was described in the paper of Liu, et
al. [2]. An overview of the facility is displayed in Figure 1.
In order to obtain as many useful muons from pion decay

Figure 1: Overview of the nuSTORM facility. The Fer-
milab Main Injector places proton beam on a target, pro-
ducing a large spectrum of secondary pions that are trans-
ported and injected into the decay ring. The pions then de-
cay within the decay straight to muons , which are captured
by the ring. Muons decay and produce neutrino beams with
known flux and flavor in the decay straight.

as possible, the pion beamline is designed to capture and
transport pions within a P0±10% GeV/c momentum range,
where P0 is the design momentum of the pion beamline [3].
P0 is chosen to maximize the muon flux within a 3.8±10%
GeV/c range. This paper finds P0=5 GeV/c, as determined
by G4Beamline[4] simulations. We also inspect the possi-
bility of using an Inconel target where the pion productivity
is checked and compared with the graphite target scenario
we proposed in our previous papers.
∗Work supported by DOE under contract DE-AC02-07CH11359
† aoliu@fnal.gov, also affiliated to Indiana University, supported in part

by DE-FG02-12ER41800 and NSF Phys 1205431

Pions are produced by protons hitting the target, col-
lected by a magnetic horn, transported and injected into
the ring by a Beam Combination Section (BCS) and trans-
mitted to the end of the decay straight until extracted. The
beamline from the downstream end of the horn to the end of
the racetrack ring decay straight is called the pion beamline
of nuSTORM. A schematic drawing of the pion beamline
in G4Beamline is shown in Figure 2.

PION PRODUCTION AND COLLECTION
nuSTORM is designed to use a 100 kW target station. A

proton pulse with approximately 1013 protons at 120 GeV
and pulse length of 1.6 µs will be extracted from the Fermi-
lab Main Injector and bombarded onto a solid target. The
target is partially inserted into a NuMI-like, 300 cm long
magnetic horn to collect the pions produced from the tar-
get. The horn shape and length are designed to optimize the
acceptance of pions within a momentum range ofP0±10%.
A schematic drawing of the horn with the target is shown
in Figure 3

Figure 3: Schematic drawing of the nuSTORM horn and
target (middle rod). Protons hit the target from the left.

Selecting The P0 of The Pion Beam
The probability density of having a muon with momen-

tum pµ from the decay of a highly relativistic pion is
1/(2γp′µ) for 0.573P0 ≤ pµ ≤ P0, where γ is the rela-
tivistic gamma of the pion, and p′µ = 29.8 MeV/c is the
muon momentum in the rest frame of the pion. Assuming
the pion beam has a uniform momentum distribution over
the range [0.9P0, 1.1P0], the probability of having a muon
with momentum pµ from this pion beam has a maximum
constant value

f(pµ) =

∫ 1.1P0

0.9P0

1

0.2P0

m′πc

2pπp′µ
dpπ =

2.35

P0

(
muons

MeV/c

)
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Figure 2: A schematic drawing of the pion beamline. The pions move from the downstream side of the horn (left) to the
end of the decay ring straight section (right, not shown all).

for 0.63P0 ≤ pµ ≤ 0.90P0. m′π=139.6 MeV/c is the pion
mass in the rest frame of the pion. This implies that the
momentum distribution of the muons within the 3.8±10%
GeV/c momentum acceptance of the ring is uniform as
long as P0 ∈[4.644, 5.426] GeV/c. In addition, the value
2.35/P0 of the flat top of f(pµ) is smaller when P0 is
larger. Having a lower P0 will result in more muons within
3.8± 10% GeV/c, whereas having a higher P0 will reduce
the requirement on dispersion, Dx, created by the BCS and
will reduce the emittance growth from pion decay. Figure 4
shows the trade-off by plotting the number of muons in the
momentum acceptance with σx′ and σy′ , which are the rms
angle width of the muons. The smaller σx′ and σy′ are,
the easier the muon beam can be captured. The criteria are
well-balanced when P0 is 5 GeV/c.
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Figure 4: Number of muons within 3.8± 10% GeV/c from
the decay of pion beams with different P0±10%P0 (In red
crosses, left vertical axis), σx′ and σy′ (In blue circles and
black stars, right vertical axis) v.s P0. The number of pions
in each simulation bin is 104.

Target and Horn
We use a 95 cm graphite target (about two interaction

lengths), with a radius of 3 mm as a baseline in our design.
A 39 cm Inconel target (also two interaction lengths), with
the same radius has also been considered and with it we

obtain more pions within the above momentum range. The
engineering prospects of the Inconel target are under study.
The number of pions within 5±10% GeV/c we collect after
the horn is 0.139 and 0.157 pions per POT for the graphite
and Inconel targets, respectively.

Algorithm for Fitting a Gaussian Function to the
Pion Distribution

In order to design the pion beamline optics, the TWISS
parameters need to be matched at the downstream side of
the horn. Because the pion distribution in the transverse
phase space is dramatically distorted from an ideal Gaus-
sian beam, we need to find an algorithm to fit a bivari-
ate Gaussian distribution to the phase space data. One
way to do so is by using a thorough scan on the TWISS
parameters and including the maximum number of pions
with the acceptance ellipse. However, this scan efficiency
is greatly limited by its step size and the initial start-
ing point of the parameters. We implemented the Gauss-
Newton method of minimizing the sum of squared function
Q(~α) =

∑n
i=1 r

2
i (~α) where ~α = (µt, µt′ , σt, σt′ , ρt,t′)

represents a list of variables in the function ri, which in
our fitting purpose represents the residuals of ri(~α) =
ln z(t, t′)i − ln f((t, t′)i, ~α). t and t′ represent the trans-
verse phase space coordinates in either x or y direction,
z(t, t′)i is the real bivariate probability density value at
(t, t′)i and f((t, t′)i is the Gaussian function value at that
point. The vector ~α is optimized by iterating on m in the
expression ~α(m+1) = ~α(m) − ( ~J> ~J)−1 ~J>~r(~α) until the
difference of ~α(m+1) and ~α(m) has decreased to a critical
value. Once the ~α is found, we can use the covariance ma-
trix to get the TWISS parameter values.

The direct Gauss-Newton method still has large inaccu-
racy because we include all the pions in the phase space
in the fitting. However, some of those particles are far out-
side the 2×10−3m·rad acceptance ellipse of the pion beam-
line. Thus we did another iteration on the Gauss-Newton
method, where each time we discard a number of pions
having the largest phase space emittance. The iteration is
repeated until the rms phase space emittance of the beam
has shrunk to 2×10−3/6 m·rad, which is the conventional
way of defining the relation between rms emittance and ac-
ceptance.

The comparison of the fitting results from the param-
eter scan method and the iterative Gauss-Newton method
are shown in Figure 5, taking the pions produced by the
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Figure 5: Comparison of acceptance ellipses in the horizontal phase space (left) and vertical phase space (right) using
different fitting methods. The old scanning method and the new Gauss-Newton method are plotted in green and red,
respectively.

graphite target as an example. The new acceptance ellipse
contains approximately 1% more pions than the previous
one does. The TWISS parameters from the direct Gauss-
Newton method, parameter scan method, and the iterative
Gauss-Newton method are shown in Table 1.

Table 1: TWISS Parameters from Different Fitting Meth-
ods

method αx(1) βx (m) αy (1) βy (m)

Direct Gauss- -0.21 5.28 -0.58 6.32
Newton

Parameter Scan 0.5 6.13 0.5 6.13

Iterative Gauss- 0.17 4.91 0.38 5.8
Newton

Pion Beamline Performance
After the TWISS parameters are found at the down-

stream side of the horn, the optics of the pion beamline can
then be matched to the racetrack ring decay straight, where
the periodic TWISS parameters were set by optimizing a
series of design criteria [5]. The performance comparison
of pion beamlines designed based on the optics of pions
from graphite and Inconel targets is shown in Table 2.

SUMMARY
The nuSTORM pion beamline design has been updated.

The optimization of the beamline confirms an optimum
center momentum of the pion beam at 5 GeV/c, and a new
algorithm of particle distribution fitting has been tested.
The yield of muons within 3.8±10% GeV/c within the first
pass of the decay straight is about 0.008 for graphite target
and 0.013 for Inconel target, per 120 GeV POT.

Table 2: Pion Beamline Performance Comparison

Target π+ at the π+ at the end of
downstream the decay straight

side of the horn (per POT)
(per POT) (without decay)

Graphite 0.140 0.081
Inconel 0.157 0.114

Target µ+ in 3.8±10% GeV/c at the end of
the decay straight (per POT)

(with decay)

Graphite 0.008
Inconel 0.013
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A STAGED MUON-BASED FACILITY TO ENABLE INTENSITY AND 
ENERGY FRONTIER SCIENCE IN THE US* 
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�������� 

Muon-based facilities offer a unique potential to 
provide capabilities at both the Intensity Frontier with 
Neutrino Factories and the Energy Frontier with Muon 
Colliders ranging from the Higgs energy to the multi-TeV 
energy range. They rely on novel technology with 
challenging parameters, for which the feasibility is 
currently being assessed by the U.S. Muon Accelerator 
Program (MAP) [1]. A realistic scenario for a 
complementary series of staged facilities with increasing 
complexity and significant physics potential at each stage 
has been developed. It takes advantage of and leverages 
the capabilities already planned at Fermilab, especially 
Project X and LBNE. Each stage is defined in such a way 
as to provide an R&D platform to validate the 
technologies required for subsequent stages. The rationale 
and sequence of a realistic staging process are presented� 

�������	���� 
The major discoveries made in 2012, namely the large 
flavour mixing angle �13 measured at Daya Bay in China 
and the Higgs boson by the LHC at CERN dramatically 
modified the Particle Physics landscape. Although the 
Higgs discovery corresponds to a splendid confirmation 
of the Standard Model (SM) and no sign of new physics 
Beyond the Standard Model (BSM) has (yet) been 
detected at LHC up to at least 1 TeV, BSM physics is 
necessary to address basic questions which the Standard 
Model cannot address especially the dark matter, the 
matter-antimatter asymmetry and the neutrino mass. 
Therefore the quest for BSM physics constitutes a high 
priority for the future of High Energy Physics. It requires 
facilities at both high energy and high intensity frontiers. 
Neutrino oscillations are irrefutable evidence for BSM 
physics with the potential to probe up to an extremely 
high energy range. Neutrino Factories with an intense and 
well defined flux of neutrinos from muon decay provide 
an ideal tool for high precision flavour physics at the high 
intensity frontier. At the high energy frontier, a multi-TeV 
lepton collider will be necessary as a precision facility to 
complement the LHC, if and when confirmed, for Physics 
exploration beyond the Standard Model. 
*��������		��
�����
����������	
��������������������  

�
������������	
������������
����-�������	�������� 

Muon-based facilities [2] offer the unique potential to 
provide the next generation of capabilities and world-
leading experimental support spanning physics at both the 
Intensity and Energy Frontiers. Building on the 
foundation of Project X at FNAL, muon accelerators can 
provide that next step with a high-intensity and precise 
source of neutrinos to support a world-leading research 
program in neutrino physics. Furthermore, the 
infrastructure developed to support such an Intensity 
Frontier research program can also enable the return of 
the U.S. high energy physics program to the Energy 
Frontier. This capability would be provided in a 
subsequent stage of the facility that would support one or 
more Muon Colliders, which could operate at center-of-
mass energies from the Higgs resonance at 126 GeV up to 
the multi-TeV scale.  
An ensemble of facilities built in stages is made possible 
by the strong synergies between Neutrino Factories and 
Muon Colliders, both of which require a high power 
proton source and target for muon generation followed by 
similar front-end and ionization cooling channels. These 
muon facilities rely on a number of systems with 
conventional technologies whose required operating 
parameters exceed the present state of the art as well as 
novel technologies unique to muon colliders.  An R&D 
program to evaluate the feasibility of these technologies is 
being actively pursued within the framework of the U.S. 
Muon Accelerator Program (MAP) [1] with impressive 
R&D results already achieved and a definitive answer 
expected by 2018 as to whether or not muon-based 
facilities built in stages can be realistically contemplated. 

�����������������������������	
� 
The feasibility of the technologies required for Neutrino 
Factories and/or Muon Colliders must be validated before 
a facility based upon these could be proposed.  Such 
validation is usually made in dedicated test facilities 
which are rather expensive to build and to operate over 
several years. They are therefore difficult to justify and 
fund, given especially that they are usually useful only for 
technology development rather than for physics. contracts DE-AC02-07CH11359 and DE-AC02-76SF00515. 

Proceedings of PAC2013, Pasadena, CA USA TUPBA20

01 Colliders

A09 - Muon Accelerators and Neutrino Factories 565 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

Figure 1: Performance and Physics of muon-based facilities over two frontiers and a wide energy range

 
An alternative approach is proposed here.  It consists of a 
series of facilities built in stages, where each stage offers: 
� Unique physics capabilities such that the 

corresponding facility obtains support and is funded. 
� In parallel with the physics program, integration of 

an R&D platform to develop, test with beam, validate 
and get operational experience with a new 
technology that is necessary for the following stages. 

� Construction of each stage as an add-on to the 
previous stages, extensively reusing the equipment 
and systems already installed, such that the additional 
budget of each stage remains affordable. 

Such a staging plan [3] thus provides clear decision points 
before embarking upon each subsequent stage. It is 
especially attractive at FNAL building on, and taking 
advantage of, existing or proposed facilities, specifically:  
� Existing tunnels and other conventional facilities; 
� Project X as the MW-class proton driver for muon 

generation; 
� SURF as developed for the LBNE detector, which 

could then house the detector for a long-baseline 
Neutrino Factory. 

It consists of a series of facilities with increasing 
complexity, each with performance characteristics 
providing unique physics reach (Fig.1):   
� nuSTORM [4]: a short-baseline Neutrino Factory-

like facility enabling a definitive search for sterile 
neutrinos, as well as neutrino cross-section 
measurements that will ultimately be required for 
precision measurements at any long-baseline 
experiment. 

� NuMAX:  an initial long-baseline 5GeV Neutrino 
Factory, optimized for a detector at SURF, affording 
a precise and well-characterized neutrino source that 
exceeds the capabilities of conventional superbeams. 

� NuMAX+: a full-intensity Neutrino Factory, 
upgraded from NuMAX, with performances similar 
to IDS-NF [5] as ultimate source to enable precision 
CP-violation measurements in the neutrino sector  

� Higgs Factory: a collider capable of providing 
between 3500 (startup) and 13,500 Higgs events per 
year (107 sec) with exquisite energy resolution 
enabling direct Higgs mass and width measurements. 

� Multi-TeV Collider:  if warranted by LHC results, a 
multi-TeV Muon Collider, with an ultimate energy 
reach up of to 10 TeV, likely offers the best 
performance and least cost and power consumption 
for any lepton collider operating in the multi-TeV 
regime.  

Their main parameters are described in Table 1. A 
complex integrating all of the above facilities in a staged 
approach on the FNAL site is shown in Figure 2. 

Figure 2: Footprint of Neutrino Factory and Higgs    Factory 
Muon Collider facilities on the FNAL site. 

. 
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Table 1: Main Parameters of the Various Muon-based Facilities in a Phased Approach 

 

������������������	�����������
�	
����� 

Three major items on the critical path have been clearly 
identified: i) MAP technology feasibility demonstration 
with results expected by 2018, ii) 6D cooling performance 
with beam validation by 2022 possibly using nuSTORM 
as an R&D platform in complement to the cooling 
principle and feasibility demonstration at MICE [6], iii) 
Proton beam power availability of 3 MW at 3 GeV from 
Project X (phase 2) by 2024 and 4MW at 8 GeV (phase 4) 
by 2032. A technically limited schedule could then be 
tentatively defined. 
nuSTORM as the first stage could be launched as soon as 
funding is available since it does not require any 
technology development. A first beam could be provided 
by the end of the decade. It would serve as an R&D 
platform to test and validate the 6D cooling with a 108 
muon beam. NuMAX which does not require any cooling 
could be launched by 2018 when the MAP technology 
feasibility will have been demonstrated. It would initially 
be driven by a proton beam power of 1MW at 3 GeV 
provided from 2024 by Project X phase 2 in parallel with 
its other users. This facility would then be upgraded to 
NuMAX+ by adding a limited amount of 4D cooling 
validated in NuMAX when used as an R&D platform 
with a beam of 1011 muons and by increasing the proton 
driver to the full power of 3 MW provided by Project X 
phase 2 at 3 GeV. The NuMAX+ injector & acceleration 
up to 5 GeV could then be used to drive a Muon Collider 
at the energy and luminosity as required by Physics at the 
time, possibly a Higgs factory, which could be launched 
by 2025. It would have to be upgraded by i) implementing 
a 6D cooling  previously validated at full intensity using 
NuMAX+ as an R&D platform with a beam of 1012 
muons, ii) upgrading the proton driver to 4 MW by the 
project X phase 4 at 8 GeV available from 2032, iii) 
extending the acceleration system up to 62.5GeV. A 
multi-TeV muon collider could then be launched if and 
when required by Physics for BSM studies by using the 

previously built injector system and adding the necessary 
final cooling, acceleration system and collider ring.     

	��	������ 
A staging approach for muon-based facilities has been 
developed with physics interest and technology validation 
at each phase taking advantage of the present and 
proposed facilities at Fermilab.  Each stage is built as an 
addition to the previous stages, reusing as much as 
possible the systems already installed such that the 
additional budget of each stage remains affordable. 
Thanks to the great synergies between Neutrino Factory 
and Muon Collider technologies, these facilities are 
complementary and allow capabilities and world-leading 
experimental support spanning physics at both the 
Intensity and Energy Frontiers.  Rather than building an 
expensive test facility without physics use, the approach 
uses each stage as an R&D platform at which to test and 
validate the technology required by the following stage.  
The critical issues of this novel and promising technology 
are thus all addressed in the most efficient and practical 
way within reasonable funding and scheduling 
constraints.  

As deduced from the components on the critical path 
and a technically limited schedule, such a staging 
approach with integrated R&D would allow informed 
decisions by 2020 about Neutrino Factories at the 
Intensity Frontier and by 2025 about Muon Colliders at 
the Energy Frontier. 

�������	�� 
[1] M.A.Palmer et al. MAP, http://map.fnal.gov/ and 

contribution to NA-PAC
[2] ICFA Beam Dynamics Newsletter, No 55: http://icfa-

usa.jlab.org/archive/newsletter/icfa_bd_nl_55.pdf 
[3] MAP White Paper at CSS2013: arXiv:1308.0494  
[4] NuSTORM: arXiv: 1308.6228 (proposal) and arXiv: 

1309.1389 (Project Definition Report). 
[5] IDS-NF: https://www.ids-nf.org/wiki/FrontPage 
[6] MICE: http://www.mice.iit.edu/ 
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BEAM-BEAM STUDIES FOR HL-LHC* 

A. Valishev#, FNAL, Batavia, IL 60510, USA, D. Shatilov, BINP, Novosibirsk 630090, Russia 
T. Pieloni, CERN, Geneva, Switzerland, D. Banfi, J. Barranco, EPFL, Lausanne

Abstract 
The analysis of beam-beam effects for the High 

Luminosity LHC upgrade is in progress as a part of 
HiLumi LHC Design Study. We report on the current 
status of beam-beam simulations with the particular 
emphasis on single and multi-particle weak-strong 
tracking studies. We evaluate the LH-LHC performance 
scenarios, and outline the plan of further research. 

MOTIVATION AND APPROACH 
A major upgrade of the Large Hadron Collider aiming 

at a significant increase of its luminosity beyond the 
design value is planned for around 2020. The machine 
configuration, called High Luminosity LHC (HL-LHC) 
will incorporate a number of technological advances 
bringing the beam intensity, brightness and overall 
accelerator precision to an unprecedented level. The 
global HiLumi LHC Design Study is in progress with the 
goal of delivering an integrated design to facilitate the 
upgrade [1]. Quite naturally, the examination of beam 
dynamics aspects constitutes an essential part of the 
effort. In the HiLumi structure, Work Package 2 covers 
accelerator physics subjects and combines the following 
Tasks: Coordination and Communication; Optics and 
Layout; Intensity Limitations; Beam-Beam Effects; Beam 
Parameter and Luminosity Optimization. The Tasks work 
in close collaboration with each other to enable the 
development of a coherent view on the beam dynamics. 
The goal of Beam-Beam Task is to evaluate the possible 
performance limitations arising from beam-beam 
interactions, to define key parameters such as minimum 
required beam separation and maximum acceptable beam 
brightness values and to identify optimum beam 
configurations for the different operating scenarios. 

The studies of beam-beam interactions at HL-LHC are 
grouped into two categories: the weak-strong (incoherent) 
and the strong-strong (coherent) effects. The proposed 
values of beam brightness at HL-LHC suggest that the 
weak-strong effects are more likely to result in 
performance limitation through the creation of resonances 
causing particle losses and emittance growth. As such, the 
incoherent effects are the focus of the present report. For 
the strong-strong effects see e.g. Ref. [2, 3]. 

 

PERFORMANCE SCENARIOS 
A detailed description of the baseline HL-LHC scenario 

can be found in Refs. [4, 5]. Here we present the 
parameters relevant to the simulations reported further. 

The so-called ‘stretched’ baseline HL-LHC scenario 
presumes that at the beginning of a high-energy run (fill), 
the beams collide at IP1 and IP5 (Atlas and CMS 
experiments) at the full crossing angle of 590 μrad. Due to 
the large geometrical reduction, the total beam-beam tune 
shift is quite moderate and does not exceed 0.015 for the 
case of 3 head-on collisions. The transverse separation at 
long-range collision points is 12.5 beam sigma. As the 
beam intensity decays due to the luminosity burn-off, the 
bunches are gradually tilted with respect to the reference 
trajectory (crabbed) using RF crab cavities, which results 
in a head-on collision at the end of the fill. This achieves a 
constant (leveled) luminosity of 5×1034 cm-2s-1, thus 
allowing to maximize the luminosity integral. The beta-
function at IP1/5 during leveling remains constant at 
15 cm. 

Table 1: ‘Stretched’ Baseline HL-LHC Parameters for 
25ns Bunch Spacing 

Parameter Value 

Protons/bunch 2.2×1011 

Number of bunches 2808 

Crossing angle 590 μrad 

β* 15 cm 

Normalized emittance 2.5 μm 

Energy spread 1.2×10-4 

Bunch length 7.5 cm 

Beam-beam tune shift per IP 0.0033 

 
In the baseline HL-LHC scenario the luminosity is 

leveled such that the number of events per crossing (pile-
up) does not exceed the limit set by experiments. 
However, it was recently recognized that the longitudinal 
pile-up density (the number of events per unit length or 
unit time) also needs to be limited. This can be achieved 
through maximizing the length of luminous area by 
keeping the bunches always colliding fully head-on 
(crabbed). The luminosity leveling in this scheme is 
performed by the transverse offset or change of beta-
function, i.e. β*=70 cm at the beginning of a fill, and then 
is gradually reduced to 15 cm. 

__________________________________ 

*Fermi Research Alliance, LLC operates Fermilab under contract No. 
DE-AC02-07CH11359 with the U.S. Department of Energy. This work
was partially supported by the US LHC Accelerator Research Program 
(LARP). The HiLumi LHC Design Study is included in the High 
Luminosity LHC project and is partly funded by the European
Commission within the Framework Programme 7 Capacities Specific 
Programme, Grant Agreement 284404. 
#valishev@fnal.gov 
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SIMULATION TOOLS 
The weak-strong beam-beam simulations for HL-LHC 

were performed with two particle tracking codes: 
SixTrack [6] and Lifetrac [7]. Both codes have been 
extensively used for the development of such colliders as 
the Tevatron, DAFNE, and LHC, and have been well 
tested against available experimental data. Nevertheless, 
we performed additional benchmarking in order to ensure 
consistency of simulations. For example, Fig. 1 presents 
the Dynamic Aperture (DA) simulation for HL-LHC 
lattice with multipole errors in the absence of beam-beam 
interactions. 

 

Figure 1: Dynamic aperture (Ax, Ay in units of beam σ) 
for HL-LHC lattice with multipole errors without beam-
beam, simulated with two codes. Sixtrack data courtesy of 
M. Giovannozzi. 

The two codes treat machine lattice with a symplectic 
thin-lens approach, and account for full set of machine 
features, including the focusing chromaticity and high-
order multipole errors. The beam-beam kicks are realized 
through analytical formulae (the so-called Hirata 
formalism). 

The standard figure of merit for the evaluation of 
performance is the dynamical aperture for particles with 
momentum deviation of 2.7×10-4, based on 106 turns of 
tracking. However, a recent application of the Frequency 
Map Analysis [8] to beam-beam interactions [9,10] 
provides a useful insight into the dynamics of a system 
with much less intensive simulations. Throughout the 
report we provide comparisons of the two approaches. 

BASELINE SCENARIO RESULTS 
Figures 2, 3 present simulation results for the baseline 

scenario.  The color on FMA plots depicts the tune 
variation along a particle’s trajectory over 212 turns 
(momentum deviation for these FMA simulations was 
zero). The logarithmic scale is provided in Fig. 2 on the 
right. One can see that the tune footprint is small and is 
not densely populated with resonances. The DA results 
based on 106 turns generally agree well with area in FMA 
plots where tune jitter is large, and resonances overlap 
(Chirikov criterion [11]). 

Figure 4 shows the DA for various options of HL-LHC 
optics as a function of crossing angle (slhcv3.1b optics, 

106 turns). The target minimum DA for a robust design is 
6 σ, which determines the choice of crossing angle for the 
baseline scenario. 

 

Figure 2: FMA plot in tune space (tune footprint) for HL-
LHC baseline scenario. 

 

Figure 3: FMA plot in amplitude space for HL-LHC 
baseline scenario. Yellow line – Lifetrac dynamic 
aperture, cyan line – SixTrack dynamic aperture. 

 

Figure 4: Minimum dynamical aperture for different types 
of HL-LHC optics as a function of crossing angle. ST – 
SixTrack (4D/5slices per IP), LT – Lifetrac data. 
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BETA-FUNCTION LEVELING SCENARIO 
The alternative leveling scenario is more demanding 

with respect to beam-beam interaction due to a relatively 
large beam-beam tune shift at the beginning of a fill 
(ξ=0.034). However, the results in Figs. 5, 6 suggest that 
at least for the case of machine without multipole 
imperfections, the first studies with Lifetrac show that DA 
is not reduced below 6 σ. The 7th order resonance does not 
cause significant diffusion of the core particles. The 
overlapping 10th and 13th order resonances cause some 
emittance growth, which reduced the luminosity lifetime 
to approximately 20 hours. However, it is likely the effect 
of these resonances could be mitigated by a careful choice 
of the betatron tune working point. We also explored the 
possibility to reduce the crossing angle towards the end of 
a fill, when the bunch intensity decays to Np=0.95×1011, 
to 480 μrad (10 σ separation), and found that DA in this 
case remains over 6.5 σ. 

 

Figure 5: FMA plot in tune space for full head-on 
collision at IP1/5. β*=15 cm, crossing angle 590 μrad 
(12.5 σ separation). 

 

Figure 6: FMA plot in amplitude space for full head-on 
collision at IP1/5. Cyan points – 106 turns DA. 

 

SUMMARY AND OUTLOOK 
The weak-strong simulations of beam-beam effects in 

HL-LHC using two particle tracking codes demonstrate 
robustness of the baseline operational scenario. The 
dynamic aperture predicted by both codes is over the 
reference value of 6 σ for a machine with no multipole 
imperfections. Studies of an alternative luminosity 
leveling scenario making use of beta-function leveling 
and full head-on interactions, predict that despite the 
significantly larger beam-beam parameter in this scheme, 
the dynamical aperture is well within the specified limit. 
The alternative scheme may allow a decrease of the 
crossing angle and, consequently, the required crab-cavity 
voltage. 

Future effort will be concentrated on the studies of 
sensitivity of the proposed schemes to machine 
imperfections. We also plan to investigate other options of 
achieving lower pile-up density, such as longitudinal 
beam density shaping. 
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COHERENT INSTABILITY DUE TO BEAM-BEAM INTERACTION
∗

S. Paret, J. Qiang, LNBL, Berkeley, CA, 94720, USA

Abstract

Beam-beam effects can excite coherent modes in circu-

lar colliding beams and can thereby cause coherent insta-

bilities. Nevertheless the beams in LHC have been well be-

haved and no fundamental limitation to the beam-beam pa-

rameter has been found in head-on collisions. In this paper

we consider beams with much higher intensities than ever

collided in any hadron collider. By virtue of 3D strong-

strong computer simulations, we investigate the coherent

stability and emittance growth of proton beams in head-

on collision. The impact of a crossing angle between the

beams and of a transverse damper is examined.

INTRODUCTION

In lepton colliders, a changed scaling of the luminosity

and the beam-beam parameter with intensity has been ob-

served when the intensity exceeded a threshold [1]. The dy-

namics of colliding hadron beams differs qualitatively from

that of electron beams because radiation damping is negli-

gible for hadrons. Therefore hadron beams are assumed to

be more prone to instabilities. In the LHC however, the in-

tensity or beam-beam parameter have not been limited by

beam-beam effects due to head-on collisions [2]. Beam-

beam effects at the highest beam-beam parameter achieved

in LHC are discussed in Ref. [3, 4]. In this paper we con-

sider the coherent stability at intensities well beyond the

performance of present colliders to identify possible inher-

ent beam-beam limitations for future colliders.

Analytic models of the coherent stability apply only to

simplified cases, like assuming linear self-fields and no

crossing angle [5, 6]. These models predict unstable re-

gions in the parameter space. Head-tail modes, on the other

hand, have been found to be generally stable as long as

impedances are neglected [7]. The computer simulations

discussed here are not subject to the limitations of the an-

alytic models. In the next section the setup of our simula-

tions is outlined. A discussion of results and conclusions

follow in the subsequent sections.

SETUP

The beam parameters chosen for our simulations loosely

follow the LHC setup, except for the intensity. The inten-

sity of the beams in our simulations was increased until

strong coherent effects were observed. Table 1 lists the

simulation parameters. Initially, the particle distribution

was Gaussian. One pair of bunches collided once per turn.

The corresponding beam-beam parameter without crossing

∗This work was partially supported by the U. S. LARP and NERSC

of the U. S. Department of Energy under contract No. DE-AC02-

05CH11231.

Table 1: Simulation Parameters

Parameter Value Unit

N 21× 10
11 -

ǫ 0.512 nm

β∗ 0.5 m

σL 0.077 m

δp 1.11×10
−4 -

Qx, Qy , Qz 0.31, 0.32, 0.00212 -

E 7 TeV

Nm 1,000,000 -

Slices 10 -

Table 2: The Four Cases Discussed in This Paper

Case Crossing angle Damper

A 0 off

B 0 on

C 0.15 mrad off

D 0.15 mrad on

angle is 0.067. According to the linear model developed in

Ref. [6], these bunches will experience a quadrupolar in-

stability.

The beam-beam kicks were computed self-consistently

using a Green’s function method [8]. The numerical

noise in self-consistent simulations can drive emittance

growth [9, 10]. However, in the cases considered here,

the physical emittance growth is so large that the numer-

ical contribution is negligible. In fact, using 4 times more

macro particles in a simulation of case D changed the emit-

tance growth by about 3 % only. Impedances and electron

clouds have been neglected because they would obscure the

pure beam-beam effects.

Collisions with and without crossing angle as well as

with and without transverse damper are discussed. In the

following section these 4 cases will be referred to by the

letters specified in Tab. 2. The damper model is described

in Ref. [10].

RESULTS

First we consider the case A. The offset and emittance

are shown as a function of time in Fig. 1. The centroid mo-

tion is unstable and the emittance grows by several 10 %/s.

From 12,000 to 50,000 turns, the horizontal oscillation is

damped while the emittance growth is accelerated. A list

of emittance growths after different time intervals for all

cases is provided in Fig. 3. For either plane, the average

growth of both beams is given.

IN HADRON COLLIDERS 
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Figure 1: Case A, offset (left) and emittance growth (right)

versus time.

Table 3: Emittance Growth (with respect to initial value) at

case C did not arrive at 70,000 turns.

Turns 5000 25,000 70,000

A, hor. 8 % 26 % 61 %

A, ver. 7 % 13 % 35 %

B, hor. 33 % 35 % 41 %

B, ver. 13 % 16 % 21 %

C, hor. 7 % 43 % -

C, ver. 6 % 22 % -

D, hor. 78 % 116 % 134 %

D, ver. 43 % 70 % 81 %

growth of both beams is given.

The envelope spectrum of 2048 turns at the beginning

of the simulation and after 30,000 turns is shown in Fig. 2.

At the beginning there are peaks at 0.2 and 0.4, indicating a

5
th order envelope resonance. These peaks disappear, how-

ever, within 10,000 turns and several peaks close to 0 and

0.5 rise. Due to the large beam-beam parameter, the tune

footprint is quite large and spreads over many resonance,

as Fig. 3 illustrates.

Setting the damper gain to 0.02 (case B) stabilized the

centroid, as Fig. 4 demonstrates. Larger gains yielded more

emittance growth. The horizontal oscillation is quite large

initially, with an amplitude of about 10µm, and damped

very slowly, though. The difference between the planes is

attributed to the tunes since all other parameters are equal

in both planes. There is a rapid emittance growth initially,

which suddenly slows down, as shown in Fig. 4. The final

growth rate is on the order of 1 %/s, presumably due to

diffusion. Compared with case A, the emittance growth

Figure 2: Case A, envelope spectrum after at the beginning

and after 30,000 turns.

Figure 3: Case A, tune footprint. The visible resonance

lines include 4
th order (cyan dashed), 6th order (yellow

dashed), 7th order (red), 8th order (green), 9th order (blue)

and 10
th order (cyan solid).

Figure 4: Case B, offset (left) and emittance growth (right)

versus time.

is enhanced initially (s. Tab 3), but after a short time the

damper proves beneficial.

The spectra of the offsets and envelopes during the fast

growth period are shown in Fig. 5. There is a series of

peaks in the spectra, indicating the excitation of the beams.

After a few 1000 turns, when the beams stabilized, they

mostly disappear. As a consequence of coupling, the spec-

tra look all quite similar, despite the differences between

the vertical and horizontal planes in the time domain.

Next we let the bunches collide with the nominal cross-

ing angle, without damping (case C). The resulting centroid

motion and emittance growth are displayed as a function of

time in Fig. 6. The beams obviously suffer a dipolar insta-

bility. The emittance grows modestly at the beginning but

accelerates as the instability evolves.

The spectrum of the centroid motion is shown in Fig. 7.

Figure 5: Case B, offset and envelope spectrum after 3000

turns.

Different Times for Cases A Through D. The simulation of
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Figure 6: Case C, offset (left) and emittance growth (right)

versus time.

Figure 7: Case C, offset spectrum after 1000 turns and

20,000 turns. The π and σ beam-beam modes are clearly

visible.

The spectra clearly reveal the σ (at Qx and Qy , respec-

tively) and π (at lower frequency) BB modes. As the insta-

bility progresses, the π modes increase, which proves that

they are driving the oscillation, but also new modes appear.

Finally the damper was turned on while the beams were

colliding with crossing angle (case D). In this case the

damper gain was set to 0.2. The corresponding offset and

emittance are shown in Fig. 8. The damper stabilizes the

centroids within 30.000 turns. By this time the emittance

has already grown by 40 % to 50 %, respectively, in each

plane. After the offset is under control, the emittance keeps

growing at a decreasing rate. Similarly to the situation

without crossing angle, the damper accelerates the initial

emittance growth but mitigates it later on. The growth rate

will possibly converge towards a constant determined by

diffusion.

The spectra of the offset and envelope are shown in

Fig. 9. Here we see one coherent mode at q ≈ 0.262 in both

planes. It appears that the π mode of both planes coupled

to an oscillation with a single frequency while the damper

completely suppresses the σ mode. The envelope spectrum

features peaks at q, 1 − 2q and a broad band around 1 − 2

Figure 8: Case D, offset (left) and emittance growth (right)

versus time.

Figure 9: Case D, offset (left) and envelope (right) spectra

after 20,000 turns.

times the working point.

CONCLUSIONS

At extremely high intensity beams colliding head on ex-

perience dipolar instabilities in our simulations. A trans-

verse damper has proven able to suppress these instabili-

ties, although the damping time can be very long. Employ-

ing the damper causes a short, drastic emittance growth,

several 10 % within a few 10,000 turns, and cannot avert

a subsequent continuous emittance growth with a rate of

about 1 %/s. Although a crossing angle (without crab cavi-

ties) reduces the effective beam-beam parameter, the beams

are stronger affected by beam-beam effects with a crossing

angle. At a sufficiently large intensity, beam-beam effects

severely challenge the control of the beams even in the ab-

sence of external perturbations.
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DESIGN AND HIGH ORDER OPTIMIZATION OF THE ATF2 LATTICES∗

E. Marin , G. White, M. Woodley, SLAC, Menlo Park, CA 94025, USA†

K. Kubo, T. Okugi, T. Tauchi, J. Urakawa, KEK, Ibaraki, Japan
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Abstract
The next generation of future linear colliders (LC) de-

mands nano-meter beam sizes at the interaction point (IP)

in order to reach the required luminosity. The final focus

system (FFS) of a LC is meant to deliver such small beam

sizes. The Accelerator Test Facility (ATF) aims to test the

feasibility of the new local chromaticity correction scheme

which the future LCs are based on. To this end the ATF2

nominal and ultra-low beta* lattices are design to vertically

focus the beam at the IP to 37nm and 23nm, respectively

if error-free lattices are considered. However simulations

show that the measured field errors of the ATF2 magnets

preclude to reach the mentioned spot sizes. This paper de-

scribes the optimization of high order aberrations of the

ATF2 lattices in order to minimize the detrimental effect

of the measured multipole components for both ATF2 lat-

tices. Specifically three solutions are studied, the replace-

ment of the last focusing quadrupole (QF1FF), insertion of

octupole magnets and optics modification. By applying the

mentioned cures the design vertical beam size at the IP is

almost recovered for both ATF2 lattices.

INTRODUCTION
The International Linear Collider (ILC) [1] and the Com-

pact Linear Collider (CLIC) [2] projects are designed to

deliver a luminosity at the interaction point (IP) above

1034cm−2s−1 by colliding e+e− beams of vertical sizes

in the nanometre scale. The final focus system (FFS) pro-

vides the required beam focusing by means of two strong

quadrupole magnets, so called Final Doublet (FD), which

are located at a distance L∗ upstream the collision point.

The FD generates chromaticity due to the inherent energy

spread of the particle beam which needs to be corrected in

order to preserve the vertical IP beam size.

The ATF2 [3] beam line is the extension of the Accelerator

Test Facility (ATF) meant to validate the feasibility of the

final focus systems (FFS) based on the local chromaticity

correction scheme, first proposed in [4]. To this end the

ATF2 nominal and ultra-low lattices are designed to obtain

a σ∗y of 37 nm and 23 nm respectively. The nominal lat-

tice is the scaled-down version of the FFS of ILC while

the ATF2 ultra-low β∗ lattice [5] features a β∗y a factor 4

smaller than nominal, in order to increase the chromaticity

to a value similar to that of the CLIC FFS. This challenging

optics explores the feasibility of ultra-low β∗ lattices.

Reducing the value of β∗y imposes tight constraints on the

∗Work supported by Department of Energy contract DE-AC02-

76SF00515.
† emarinla@slac.stanford.edu

magnetic field tolerances of the FFS magnets, particularly

for those magnets located at high beta regions, e.g. FD. The

lattice design that recovers the design vertical spot size σ∗y0
for both ATF2 lattices is described in the following.

LATTICE DESIGN
In order to overcome the destructive impact in terms

σ∗x,y of the multipole components of the ATF2 magnets,

described in [6], different solutions have been considered

in [7]. These include replacing the FD, reducing the ver-

tical emittance or increasing the β∗x. Reducing the vertical

emittance is not a cost effective solution. Increasing the

value of the β∗x by a factor 4 effectively reduces the impact

of the multipole magnets for both ATF2 lattices, yet it is not

the preferred solution since it deviates from the IP beam as-

pect ratio that the ATF2 nominal lattice was designed for to

mirror that of the ILC FFS. In 2012 it was decided to insert

4 skew sextupole magnets [8] meant to compensate for the

skew sextupole components of those quadrupole magnets

that do not meet the required tolerances, see [9]. Further

the focusing quadrupole magnet of the FD was replaced by

a 4Q17 type recycled from the PEP-II ring, due to its better

field quality. As a result of these beam line modifications

the impact of the multipole components becomes negligi-

ble for the ATF2 nominal lattice. Although these modifi-

cations also minimise the impact of the multipole compo-

nents for the ATF2 ultra-low β∗ lattice, they are not suffi-

cient. The σ∗y obtained is still 30% larger than design value.

The analysis of the high order aberrations of the IP beam

size carried out in [10] by the MAPCLASS code [11] deter-

mines that a chromatic third order (octupole) component is

the main contributor to the calculated Δσ∗y . The insertion

of a pair of octupole magnets is proposed in [10] as an ef-

fective solution for compensating this particular aberration.

Octupole Magnets
Two octupole magnets located at dispersion and

dispersion-free regions of the ATF2 beam line, namely

OCT1FF and OCT2FF respectively, counteract the effect of

the chromatic octupole aberration on the vertical IP beam

size. It is found that these octupole magnets can reduce the

σ∗y down to 24 nm. More details can be found in [10].

In terms of field quality, the tolerances have been evalu-

ated for both decapole and dodecapole components, Ta-

ble 1 summarises the tolerances for both octupole mag-

nets. Tighter tolerances are found for the OCT1FF which

is located at the dispersion region but all of them are eas-

ily achievable from the point of view of magnet design.

CERN has taken the initiative to design and construct a pair
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Table 1: Relative Tolerance Evaluated at a Radius equal

to 1 cm for the Octupole Magnets OCT1FF and OCT2FF.

Each tolerance represents a vertical beam size growth at the

IP of 2%.

Component Decapole Dodecapole
Normal Skew Normal Skew

Units [10−1] [10−1] [10−1] [10−1]

OCT1FF 2 1 4 1

OCT2FF 7 4 6 12

of octupole magnets to be inserted in the ATF2 beam line,

see [12] for more details.

TUNING PROCEDURE

The tuning procedure consists in bringing the accelera-

tor to its design performance under realistic error imper-

fections. When errors are included into simulations, the IP

beam sizes are well above their design values. The tuning

procedure is applied to compensate for the IP beam size

aberrations caused by the machine imperfections. The tun-

ing determines the feasibility of a lattice. The procedure of

tuning ATF2 consists of an initial alignment of the ATF2

magnets using the beam itself, so called BBA. This tech-

nique centres the beam at the magnetic center of the mag-

nets within 100 μm [13]. The typical σ∗y at this stage is of

the order of a few μm respectively, see Fig. 1. The final IP

spot tuning after the BBA is based on a set of orthogonal

tuning knobs that target the residual beam size aberrations

at the IP.

Tuning Errors Conditions

The error conditions considered in this simulation are

transverse misalignments, rotations along the longitudinal

axis and strength errors of the magnetic fields. 100 simu-

lated machines are set up with different initial error condi-

tions. Each error is assigned to the quadrupole, sextupole

and octupole magnets following a random Gaussian distri-

bution of width σerror. Also the measured multipole con-

tent of the ATF2 magnets and a measurement error of the

IP beam size monitor are included into the tuning study.

Table 2 summarises the values of σerror for each error.

Table 2: Errors σerror Assumed for the Tuning Simulation

Study.

Error σerror

Horizontal misalignment [μm] 100

Vertical misalignment [μm] 100

Tilt along s-coordinate [μm] 300

Strength [%] 0.1

IP measurement [%] 10

Tuning Knobs
The available 5 normal sextupole magnets of ATF2 are

used to construct 8 linear knobs that target the waists

α∗x, α∗y (longitudinal displacement of the focal point), en-

ergy dispersions η∗x, η∗y and η′∗y and couplings between x
and y (< x, y >), px and y (< px, y >) and px and py
(px, py) at the IP. Each knob uses different combinations

of transverse displacements of the normal sextupole mag-

nets. Since the orthogonality may not be fully guaranteed

it is common practise to scan the whole set of knobs a few

times. Figure 1 shows the evolution of the mean of the ver-

tical IP spot size < σ∗y > (solid line) over 100 different

seeds, after each scan of the linear knobs.

The linear knobs bring σ∗y from a few μm down to ≈

σ

δ α α δ δ α α δ α δ δ δ

σ

σ

Figure 1: Evolution of < σ∗y > after scanning each of the

linear knobs shown in the upper axis. The solid line refers

to the mean value of σ∗y of the 100 simulated machines and

the upper and lower dashed curves represent the mean ±
rms error, respectively.

100 nm in about ten knob scans, after that the tuning speed

decreases notably and the beam size converges to above

60 nm after scanning the set of linear knobs 3 times. This

< σ∗y > represents almost a factor 3 above the design value.

In terms of the confidence level, only 33 % of the simulated

machines reach a final σ∗y < 1.2 σ∗y0 as shown by the red

curve in Fig. 3.

At this stage, further study of the higher order aberrations

of σ∗y of the 100 different machines after scanning the

linear knobs is conducted using the MAPCLASS code in

combination with MADX [14]. MADX evaluates the map

from the entrance of ATF2 to the IP to the desired order.

MAPCLASS uses this map to transport a Gaussian distri-

bution meant to represent the beam at ATF2. The study

reveals that the 2nd order aberrations that contribute most

to Δσ∗y using the so called transport notation are related

to: Ty,px,y, Ty,x,py , Ty,δ,δ and Ty,x,x coefficients. In ad-

dition to these aberrations, it is also worth noting the con-

tributions from the 3rd order which are more severe than

those of the second order, the most notable being related to

the coefficients: Uy,x,x,x, Uy,x,δ,δ, Uy,x,x,y , Uy,x,x,px and

Uy,x,y,δ , as shown in Fig. 2. The two line-points shown

in Fig. 2 represent the average contribution to Δσ∗y over
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Figure 2: Most relevant high order aberrations that remain

after applying the linear tuning knobs. Red curve refers to

the 2nd order aberrations, namely Ti,j,k (lower axis). Blue

curve represents the 3rd order aberrations, namely Ui,j,k,l

(upper axis)

the simulated machines from the aberration labelled on the

horizontal axes. The lower and upper axes show the 2nd

(red) and 3rd (blue) order coefficients. The number of oc-

currences of each aberration is shown by the single points

using the same color code, and should be read on the right

axis.

Taking advantage of the 4 skew sextupole magnets installed

along the ATF2 beam line, a set of 4 knobs are constructed

in order to compensate for the above mentioned Ti,j,k aber-

rations. The 2 octupole magnets are used to obtain 2 ad-

ditional knobs for taking care of the Uy,x,x,x and Uy,x,δ,δ

aberrations. These knobs are based on strength variations.

The number of machines that reach a σ∗y < 1.2 σ∗y0 in-

creases from 33% to 54% after applying the linear and

2nd order knobs. When the octupole knobs are included

into the tuning procedure, the percentage of tuned ma-

chines with σ∗y < 1.2 σ∗y0 increases to 63% as shown in

Fig. 3. Figure 3 compares the confidence level of the tun-

ing strategies, namely linear knobs (red), linear plus 2nd

order knobs (green) and linear plus 2nd order plus octupole

knobs (blue). The confidence level represents the number

machines that reach a σ∗y < 1.2 σ∗y0.

SUMMARY
The present multipole content of the ATF2 magnets in-

creases the vertical beam size at the IP by less than 5%
when the ATF2 nominal lattice is considered in simula-

tions. By contrast, the impact of these multipole errors

σ

σ

Figure 3: Confidence curves obtained for the 3 tuning

strategies. The magenta line indicates the 1.2 σ∗y0 value.

increases σ∗y by 30% for the ATF2 ultra-low β∗ design.

Simulation shows that 2 octupole magnets can effectively

reduce the impact on the beam size by less than 5%. The

calculated tolerances of the magnetic field errors of these

octupole magnets do not represent any difficulty from a

magnet design point of view. An additional benefit is found

when studying the tuning performance of the ultra-low β∗

lattice under realistic error imperfections. Thanks to the

knobs based on these octupole magnets, the percentage of

machines that reach a final σ∗y < 1.2 σ∗y0 increases from

54 % up to 63 %.
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Abstract

The polarization of proton beam during the acceleration

process in a particle accelerator is affected by the existence

of spin resonances. Coupling spin resonances can be ex-

cited in the presence of the betatron coupling introduced

by rolled quadrupoles and solenoids. A corresponding al-

gorithm has been developed and added to the ASPIRRIN

code to include the calculation of the first-order intrinsic

resonance harmonics in the case of arbitrary strong beta-

tron coupling and in the presence of Siberian Snakes and

spin rotators.The analysis of the coupling resonance har-

monics excited in RHIC collider is presented.

INTRODUCTION

Accelerating high energy polarized proton beams in a

circular accelerator is complicated with the presence of de-

polarizing resonances. With the application of the various

kind of spin rotating devices (like Snakes and spin rota-

tors) the stable spin axis on the design closed orbit may

deviate from the vertical, and an algorithm should be re-

alized which would calculate the spin resonance harmon-

ics with this complex configuration of the magnetic field

on the design orbit. Main features of this algorithm for

calculating the spin resonance strength were presented in

[1]. In the work presented in this paper the algorithm has

been extended to include the calculation of horizontal and

vertical intrinsic spin resonance amplitudes for the case of

strong betatron coupling, caused by rotated quadrupoles

and solenoidal fields. We consider, as an example, the

betatron coupling in RHIC accelerator which is originated

mostly due to rolls of quadrupoles at the RHIC interaction

regions and compensated using the local skew quadrupole

correctors. In order to calculate the undesired coupling ef-

fects on the spin resonance strength an algorithm has been

modified in ASPIRRIN [2] code to include the horizontal

and vertical intrinsic spin resonance amplitude calculation

for arbitrary rotated quadrupole in presence of the Siberian

Snakes. In RHIC two Siberian Snakes are installed in each

of the two RHIC rings [3].

ALGORITHM DESCRIPTION

In order to describe the spin motion which is initiated

by the arbitrary rotated quadrupole , we would need to in-

troduce the calculation of the spin perturbation in general.

We consider the spin perturbation due to betatron oscilla-

tions as the linear form in the orbit variables wj = TiqXq .

The orbital coordinates and momenta of a particle will be

∗Work supported by Brookhaven Science Associates, LLC under Con-

tract No. DE-AC02-98CH10886 with the U.S. DOE
† nermeen.khalil@stonybrook.edu

defined as XT = (x, px, y, py), where x and y are the hori-

zontal and vertical coordinates of a particle, and px and py
are their conjugate momenta. The linear orbital motion can

be defined as Xq = FqrAr where Fqr is the matrix com-

piled from the complex eigenvectors of the orbital motion,

and Ar is the vector of the betatron amplitudes.

Here we are considering the spin perturbation theory in

the coordinate system (l,m,n0), where n0 is the stable

spin solution on the design orbit. In this coordinate system

a spin vector on the design orbit rotates with the constant

spin precession tune ν around n0. The vector k = l+im is

related with the spin eigenvector k0 by k = k0 ·e
iνθ, where

θ describes the accelerator azimuth. In Eq. 1 the first-order

spin resonances are defined as the coefficients of Fourier

decomposition of the spin perturbation term

w · k =
∑

r,p

ǫrpe
i(p+Qr)θ =

∑

r,p

Arṽrpe
i(p+Qr)θ (1)

where p are integer numbers and Qr present components

of the orbital betatron tune vector (QI ,−QI , QII ,−QII).
QI and QII are tunes of two betatron oscillation modes. In

order to calculate ṽrp in the program the integral over one

turn is taken doing element-by-element integration [1].

ṽrp =
1

2π

∫ 2π

0

eiδrpθ
∑

j,q

TjqFqrk0jdθ (2)

where δrp = ν − (p + Qr) describes detuning of the spin

tune from a resonance tune.

In order to obtain ṽrp for rotated quadrupole we start

with considering the following equations of motion of par-

ticle in arbitrary rotated quadrupole:

x
′′

= −gcx− κcy y
′′

= gcy − κcx (3)

where gc = g · cos(2φ) and κc = g · sin(2φ) are defined

by the quadrupole rotation angle φ and the quadrupole field

gradient g.

From (3) we can get the expressions for the orbital mo-

tion eigenvectors which will be used later in the paper :

F3r = −AF
′′

3r +BF
′′

1r F1r = AF
′′

1r +BF
′′

3r (4)

Here:

A = −cos(2φ)/g B = −sin(2φ)/g (5)

The components of horizontal and vertical components

of the spin perturbations in a quadrupole are given by:

wx = (1 + ν0)y
′′

wy = −(1 + ν0)x
′′

(6)

COUPLING SPIN RESONANCES WITH SIBERIAN SNAKES
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where ν0 = Gγ, with magnetic moment anomaly G and

relativistic factor γ. From (1) and (6) the contribution to

a spin resonance harmonic produced by a betatron mode

oscillating with the tune Qr from a quadrupole can be for-

mulated as the following:

ṽquadrp = (1 + ν0)(k0xI3 − k0yI1) (7)

where I1 and I2 are the integrals defined as

I1 =

∫ θ2

θ1

F
′′

1re
iδrpθdθ (8)

I3 =

∫ θ2

θ1

F
′′

3re
iδrpθdθ (9)

and θ1 and θ2 correspond to the entrance and the exit of the

quadrupole.

To find the integrals (8) and(9) one can apply twice the

integration by parts and the expressions (4) to get the set of

linear equations for I1 and I3. Resolving the equations one

gets the solution in the matrix form:
(

I1
I3

)

= M−1

(

C1

C3

)

(10)

where M, C1 and C3 are expressed as

M =

(

1 +Aδ2rp Bδ2rp
Bδ2rp 1−Aδ2rp

)

(11)

C3 =
[

(F
′

3r − iδrpF3r)e
iδrpθ

]θ2

θ1
(12)

C1 =
[

(F
′

1r − iδrpF1r)e
iδrpθ

]θ2

θ1
(13)

Then the final formula which defines the contribution

from an individual rotated quadrupole to the spin resonance

harmonic is:

ṽquadrp = Y [k0x(δ
2
rp sin(2φ)C1 + (g − δ2rp cos(2φ))C3)

− k0y((g + δ2rp cos(2φ))C1 + δ2rp sin(2φ)C3)] (14)

where

Y = g(1 + ν0)/(g
2
− δ4rp) (15)

Summing these contributions from all quadrupoles gives us

the full spin resonance harmonic defined by r and p.

Using similar technique the spin resonance harmonics

contribution from a solenoid was derived as:

ṽsolrp =
(G− ν0)Ks

δ2 − (GKs)2
(−iδrp[e

iδrpθ((F2r+
1

2
KsF3r)k0x

+(F4r−
1

2
KsF1r)k0y)]

θ2
θ1
+GKs[e

iδrpθ((F2r+
1

2
KsF3r)k0y

− (F4r −
1

2
KsF1r)k0x)]

θ2
θ1
)

+
(1 + ν0)Ks

2

[

eiδrpθ(F1rk0x + F3rk0y)
]θ2

θ1
(16)

where Ks is the normalized field of the solenoid and the

last term describes the contribution from the solenoid ends.

CALCULATIONS FOR THE BETATRON

COUPLING AT RHIC

We would show some tests which have been done by

ASPIRRIN after modifying it with the new algorithm.

The main motivation for our calculation was to test the

code ability of calculating the resonance strength amplitude

in the general case for the betatron oscillation coupling.

The calculations were done for the RHIC lattice with two

Siberian Snakes, which had uncoupled tunes Qx = 27.685,

Qy = 29.673 with betatron amplitudes of 10µm · rad. in

both planes.

The spin tune in RHIC with the Siberian Snakes is equal

to 0.5. because of that in all plots in this section we show

the result for resonance harmonics which are closest to 0.5
value (that is with the resonance tunes in [0 − 1] range).

Moreover, we add together the amplitudes of the two spin

resonance harmonics, one below and other above 0.5, cor-

responding to the same betatron tune (QI or QII ). That

gives the resonance amplitude of the linear resonance har-

monic, which is more natural when considering an acceler-

ator with the Siberian Snake [1].

First we started by varying the field strength of different

IR skew quadrupoles correctors, which are used to compen-

sate for the coupling caused by the rolled quadrupoles, and

observing how the spin resonance harmonics depend on

the betatron coupling, which is characterized by minimum

betatron tune split ∆Qmin. In figure 1 a typical behav-

ior of the vertical and horizontal resonance harmonics are

shown by varying the gradient strength of skew-quadrupole

(SQ06C2B), the horizontal resonance amplitude would in-

crease non linearly while the vertical amplitude would be-

have the opposite.
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Figure 1: Dependence of the vertical and horizontal reso-

nance harmonic amplitudes on the coupling strength when

varying a skew quadrupole corrector. Gγ = 422.3.

Figure 2 demonstrates another typical feature of the res-

onance harmonic dependence observed during the skew

quadrupole variation studies. While the vertical and hori-

zontal harmonics changes the sum of their squares remains

approximately constant: ṽ2hor + ṽ2ver ≈ const. This in-
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dicates a rotational type transformation between the hori-

zontal and vertical resonance harmonics when the betatron

coupling is introduced.
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Figure 2: Conservation of the sum of squares of the hor-

izontal and vertical resonance harmonic amplitudes when

varying a skew quadrupole corrector(SQ08C2B). Gγ =
422.3.

Next, we considered actual coupling errors present in

RHIC, where strong sources of the the betatron coupling

are due to the rolls of the IR quadrupoles. These quad rolls

are well known from the beam-based and magnetic mea-

surements. Thus, we applied the known rolls and well as

local skew quadrupole corrector strengths used at RHIC

operation [4]. Figure 3 shows the calculated values of

the vertical resonance amplitudes versus Gγ in a region

of strong resonances in RHIC. The figure shows some re-

duction of the values of vertical harmonics amplitude after

applying the quad rolls and skew quad correction.
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Figure 3: Calculated vertical spin resonance harmonics

with and without the actual RHIC IR quadrupole rolls and

local IR skew corrections.

Figure 4 shows the calculated values of the the horizon-

tal resonance amplitude versus Gγ and it is observed that

the horizontal resonance amplitudes are excited up to 0.15
when the actual quadrupole rolls and skew quad corrector

strengths are used (in this case δQmin ≈ 0.01). After that

we used optimized values for certain local skew quadrupole

gradients, which reduced the δQmin coupling parameter to

0.001. The horizontal resonance harmonics are clearly re-

duced in this case. The plot also shows that the horizontal

resonance amplitudes are suppressed to zero when the skew

quadrupoles are turned off and the quadrupole rolls are 0.
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Figure 4: Calculated horizontal spin resonance harmonics

with and without the actual RHIC IR quadrupole rolls and

local IR skew corrections. The result for optimized correc-

tions is also shown.

SUMMARY

The calculation of spin resonance harmonics with cou-

pled transverse betatron motion was implemented in the

ASPIRRIN code. We noticed a rotation-type transforma-

tion of the resonance strength of vertical and horizontal

harmonics when introducing the betatron coupling. The

local coupling correction for actual values of quad rolls

and IR skew quad correctors at 6 Interaction regions in

RHIC results in exciting the horizontal resonance strength

up to 0.15 at Gγ of value of 422.3. Optimizing the skew

quadrupoles arrangement for better compensation of the lo-

cal coupling helps to reduce the horizontal spin resonance

amplitudes even before applying the global coupling cor-

rection.
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Abstract 
To commission some of the hardware and software for 

the RHIC electron lenses (e-lenses), we built a test bench 

based on BNL’s EBIS test stand. Over several months, we 

tested the electron gun, the collector, the high-voltage 

gun-modulator, the instrumentation, the partial control 

system, and several software applications. A nominal DC-

beam current of 0.85 A was demonstrated. And the 

electron beam transverse profiles were verified as being 

Gaussian with a small flat top. We also evaluated some e-

lens power-supplies and the electronics for measuring 

current on our bench. The properties of the cathode and 

the profile of the beam were assessed. In this paper, we 

present some of our experimental findings. 

INTRODUCTION 
To improve the luminosity of the polarized protons in 

the Relativistic Heavy Ion Collider (RHIC), we are 
installing two electron lenses (e-lenses) in IR10 [1-4] to 
compensate for the head-on beam-beam effect. We 
designed an e-lens test bench to test some elements of the 
e-lens hardware, its controls, and some application 
software [5].  Figure 1 illustrates the layout of e-lens test 
bench; it encompasses an electron source, a beam-
propagation system, an electron collector, and some 
instruments for beam diagnostics. 

The electron source is an electron gun with a cathode 
designed to generate a beam with transverse Gaussian 
profile [3, 6]. After manufacturing it, we measured the 
actual shape of the cathode (its cross-sectional profile), 

then simulated the beam profile resulting from the 
cathode profile with the 2D program TRAK, and 
compared it to the obtained beam profile with the 
measured beam.  
The system that propagates the beam encompasses a 4.6 T 
superconducting solenoid, a collector coil, gun dipoles, 
main dipoles, collector dipoles, and a drift tube. 

When the electron beam arrives at the collector, we 
measured its current with the DCCT and the pulse CT [7]. 
The maximum temperature on the collector was 
determined by Resistance Temperature Detectors (RTDs) 
at the highest DC load. The eight RTDs on the cylindrical 
surface of the electron collector were arranged in two 
groups. Each group consisted of four RTDs in one 
longitudinal plane; the four thermocouples of one group 
were separated azimuthally by 90 degrees, while the two 
groups were separated longitudinally by 70 mm.  

After several months of operation, we tested the 
electron gun, the collector, the high-voltage gun 
modulator and most of the instrumentation on the test 
bench. We also qualified parts of the control system and 
several software applications. The nominal pulse and the 
DC beam current of 0.85 A were demonstrated, and the 
electron beam transverse profiles were verified as being 
Gaussian. Some e-lens power supplies and the electronics 
for measuring the current were also assessed. The 
properties of the cathode and the profile of the beam were 
evaluated.  

 

 Figure 1: Layout of the electron
-
lens test bench. 

  ___________________________________________  
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THE ELECTRON GUN AND BEAM 

 
 

Figure 2: Example of the measurements of the 1085 mA 
current of the electron beam (yellow) and the anode 
voltage (red). 

 
We demonstrated the capability of the electron gun on 

the test bench.  Figure 2 shows an example of the 
measurements of the electron beam current (yellow) and 
the anode voltage (red). For the current, it is 500 mA/div; 
for the anode voltage, it is 5 kV/div; the pulse length is 5 
s/ div. 

For the pulsed electron-beam, we used the gun-side 
pulse CT (Fig. 1) and obtained the anode voltage locally 
via the Tek P6015A probe. To obtain information on the 
beam loss, we evaluated the electron beam current on the 
collector side CT, and compared it with a similar 
measurement from the gun-side CT.  

THE COLLECTOR 
The temperature of the collector was recorded while the 

DC beam current was being increased to 1 A.  
 

 
Figure 3: Collector temperature and DC beam. 

Figure 3 shows the DC beam current (purple) and the 
RTDs temperature read-backs (other colors). The DC 
current is  I = 5.04 × 200 mA = 1080 mA, and the 
collector voltage is about 5 kV. The total beam power is 
5.4 kW and the maximum temperature is about 70℃ on 
the temperature sensor 2. 

As it is apparent from Fig. 3, the eight temperature 
sensors yield four similar groups of readings, implying 
that the electron beam may be off-axis or not parallel to 

the collector axis. Similar readings were obtained from 
pairs of sensors located at the same angle along the beam, 
but at two different longitudinal positions.  

THE MODULATOR 
Figure 4 shows results from the modulator running at 

80 kHz with a 10 kV anode voltage. The yellow 
waveform is the anode voltage, while the red waveform 
represents the electron beam current measured by the 
gun-side of the pulse current transformer. The two spikes 
on both sides of each pulse seemingly reflect the charging 
and discharging current between the modulator and the 
anode.  

 

 
Figure 4: 80 kHz modulator test with beam-current pulse 
(red), and the anode-voltage pulse (yellow).  

 
The BPMs will play a critical role in meeting the 

ambitious requirements for commissioning and operating 
the electron lenses. Two BPMs in the e-lens will measure 
the positions of both the proton and the electron beam. To 
assure beam alignment within 10% beam sigma precision 
for a 300-m electron beam, we designed the modulator 
with a rise and fall time of only 50 ns.  

 
Figure 5: Rise and fall times of the electron beam 
measured via the anode voltage.  

 
Although the beam current is a non-linear function of 

the voltage, the rise and fall times of the current signal are 
very close to the rise and fall times of the anode’s voltage 
signal. Therefore, at first, we measured the electron beam 
rise and fall times via measuring those of the anode 
voltage. 

Figure 5 plots the beam rise and fall time, measured 
with a waveform persistence setup; it reveals that the 
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rising edge of the beam is more stable than the falling 
edge. The frequency is 80 kHz, and the anode voltage is 
10 kV. 

The rise and fall times for 98% of the amplitude are 60 
ns and 70 ns, respectively. We located the Behlke switch 
of the anode modulator about 0.6 m away from the anode 
because of the test bench structural limitations.  We will 
reduce the contribution of the capacitance and inductance 
of the connecting cable to the transitions of the modulator 
pulses in the e-lens by positioning the Behlke switch 
much closer, i.e., 10 cm, to the anode feed-through.   

PINHOLE SCANNER AND YAG SCREEN 
The pinhole scanner was fully tested, evaluated, and 

calibrated. By adding a bias voltage on the pinhole we 
found that the behaviour of the secondary electrons play 
an important role in the total signal at the integral pinhole 
scanner. 

Figure 6 shows the beam profile, acquired by the 
pinhole scanner for a beam of 200 mA. The profile has a 
flat top at the center, and lesser intensity at the edges of 
the beam, as predicted by the 2D program TRAK with a 
measured cathode profile. 

 
Figure 6: Beam profile obtained using pinhole scanner. 
 
We also developed a YAG screen and camera system 

for measuring the beam profile.  Our findings for a 144 
mA electron beam are plotted in Fig. 7; the profile is 
similar to that depicting the pinhole results. 

The YAG screen can obtain the beam profile within 
seconds. We acquired many beam profiles for different 
system configurations. However, caution is required here 
because the YAG screen is very fragile and can be 
damaged by unwanted beam current. 

 

 
Figure 7: Beam profile from YAG screen, showing the 
correspondence between the experimental and fitted data.  

 

SUMMARY  
We tested and improved the electron gun, collector, 

some instrumentation, and some power supplies on the e-
lens test bench. The software- and the machine-protection 
system were also prototyped. All of these tests resulted in 
a considerable savings in time for commissioning the 
2013 e-lens, and later on. 
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SINGLE PASS ELECTRON COOLING SIMULATIONS FOR MEIC∗

G. I. Bell† , I. V. Pogorelov and B. T. Schwartz, Tech-X Corp, Boulder, CO, 80303, USA
Yuhong Zhang and He Zhang, Jefferson Lab, Newport News, VA, 23606, USA

Abstract
Cooling of medium energy protons is critical for the pro-

posed Jefferson Lab Medium Energy Ion Collider (MEIC).
We present simulations of electron cooling of protons up to
60 GeV. In the beam frame in which the proton and elec-
trons are co-propagating, their motion is non-relativistic.
We use a binary collision model which treats the cooling
process as the sum of a large number of two-body colli-
sions which are calculated exactly. This model can treat
even very close collisions between an electron and ion with
high accuracy. We also calculate dynamical friction using
a δf PIC model. The parallel code VSim (formerly Vorpal)
is used to perform the simulations. We compare the fric-
tion rates with that obtained by a 3D integral over electron
velocities which is used by BETACOOL.

ELECTRON COOLING
In the simplest form of electron cooling [1], an electron

beam is created with the same γ as a relativistic ion beam
which we wish to cool. The two beams are then made to
co-propagate over a section of a storage ring, the cooling
section. In the beam frame traveling with the average ve-
locity of the particles, their velocities are non-relativistic,
and the particles interact by means of Coulomb collisions.

This paper explores the amount of dynamical friction
which can be obtained in an (unmagnetized) cooling sec-
tion of the Jefferson Lab Medium Energy Ion Collider. The
particles to be cooled are protons with γ = 65.4. The cool-
ing section is s = 60 m long. These simulations are done
in 3D, where x and y are transverse coordinates and z is
the direction of beam propagation.

The bunched electron beam is non-uniform, but suppose
we consider a small region only a few Debye lengths wide
in the center of the electron bunch. In this region, the
electron density is nearly constant. We consider a distri-
bution of electrons which is uniform in space and has a
Maxwellian distribution in velocity

f0(�v) =
ne

(2π)3/2σxσyσz
exp

[
− v2x
2σ2

x

− v2y
2σ2

y

− v2z
2σ2

z

]
,

(1)
where ne is the density in the center of the electron
bunch. In the beam frame the RMS velocities �σ are non-
relativistic, specific values are given in Table 1. Note that

∗This work is supported by the US DOE Office of Science, Office of
Nuclear Physics, grant numbers DE-SC0009508 and DE-SC0000835; re-
sources of NERSC were used under contract No. DE-AC02-05CH11231.

† gibell@txcorp.com

Table 1: Electron Beam Parameters Used in the Simula-
tions, all Parameters are in the Beam Frame

parameter symbol value unit

electrons per bunch 2.5 109 elec.

peak density ne 1.32 1015e/m3

plasma freq. ωp 3.26 108/sec

plasma per. 3.07 nanosec

interaction time τ 3.06 nanosec

trans. RMS bunch size rx 303 μm

long. RMS bunch size rz 1.3 m

trans. RMS velocity σx 2.35 105 m/sec

long. RMS velocity σz 0.36 105 m/sec

trans. Debye length λx 114 μm

long. Debye length λz 17.5 μm

z is the direction of beam propagation, and because this is
an accelerated beam it is not isotropic, and σz < σx = σy .

Consider now a single ion moving at velocity �vion, and
let �vrel = �vion − �v be the velocity of each electron relative
to the ion. Assuming each collision is symmetric in time,
the dynamical friction force on the ion can be calculated by
the 3D integral over the electron velocity space [2]

�F‖ = −neZ
2e4

4πε20me

∫ ∞

−∞
Λ

�vrel
|�vrel|3 f0(�v) d

3�v. (2)

Here Z is the ion charge number (for protons, Z = 1),
e < 0 is the electron charge, and me is the electron mass.
In the simplest case, the Coulomb logarithm

Λ = log(ρmax/ρ⊥), (3)

where ρmax and ρ⊥ are often called “the maximum and
minimum impact parameters”. This terminology is un-
fortunate, because equation (2) actually includes contribu-
tions from collisions with arbitrarily small impact parame-
ters [2]. ρ⊥ is the impact parameter for 90 degree scattering

ρ⊥(�vrel) =
Ze2

4πε0me|�vrel|2 . (4)

In the actual beam, collisions with arbitrarily small im-
pact parameters can occur. In simulations, the problem is
that very small impact collisions are rare, and there may not
be enough of them to accumulate good statistics. There-
fore, in simulations it is advantageous to introduce a cutoff
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ρc, and to ignore collisions with impact parameter less than
ρc. A modified Coulomb logarithm for equation (2), which
can take into account ρc as well as the finite interaction
time is given by [2]

Λ =
1

2
log

[(
ρ2max + ρ2⊥
ρ2⊥ + ρ2c

)(
ρ2c + d2

ρ2max + d2

)]
, (5)

where d = |�vrel|τ/2 and τ = s/(γβc) is the interac-
tion time in the beam frame. Note that the Coulomb log-
arithm (5) reduces to (3) in the case where ρc = 0 and
d � ρmax � ρ⊥.

In general, the Coulomb logarithmΛ is different for each
electron because of the dependence of ρ⊥ and d on �vrel.
We cannot hope to calculate the integral (2) analytically,
but it is easily calculated numerically because the velocity
distribution f0(�v) decays exponentially.

If ωp = (nee
2/(meε0))

1/2 is the plasma frequency,
then the Debye lengths in x, y and z, respectively, are
λx = σx/ωp, λy = σy/ωp and λz = σz/ωp. For this
accelerated beam the longitudinal Debye length is consid-
erably less than the transverse Debye length.

Over one passage through the cooling section, suppose
we need to accumulate more than Nc collisions of impact
parameter less than ρc in order to get good statistics on
these collisions. In [2] it is shown that for the isotropic
case, Nc and ρc are related by the formula

ρc =

√
Nc

〈|�vrel|〉τπne
, (6)

where 〈|�vrel|〉 is the average magnitude of the relative ve-
locity over all electrons. This equation can be used in the
numerical models to set the cutoff impact parameter ρc.

To estimate the dynamical friction in the actual beam,
we numerically evaluate the friction (2) using the Coulomb
logarithm (5) with ρc = 0 and ρmax = 3rx, where rx is
the transverse RMS bunch size. Figure 1 shows the friction
force in eV/m obtained for protons moving at various ve-
locities. If the electron velocity distribution were isotropic,
Figure 1 would be radially symmetric in |�vion|. Instead it
shows enhanced friction longitudinally, and the maximum
friction force of 0.659 eV/m occurs for a proton moving
purely longitudinally with vz = 0.90× 105 m/s.

SIMULATION MODELS
Electron cooling is an extremely weak effect, and dif-

ficult to capture numerically. The Debye shielding cloud
around one proton has a magnitude on the order of the pro-
ton charge, |e|. Therefore, the perturbation in the electron
bunch due to the presence of a single proton is nine orders
of magnitude smaller than the charge of the electron bunch,
(2.5× 109)e.

The first model we consider is the binary collision
model [2]. The Coulomb collisions are modeled as an n-
body problem, although we ignore electron-electron inter-
actions. The interaction between each ion and electron is
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Figure 1: A contour plot of the friction force in eV/m as
a function of the longitudinal and transverse ion velocity.
This figure is only shown in one quadrant because it is sym-
metric in the other three.

calculated exactly as a 2-body problem, with the contribu-
tions summed over all particles. This produces an n-body
solver which can accurately model any 2-body collision
with a constant time step [2]. To accurately model 3-body
and higher collisions the time step must be decreased dur-
ing these interactions, however these collisions are rare and
do not contribute appreciably to dynamical friction.

In order to reduce the noise in these simulations, we add
a positron over each electron with identical location and ve-
locity. When an electron and positron interact with a pro-
ton, the diffusive velocity kicks cancel while the dynamical
friction accumulates. Without this trick the dynamical fric-
tion would be dominated by particle noise.

Figures 2 and 3 show friction estimates from the bi-
nary collision model, the two figures are for purely lon-
gitudinal or transverse motion, the two axes of Figure 1.
However, the theoretical curves are not the same as in
Figure 1, because we have adjusted the theory to take
into account the size of the numerical domain (L), and
use a ρc corresponding to Nc = 5. The simulation do-
main is a cube L = 800 μm on a side, and in [2] it is
shown that we should use ρmax = min{3rx, 0.43L} and
d = min{|�vrel|τ/2, 0.43L}. These modifications of the
Coulomb logarithm (5) reduce the friction by about 30%
compared with the values in Figure 1. The theoretical fric-
tion values compare well with those predicted by the binary
collision model. The error bars are derived by comparing
friction rates for multiple ions. In the transverse case (fig-
ure 3) the errors can be large, probably because the elec-
trons are hotter transversely (σx > σz).

The second model we consider is a linear δf PIC model
[3–5]. We consider the shielding to be a perturbation from
the equilibrium Vlasov-Poisson equation. The perturba-
tion is modeled using weighted particles, where the parti-
cle weight represents the perturbation and all weights start
at zero. The δf particles move in response to background
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Figure 2: Theoretical longitudinal friction, eq. (2) versus
that obtained from the binary collision model.
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Figure 3: Theoretical transverse friction versus that ob-
tained from the binary collision model.

fields, and their weights evolve to capture the shielding.
The ions move in the electric field of the δf particles using
the Boris push [6]. In all cases, the average force on each
ion is calculated from the velocity change of the ion over
the run. We note that a force of 0.5 eV/m results in a pro-
ton velocity change of 0.15 m/s over the cooling section, or
about 1 part in 106 of the proton beam frame velocity.

Figures 4 and 5 show dynamical friction results for the
δf model. The δf model uses a different domain size which
is not cubical, therefore in the theoretical model we have
inserted a different L. The error in the δf method is often
very small, because different protons behave similarly. The
δf method eliminates much of the particle noise present in
the binary collision model.

SUMMARY
Theoretical estimates of dynamical friction (2) have been

confirmed by two numerical simulations. The theoretical
model includes effects from the finite interaction time τ ,
and also effects present in simulations such as finite domain
size L and a lower cutoff in impact parameter, ρc. The nu-
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Figure 4: Theoretical longitudinal friction, eq. (2) versus
that obtained from the δf model.
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Figure 5: Theoretical transverse friction versus that ob-
tained from the δf model.

merical simulations agree well with the theoretical model
when we insert appropriate values of these parameters.
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MEIC ELECTRON COOLING SIMULATION USING BETACOOL∗

He Zhang† , Yuhong Zhang, Jefferson Lab, Newport News, VA 23606, USA

Abstract

Electron cooling of ion beams is one critical R&D is-

sue in Jefferson Lab’s medium energy electron-ion col-

lider (MEIC). In the present MEIC design concept, a multi-

phase cooling scheme is adopted. In the ion pre-booster, a

DC electron cooler is responsible for assisting ion beam ac-

cumulation and initial cooling. In the ion collider ring, the

ion beams with energies up to 100 GeV/u are cooled by a

high current bunched electron beam driven by an energy-

recovery SRF linac assisted by a circulator ring. It is es-

sential to understand how efficient that electron cooling is,

particularly in the high energy range, and how the cool-

ing electron bunches in the circulator cooler ring are af-

fected by the cooling process and other collective beam ef-

fects, in order to confirm the feasibility of the design. Here

we present first results of the simulation studies of electron

cooling processes of MEIC using BETACOOL code.

INTRODUCTION

The MEIC is designed to deliver a peak luminosity above

1034 cm−2s−1 and covers a CM energy range up to 65

GeV. It offers an electron energy up to 12 GeV, a proton

energy up to 100 GeV, and corresponding energies per nu-

cleon for heavy ions with the same magnetic rigidity [1].

The MEIC ion complex consists of ion sources, a linac,

two boosters and a medium energy collider ring, as shown

in Fig. 1. The conventional electron cooling is chosen to

assist cumulation of ions from the linac and to reduce and

preserve the emittance of the MEIC ion beam. We propose

to have electron coolers installed both in the pre-booster

and in the collider ring, and our multi-phase electron cool-

ing scheme includes the following steps: (1) low energy (up

to 2 MeV) DC cooling at the pre-booster, (2) bunched elec-

tron cooling at the ion injection energy (up to 20 GeV/u)

of the collider ring, and (3) bunched cooling at the top ion

energy (100 GeV/u) of the collider ring. An important fea-

ture of this scheme is continuous electron cooling of the ion

beams during their collision with the electron beam.

While the electron cooling mechanism is well developed

and successfully tested with low energy DC beam appli-

cations world wide, we are challenged by the high density

and high energy of the MEIC ion beam [2, 3]. The present

design concept calls for an ERL for the high energy cooler

in the collider ring for meeting the request of a very high

RF power and additionally a circulator ring for mitigating

the electron gun life time challenge [1]. There are a num-

∗Work supported by the U.S. Department of Energy, Office of Nuclear

Physics, under Contract No. DE-AC05-06OR23177 and No. DE-AC02-

06CH11357.
† hezhang@jlab.org

Table 1: Key Parameters for Different Cooling Schemes

Pre-

Booster

Collider

Ring

p+ Energy GeV 3 20/100

p+ Bunch Length cm Coasting Coasting/1

Cooler Type DC
ERL

circulator

Magnetization T 1 0

Cooler Length m 10 2 × 30

e− Beam Current A 3 1.5

e− Bunch Length cm 1.2

Cooling Scheme 1 !

Cooling Scheme 2 !

Cooling Scheme 3 ! !

Ion
source

SRF linac
Prebooster

Large Medium-energy

Cooler Cooler

0.285 - 3 GeV

3 - 20 GeV 20 - 100 GeV

collider ringbooster

Figure 1: Components of MEIC ion complex

ber of critical R&Ds for this design concept, for example,

(1) what is the cooling efficiency at the high energy range

with a bunched electron beam; (2) how the cooling elec-

tron bunches in the circulator cooler ring are affected by

the cooling process and other collective beam effects; and

further (3) how the cooling efficiency is affected by the con-

tinually (slow) degradation of the cooling bunches during

circulation of the cooling. In the report, we present our ini-

tial results for the simulation studies of the first issue listed

above. For simplicity, the coupling to the electron beam

dynamics in the circulator cooler ring is ignored. The latter

is currently also under studied [4]. In other words, the cool-

ing electron bunches in the simulations are assumed ideal,

fresh from the electron source, for each cooling, instead of

being a real beam circulating in the cooler ring. At a later

time, these two studies will be combined as we expect.

MODELS AND METHODS

Ideally a start-to-end simulation should be carried out for

the entire process of MEIC ion beam formation and cool-

ing, nevertheless, presently there is no such a code capa-
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ble of taking such a task. Therefore, we simulate various

physics processes independently.

To explore the capability and limitations of both the low

energy DC cooler and high energy ERL cooler, we have

performed simulations for the following three hypothetical

cooling schemes: (1) only the DC cooler in the pre-booster,

(2) only the ERL circulator cooler in the collider ring, and

(3) using both the DC cooler in the pre-booster and the ERL

circulator cooler in the collider ring. It is expected that

such simulations will shed the lights of the nominal MEIC

cooling design scheme.

The highest kinetic energy of protons in the pre-booster

is 3 GeV, the corresponding energy of the cooling elec-

tron energy is about 2 MeV. Space charge effect of the DC

electron beam is included. In the collider ring, a Gaussian

bunched electron beam of 1.5 A is used to cool a coasting

(very long bunch) proton beam at the injection energy (20

GeV), and the same electron beam is used to cool a Gaus-

sian bunched proton beam at the collision energy (60 GeV

for the nominal design point). The beam and cooler pa-

rameters for the different cooling schemes are presented in

Table 1.

We utilized the well developed BETACOOL code, which

provides various formulas for the intra-beam scatterings

(IBS) effect and cooling force calculation, along with vari-

ous models for dynamic simulations [5]. As to the follow-

ing results, Martini model [6] is used for IBS effect calcula-

tion, the model beam method is for DC cooling simulation

and the RMS dynamic method with single particle model

is for bunched electron beam cooling simulation [5].

SIMULATION RESULTS

Cooling in Pre-booster Only

In the pre-booster, the initial normalized emittance of

the proton beam is assumed to be 3.15 π ·mm ·mrad in

both transverse directions, which is limited by the space

charge tune shift. The momentum spread dp/p is assumed

to be 0.001. The radius of the electron beam is 0.832 cm,

which is three times of the rms radius of the proton beam.

The current of the electron beam is 3A. Fig. 2(a) shows

the evolvement of the normalized emittance and the mo-

mentum spread of the proton beam during the cooling pro-

cess. After about 600 s, the transverse emittance of the

proton beam reaches the equilibrium at about (0.6, 0.2)

π ·mm ·mrad. Because we need to stack five injections

in the collider ring, 600 s is too long. We would like to

stop cooling after 200 s, when the emittance was reduced

to (1.18, 0.99) π ·mm ·mrad. After the pre-booster, we

inject the proton beam into the large booster, accelerate

it to 20 GeV, and then inject it to the collider ring. The

first long bunch needs to wait 800 s for the following four

bunches before we accelerate them together to 60 GeV.

During this 800 s, the horizontal emittance of the proton

bunch will increase up to 1.45 π ·mm ·mrad due to the

IBS effect, which is shown in Fig. 2(b). After being accel-

erated to 60 GeV, without cooling the horizontal emittance

keeps increasing due to IBS effect. As Fig. 2(c) shows,

after two hours the horizontal emittance will be about 3.8

π ·mm ·mrad. For both energy stages, the vertical emit-

tance remains almost unchanged because the vertical IBS

effect is much smaller than the horizontal one.
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Figure 2: Cooling in the pre-booster (a) and IBS induced

emittance and momentum spread expansion in the collider

ring at 20 GeV (b) and 60 GeV (c).

Cooling in Collider Ring Only

Without cooling in the pre-booster, we assume the ini-

tial normalized emittance of the proton beam in the col-

lider ring at 20 GeV to be 3.15 π ·mm ·mrad, limited

by the space charge tune shift, and the momentum spread

3 × 10−3. We will cool the coasting (very long bunch)

proton beam at 20 GeV first, and then cool the bunched

proton beam at 60 GeV. Cooling at 20 GeV turns out to be

quite efficient as shown in Fig. 3(a). The emittance reaches

the equilibrium within 250 s. When the proton beam is

bunched at 60 GeV, its IBS effect is about two orders of

magnitude higher in the horizontal direction than in the ver-

tical direction, while the friction forces in both directions

are roughly the same. Hence there is a tendency to over

cool the beam in the vertical direction, which as a result

of the over cooling makes the cooling in horizontal direc-

tion even more difficult. If the transverse motion of the

proton beam is coupled, the emittance growth due to IBS

effect will be redistributed in the two directions according

to the coupling rate, which makes the cooling in the hori-

zontal direction easier and also provides a way to control

the transverse bunch sizes. Simulation results also support

this hypothesis. If the emittance at 20 GeV is reduced to

0.30 π ·mm ·mrad , then at 60 GeV after the proton beam

is bunched, the emittance can be further reduced to 0.17

π ·mm ·mrad within 20 s with 100% coupling in trans-
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verse directions as shown in Fig. 3(b). Or the emittance can

be reduced to (0.30,0.07) π ·mm ·mrad with 40% trans-

verse coupling as shown in Fig. 3(c), which provides a flat

beam.
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Figure 3: Cooling in the collider ring at 20 GeV (a) and at

60 GeV for 100% (b) and 40% (c) coupled p+ beam.

Cooling in Pre-booster and Collider Ring

Now we consider both the DC cooling in the pre-booster

and the ERL circulator Cooling in the collider ring. the

DC cooling in the pre-booster is the same as shown in

Fig. 2(a). Assuming the normalized emittance of the proton

beam out of the pre-booster is (0.83,0.57) π ·mm ·mrad

and we start to cool from this emittance in the collider ring

at 20 GeV, the evolvement of the emittance and momen-

tum spread of the proton beam is shown in Fig. 4(a). Ini-

tially the longitudinal cooling is strong and the momen-

tum spread reaches the lowest point within five seconds

and then starts to increase again. When the emittance is

reduced to about 0.3 π ·mm ·mrad, dp/p is in the order

of 10−6 and it is increasing, according to Fig. 4(a), which

means energy is transferring from the transverse directions

to the longitudinal direction. If we stop cooling the coast-

ing beam at this point, it is reasonable to assume dp/p will

increase during the following accelerating and bunching

process. In the following simulations for the cooling at 60

GeV, an initial dp/p of 3.7 × 10−4 is used. As Fig. 4(b)

and Fig. 4(c) show, the emittance can be reduced to 0.23

π ·mm ·mrad within 20 s when fully coupled in the trans-

verse directions or (0.31,0.18) π ·mm ·mrad within 30s

when 50% coupled.

SUMMARY AND DISCUSSION

Preliminary simulation results suggest the design param-

eters of MEIC cooling system are achievable. We did simi-
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Figure 4: Cooling in the collider ring at 20 GeV (a) and at

60 GeV for 100% (b) and 50% (c) coupled p+ beam.

lar simulations for heavy ions, the cooling of which turned

out easier than that of protons. There are some points we

want to note as follows. Transverse coupling is helpful for

the cooling in the collider ring, but its dynamic effect needs

to be studied. In the above simulations, we assume the ion

beams always have Gaussian distributions. However, this

is not necessarily true. We need to study how the ion beam

distribution evolves in different cooling processes and how

much it affects the results if the distribution deviates from

Gaussian. Analytical formulas are used to calculate the

friction force, and their accuracy under the MEIC param-

eters need to be checked and confirmed. We plan to use

the electron bunches multiple times in cooling, so it is cru-

cial to understand how the electron bunches are affected by

the proton bunches, which is currently out of the ability of

BETACOOL. New method, such as N-particle simulations,

may need to be developed and applied.
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STATUS AND FUTURE PLAN OF THE DEVELOPMENT OF A COMPACT 
X-RAY SOURCE BASED ON ICS AT LASER UNDULATOR COMPACT X-

RAY (LUCX)* 

M. Fukuda#, S. Araki, A. Aryshev, Y. Honda, N. Terunuma, J. Urakawa, KEK, Ibaraki, Japan 
K. Sakaue, M. Washio, RISE, Tokyo, Japan

Abstract 
We have developed a compact X-ray source via inverse 

Compton scattering (ICS) between multi-bunch electron 
beam and a laser pulse stacked in an optical cavity at 
Laser Undulator Compact X-ray (LUCX) accelerator in 
KEK. Since the autumn of 2011, we have begun X-ray 
imaging test. In the beginning, it had taken two hours to 
get an X-ray image because of low intensity of X-ray with 
104 photons/pulse. To get a clear X-ray image in a shorter 
period of times, we have upgraded the accelerator, which 
consists of a 3.6 cell photo-cathode rf-gun, a 12cell 
standing wave accelerating structure and a 4-mirror planar 
optical cavity. The target intensity of an electron beam is 
500nC/pulse with 1000 bunches at 30 MeV. The one of 
laser pulse is also 6mJ/pulse. The expected number of X-
ray is 1.7x107 photons/pulse with 10% bandwidth. We 
have already started the multi-bunch beam generation and 
X-ray imaging test after upgrade. The accelerator 
produces 26.8 MeV beam with the total charge of 380nC 
in 300 bunches per pulse. The aging process is also 
continued to increase energy and intensity. We will report 
the results of the beam test and future plan of the 
development of a compact X-ray source at LUCX. 

INTRODUCTION 
X-rays have various fields of application, such as 

medial application, biological science, material science 
etc. Synchrotron radiation produced by GeV order storage 
ring is commonly used for high brightness X-ray source. 
However the device is generally huge and expensive. On 
the other hand, the X-ray source based on ICS is compact 
and inexpensive because this method can decrease this 
energy of an electron beam by more than an order of 
magnitude when producing X-rays with the same energy. 

We have constructed the LUCX accelerator at KEK in 
order to develop the compact X-ray source based on ICS. 
Since the autumn of 2011, we have begun X-ray imaging 
test and succeeded to take the X-ray image of fish bone[1]. 
However, it took two hours to get the image due to low 
intensity of X-ray with 104 photons/pulse. 

 We have upgraded this accelerator in order to increase 
the intensity of X-rays in last year. The 3.6cell rf-gun, 
12cell booster and 4mirror cavity have been designed and 
constructed for this upgrade. The X-ray generation and 
the X-ray imaging are already started after upgrade[2]. 
We will report the current status and future plan of the X-

ray experiment in the accelerator.  

Figure 1: The beamline of the LUCX accelerator 
before/after upgrade. 

LUCX ACCELERATOR 
The upgraded beamline is shown in Fig. 1. A 3.6cell 

photo-cathode rf-gun generates an electron beam with the 
energy of 10MeV and then the beam is accelerated to 
30MeV by a 12cell booster. After that, the beam is 
collided with a laser pulse in a 4-mirror planar optical 
cavity and then X-rays are generated by ICS. The X-rays 
are extracted into the atmosphere through a Be window 
with the thickness of 300m. The electron beam is 
separated from the X-ray by a bending magnet and then is 
dumped to the beam dump.  

3.6Cell Photo-Cathode Rf-Gun 
An S-band 3.6cell rf-gun[3] has been installed instead 

of 1.6cell rf-gun to increase the beam energy. The cut 
view and the picture of the rf-gun is shown in Fig. 2. The 
cavity structure consists of smooth curves to increase the 
Q-value of the cavity and to reduce dark current from the 
surface. Cesium telluride (Cs2Te) film is evaporated on 
the surface of the Mo cathode plug which is attached in 
the cavity by the load-lock system. An electron beam is 
emitted from the cathode by irradiating 266nm UV laser 
light. The beam is accelerated to 10MeV. 

 

Figure 2: The cut view and the picture of 3.6cell rf-gun. 

The cavity of the 3.6cell rf-gun has four resonance 
modes. Therefore the surface of the iris in the cavity has 

 ___________________________________________  
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reduced 3mm rather than former in order to expand the 
mode separation. The separation between 2/3 mode and 
 mode is 2.8MHz. The size of rf input port is also 
enlarged to adjust the coupling  to close to 1. Table 1 
shows the parameter of the rf-gun. 

12Cell Booster 
A 12cell booster[3], which is standing wave 

accelerating tube, has been installed instead of an S-band 
travelling wave accelerating tube in order to downsize the 
accelerator section. The length has been shortened from 
5.7 to 2.5m. An electron beam is accelerated to from 
10MeV to 30MeV here. 

 

Figure 3: The cut view and the picture of the 12cell 
booster. 

Figure 3 shows the cut view and the picture of the 
12cell booster. The structure of the cavity is almost the 
same as that of the rf-gun. However, the accelerator has 
twelve resonant modes. Therefore the surface of the iris in 
the cavity has further reduced compared with that of the 
rf-gun to extend the mode separation. The separation 
between 10/11 mode and  mode is 1MHz. In addition, 
rf power is input through two input ports to obtain 
symmetrical electric field in a coupling cavity. The 
parameter of the 12cell booster is shown in Table 1.  

Table 1: Parameters of the Rf-Gun and the Booster 

 3.6cell rf-gun 12cell booster 

Frequency(-mode) 2856MHz 2856MHz 

Q-value 15000 17800 

Coupling  0.99 1.1 

R/Q 395 420 

Mode separation 2.8MHz(-2/3) 1MHz(-10/11) 

4-Mirror Planar Optical Cavity  
A four-mirror planar optical cavity[2] is a four-mirror 

bow-tie ring resonator. The drawing is illustrated in Fig. 4. 
The cavity enhances the laser power and makes small 
laser size at the collision point. The spacing of laser 
pulses is equal to that of electron bunches. Therefore the 
laser pulses can collide with all bunches of multi-bunch 
electron beam.  

To increase the luminosity of ICS by enhancing the 
stored power in the cavity and by bringing close to head-
on collision, the 4mirror cavity is installed. The distance 
of the concave mirrors is made longer than former 2-

mirror cavity to enhance the stored power and the laser 
size on the mirror is enlarged because the stored power is 
limited by the damage threshold of the mirrors. Moreover, 
the collision angle of an electron beam and a laser pulse is 
reduced to 7.5deg. The parameters are shown in Table 2. 

 

Figure 4: Drawing of the 4-mirror planar optical cavity. 

Laser Master System  
The length of 4-mirror cavity must be held in the 

accuracy less than angstrom to keep resonance. It is very 
difficult to also synchronize to the accelerator 
simultaneously with this. Therefore the master signal is 
generated from the signal of laser pulses injected to the 
cavity. That is to say the accelerator devices such as 
klystrons synchronize with the cavity and the rf frequency 
is determined by the length of the cavity. We call this 
method the laser master system, whose diagram is shown 
in Fig. 5. By using this method, the 4-mirror cavity should 
just maintain resonance and the stability has improved 
very much.  

 

Figure 5: Diagram of the laser master system. 

MULTI-BUNCH BEAM GENERATION 
We have successfully generated the 300 bunches beam 

with 26.8 MeV and 380nC total charge now.  The 3.6cell 
rf-gun produces 8.1MeV electron beam and the 12cell 
booster accelerates up to 26.8MeV. 

The beam loading compensation is important issue 
when accelerating a multi-bunch beam. The loading effect 
is compensated by injecting the beam in the timing of the 
transition region when rf power is filled[4]. The 
compensation optimized by adjusting the timing between 
an electron beam and a rf pulse. In this upgrade, the 
accelerating tube is changed into the standing wave type 
cavity which has with the same Q-value as the rf-gun. 
This makes the compensation easy because these timings 
for the compensation become also almost same. Figure 6 
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shows the measured energy of multi-bunch beam. The 
energy difference is within 1.2% (peak to peak). The 
energy spread(rms) of each bunch is also 0.1%.  

 Figure 7 shows the emittance when changing the 
solenoid field with the bunch charge of 1.25nC/bunch. 
The emittance at the solenoid current of 116A is about 5 
mm mrad. The beam size at the collision point is also 
80m x 50m. 

 

Figure 6: These graphs show the energy of multi-bunch 
beam and the current transformer waveform. 

 

Figure 7: The left picture is the beam profile at the 
collision point. The right graph shows the result of 
emittance measurement. 

X-RAY IMAGNING TEST 
We already start to generate ICS X-rays and to take X-

ray images after upgrade. A Micro-Channel Plate (MCP) 
and a Silicon-On-Insulator (SOI) pixel sensor[5] are used 
as X-ray detector. The MCP is utilized for measuring the 
intensity of X-rays. The SOI sensor can take the X-ray 
image with high spatial resolution because the SOI sensor 
has very small pixel size of 17m. The sensor can also 
obtain the X-ray signal with high signal to noise ratio 
because the sensor can distinguish an X-ray and a high 
energy particle by measuring the deposit energy at each 
pixel or by checking whether the signal is detected along 
several pixel.  

 
Figure 8: Captured image of chilli pepper by SOI sensor. 

We have succeeded to obtain very clear image by the 
SOI sensor. Figure 8 shows the X-ray image of Chilli 
pepper[2]. The number of X-rays injected to SOI sensor is 
5460 photons/pulse with the energy of 9keV. The number 

of total band is 5.1x105 photons/pulse. The total irradiated 
number of X-rays to the SOI sensor is 6.7x107 photons. 

We are trying to increase the intensity of ICS X-ray by 
increasing the number of electron bunch and the intensity 
of a laser pulse after X-ray imaging test. Current number 
of X-rays in total band is 1.4x106 photons/train. It is about 
three times at the time of X-ray imaging test. 

SUMMARY AND FUTURE PLAN 
We have upgraded the LUCX accelerator and the laser 

cavity to increase the intensity of X-rays, which increased 
by about 10 times as compared with upgrade before. The 
clear image can also be obtained by the SOI pixel sensor.  

Table 2 and 3 show the present and target parameters of 
an electron beam and a laser pulse respectively. The target 
intensity of X-rays is 1.7x107 photons/pulse 10%b.w. at 
the energy of 15keV in this upgrade.  To achieve it, more 
number of electron bunch and higher energy electron 
beam is needed as the accelerator side. The target number 
of electron bunch is 1000bunches/pulse with 30MeV. 
Therefore we continue the rf processing of 3.6cell rf-gun 
and 12cell accelerating tube to expand the rf pulse width 
and to increase rf power. We will try X-ray phase imaging 
with Talbot-Lau interferometer if we could obtain the 
higher intensity of X-rays from now.  

Table 2: Present and Target Parameters of Electron Beam 

 Present Target 

Energy 26.8MeV 30MeV 

Intensity 1.25nC/bunch 0.5nC/bunch 

Number of bunch 300 1000 

Beam size (rms) 33m x 33m 80m x 50m 

Pulse length 15ps --- 

Table 3: Present and Target Parameters of Laser 

 Present Target 

Wave length 1064nm --- 

Pulse energy 0.4mJ/pulse 6mJ/pulse 

Beam size (rms) 89m x 85m 50m x 25m 

Pulse length 7ps --- 

Collsion angle 7.5deg --- 
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HIGH-CHROMATICITY OPTICS FOR THE MAX IV 3 GeV

STORAGE RING

T. Olsson, S.C. Leemann, MAX IV Laboratory, Lund University, SE-22100 Lund, Sweden

Abstract

The ultralow emittance lattice of the MAX IV 3 GeV

storage ring has a large negative natural chromaticity. This

has to be corrected to positive values to prevent head-tail in-

stabilities. On the other hand, high linear chromaticity can

lead to a large tune footprint which limits Touschek life-

time. Therefore, the linear chromaticity is corrected to +1

in both planes with sextupoles while octupoles are used to

further reduce the tune footprint. Studies indicate this de-

sign leads to threshold currents for resistive wall and trans-

verse mode coupling instabilities beyond what is expected

during regular user operation. However, since these are

only preliminary studies based on approximations, the pos-

sibility of instability issues during commissioning needs

to be considered. A short term solution is to operate the

storage ring at a higher chromaticity. This paper describes

the developed high-chromaticity optics for the MAX IV

3 GeV storage ring. It focuses on reduction of chromatic

and amplitude-dependent tune shifts to maximize dynamic

aperture and Touschek lifetime. A comparison between the

performance of the new high-chromaticity optics and the

design optics is also presented.

INTRODUCTION

The MAX IV facility is a 3rd generation state-of-the-

art synchrotron light source currently under construction in

Lund, Sweden [1]. The MAX IV 3 GeV storage ring has

an ultralow emittance lattice with a large negative natural

chromaticity in both planes [2]. To avoid head-tail insta-

bilities, the linear chromaticity has to be corrected to pos-

itive values. On the other hand, a large linear chromaticity

can lead to proximity to, or crossing of, potentially danger-

ous resonances, which can limit dynamic aperture and Tou-

schek lifetime. To satisfy both constraints, the linear chro-

maticity in the design optics of the MAX IV 3 GeV storage

ring has been corrected to +1 in both planes [2]. Initial in-

stability studies indicate this design leads to threshold cur-

rents for resisitive wall instability and transverse mode cou-

pling instability beyond what is expected during user oper-

ation [3]. However, since these are only preliminary stud-

ies based on initial estimates of the impedance budget the

possibility of instability issues occurring during commis-

sioning needs to be considered. The instability studies in-

dicate that the threshold currents increase with chromatic-

ity. A short term solution is therefore to operate the storage

ring at a higher chromaticity. An alternate optics for the

MAX IV 3 GeV storage ring with linear chromaticity +4

in both planes has therefore been developed [4]. This pa-

per presents the performance of the newly developed high-

chromaticity optics in comparison to the design optics. The

challenges to achieve a high-chromaticity optics with suffi-

cient performance are also described.

NONLINEAR OPTICS OPTIMIZATION

The MAX IV 3 GeV storage ring make use of strong sex-

tupoles to correct the linear chromaticity, minimize chro-

matic tune shifts and tailor the chromatic tune footprint

while minimizing first-order resonance driving terms. Oc-

tupoles are employed to minimize the amplitude-dependent

tune shifts and further tailor the tune footprint. This ap-

proach is detailed in [5]. The same approach was used dur-

ing the development of a high-chromaticity optics.

OPA [6] was used to correct the linear chromaticity to

+4 in both planes using the two strongest chromatic sex-

tupoles. All five sextupole families were then adjusted to

optimize the chromatic tune footprint while constraining

the linear chromaticities to +4.

The chromatic tune shifts for the high-chromaticity op-

tics are displayed in Fig. 1. For both planes, the resulting

chromatic tune shifts for the high-chromaticity optics are

not unexpectedly larger than the corresponding tune shifts

for the design optics across the entire range of interest.
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Figure 1: Chromatic tune shifts for the high-chromaticity

optics calculated by TRACY-3 [7]. The chromatic tune

shifts for the design optics are displayed for comparison.
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The chromatic tune footprint for the high-chromaticity

optics is displayed in Fig. 2. The chromatic tune shifts were

tailored with OPA to avoid the νx + 2νy = 75 resonance

which is assumed to be potentially strongly driven. The res-

onances νx − νy = 26, 2νx − νy = 68 and 3νy = 49

are all skew resonances. They were assumed to be weaker

driven and less focus was put on avoiding them. The re-

sulting chromatic tune footprint although not large, is not

as compact as the chromatic tune footprint of the design

optics detailed in [8].
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Figure 2: The chromatic tune footprint for the high-

chromaticity optics calculated by OPA. Resonances up to

third order are displayed.

The three families of octupoles were then used to tai-

lor the amplitude-dependent tune shifts. The resulting

amplitude-dependent tune shifts for the high-chromaticity

optics are displayed in Fig. 3. It is evident that the

amplitude-dependent tune shifts are larger for the high-

chromaticity optics than for the design optics.

DYNAMIC APERTURE

The dynamic aperture for the high-chromaticity optics is

displayed in Fig. 4. Comparison with the dynamic aper-

ture for the design optics presented in [8] reveals that

the dynamic aperture for the high-chromaticity optics is

smaller. However, the required on-momentum dynamic

aperture is achieved. The off-momentum dynamic aperture

is smaller for δ = −4.5% than for δ = +4.5% which is a

consequence of the chromatic tune shifts.

MOMENTUM ACCEPTANCE

The off-momentum diffusion map is displayed in Fig. 5.

The momentum acceptance appears to be limited to within

δ = −7% and δ = +9%. Within the required momentum

acceptance δ = ±4.5% several areas with somewhat ele-

vated diffusion and some bands and ring-shaped structures

possibly indicating resonant behavior are visible. From fre-

quency map analysis two resonances can be recognised,

4νx = 169 and 4νy = 65. These are both upright octupole

resonances that are not expected to be driven strongly. For
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Figure 3: Amplitude-dependent tune shifts for the

high-chromaticity optics calculated by TRACY-3. The

amplitude-dependent tune shifts for the design optics are

displayed for comparison.
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Figure 4: Dynamic aperture at the centre of the long

straight sections for the high-chromaticity optics calculated

by TRACY-3. The physical aperture originating from the

vacuum chamber and the aperture required for injection

and lifetime reasons are also shown.

δ < −5% there appears to be an area with chaotic motion.

Frequency map analysis indicates that this occurs close to

the integer resonance.

TOUSCHEK LIFETIME

The Touschek lifetime of the high-chromaticity optics

was determined by 6D tracking with TRACY-3 using actual
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Figure 5: Diffusion map for off-momentum particles at

the centre of the long straight sections for the high-

chromaticity optics calculated by TRACY-3. Blue areas

show low diffusion and red areas high diffusion. The ver-

tical amplitude was set to +0.1 mm. The black line is an

approximation of the maximum dispersive orbit.

vacuum chamber apertures. For the maximum stored beam

current of 500 mA, vertical emittance 8 pm rad and maxi-

mum cavity voltage 1.8 MV, the Touschek lifetime was de-

termined to be 8.98 hours. Neither the effects of IBS nor the

Landau cavities present in the MAX IV 3 GeV lattice were

included in this calculation. This is a reduction of roughly

5 hours compared to the corresponding Touschek lifetime

of the design optics [8].

ERROR STUDIES

Initial error studies have been performed. These studies

indicate that a lattice momentum acceptance of ±4.5% will

not be achievable with the high-chromaticity optics, how-

ever an overall momentum acceptance of roughly ±3.5% is

ensured. This will considerably reduce the Touschek life-

time. Initial estimates for the reduction of Touschek life-

time caused by magnet and alignment imperfections indi-

cate that the Touschek lifetime could still be sufficient to al-

low the high-chromaticity optics to be used in the MAX IV

3 GeV storage ring as a short term solution should instabil-

ity issues occur during commissioning. Further studies of

the reduction of Touschek lifetime with errors need to be

performed to fully validate this conclusion.

CHALLENGES FOR A

HIGH-CHROMATICITY OPTICS

The correction of the linear chromaticity to +4 in both

planes sets high demands on the nonlinear optics to achieve

sufficiently large dynamic aperture to ensure an efficient

injection process and sufficiently large Touschek lifetime.

Since the linear chromaticity is set to +4 there is a need

for strong sextupole magnets and skillful optimization of

the chromatic tune footprint to accomplish small chro-

matic tune shifts which do not approach dangerous reso-

nances. Because of the enlarged chromatic tune footprint

caused by the increased linear chromaticity, the demand for

small amplitude-dependent tune shifts is further increased.

The strong sextupole magnets and the need for small

amplitude-dependent tune shifts call for strong octupole

magnets. When the gradients of the octupole magnets are

considerably enlarged they start to have a substantial ef-

fect on the chromatic tune shifts through higher order

dispersion. Therefore, the chromatic tune shifts and the

amplitude-dependent tune shifts have to be optimized with

regard to each other. This results in a more complex design

process. Several iterations and skillful design are required

to achieve good performance. A possible alternative is to

apply MOGA [9] to find a high-chromaticity optics with

further improved performance.

CONCLUSIONS

A high-chromaticity optics with linear chromaticity +4

in both planes has been developed for the MAX IV 3 GeV

storage ring. The high-chromaticity optics has a smaller dy-

namic aperture than the design optics, especially for off-

momentum particles. The momentum acceptance of the

high-chromaticity optics is therefore lower compared to the

design optics. No major effect on the efficiency of the in-

jection process is expected since the dynamic aperture re-

quirements are fulfilled on-momentum. However, the re-

duction of momentum acceptance will result in a consid-

erable reduction of Touschek lifetime. Initial estimates for

the reduction of Touschek lifetime caused by errors indi-

cate that the performance of the high-chromaticity optics

should be sufficient to allow the optics to be applied in the

MAX IV 3 GeV storage ring as a short term solution if in-

stability issues occur during commissioning. Further stud-

ies are necessary to validate this conclusion. There also ex-

ist opportunities to revise the high-chromaticity optics and

perhaps further improve its performance.
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CREATION OF HIGH-CHARGE BUNCH TRAINS FROM THE APS 
INJECTOR FOR SWAP-OUT INJECTION*

C.-Y. Yao, M. Borland, L. Emery, L. Donley, F. Lenkszus, B.-X. Yang
Advanced Photon Source,  Argonne National Laboratory, Argonne, IL 60439, USA 

Abstract

A multi-bend-achromat (MBA)  low-emittance lattice 
is being explored for a future APS Upgrade [1]. Due to its 
small dynamic aperture, the traditional injection scheme 
must be replaced with a “swap-out” scheme [2]. Several 
options were considered for the creation of a high-charge 
bunch train from the injector,  and we selected an option 
that  builds  the  bunch  train  in  the  existing  particle 
accumulator ring (PAR). This option enables both single-
bunch mode, which is necessary to support current APS 
operation,  and bunch-train mode. This report provides a 
description  of  the  injection  process,  simulation  results, 
and  specifications  of  injector  timing,  kicker,  and  rf 
subsystems. 

INTRODUCTION

The APS injector consists of a 450-MeV electron linac, 
a  particle  accumulator  ring  (PAR),  and  a  synchrotron 
booster.  The  PAR  has  a  9.77-MHz  cw  fundamental 
system  (RF1)  and  a  117.3-MHz  pulsed  12th-harmonic 
system (RF12). In the first 250 ms, beam is accumulated 
into the  RF1 bucket  and damped to a bunch length  of 
~0.86 ns.  RF12 is turned on at 250 ms of the PAR cycle 
and  compresses  the  bunch  length  to  0.3  ns.  Bunch 
cleaning  is  performed  at  350  ms,  and  beam  is  further 
damped and extracted at 483 ms. Currently the injector 
runs at a 2-Hz rate and provides a single bunch with a 
beam charge  of  up to  4  nC.   For  an  APS MBA low-
emittance lattice, the injection scheme would be replaced 
with  a  single-bunch  or  bunch  train  swap-out  scheme. 
Several bunch fill patterns are being considered: a single-
bunch high-charge mode with up to 4 mA per bunch, and 
a  multiple  bunch mode that  consists  of  multiple bunch 
trains, each with up to 5 bunches per train. 

HIGH-CHARGE SINGLE-BUNCH AND 
BUNCH TRAIN GENERATION

The  APS  MBA  upgrade  now  under  exploration 
envisions  two  types  of  fill  patterns:  a  48-singlet  fill 
pattern with a single-bunch charge of up to 15 nC, and a 
multi-bunch-train fill pattern with up to 432 bunches. 

For 48-singlet mode the injector would need to deliver 
up to a 20-nC single-bunch with an emittance of 30 nm-
rad  in  the  x  and  y  planes.  The  rf  gun,  without  major 
upgrade,  can  deliver  about  1  nC per  pulse  with 30-Hz 
repetition rate. To reach 20 nC we would need to extend 
the PAR accumulation cycle from the current value of 0.5 
second to 1 second or longer.  Figure 1 shows a possible 
1-second  PAR  accumulation  cycle.  During  the  first 
633.33  ms,  20  linac  pulses  are  accumulated,  while  the 
next 100 ms is used to damp the beam to about 0.8 ns in 
length. The 12th-harmonic rf is turned on around 733.33 

ms, following which the beam is captured into the 12th- 
harmonic bucket and compressed to a bunch length of 0.3 
ns. Bunch cleaning is then turned on for 20 ms. After a 
final damping of 100 ms, beam is extracted to the PAR-
to-booster  (PTB)  beam  transport  line.  The  current  rf 
system, with modest upgrades,  can support this operating 
cycle.

Figure  1:  Accumulation  of  high-charge  single-bunch 
beam in the PAR. 

For the multiple bunch-train fill pattern, we consider 2 
to 5 consecutive bunches per bunch train with a total of 
up  to  432  bunches  and  flexible  spacing  between  the 
trains. To build such bunch trains the PAR rf system must 
be replaced with a cw 352 MHz system. The bunches can 
be either accumulated one at a time with a linac micro-
bunch length of less than 1.5 ns,  or simultaneously with a 
long linac micro-bunch of up to 15 ns. In both cases a fast 
gun  chopper  with  a  rise  time  of  ~1  ns  is  needed  to 
accurately control the length of the linac micro-bunches. 
Bunch cleaning can be performed  after accumulation to 
remove unwanted satellite bunches. Figure 2 shows one 
possible  bunch-train fill pattern with 4 bunches per train.

Figure 2: A multiple bunch train fill pattern. 

TIMING SYSTEM UPGRADE

   The APS timing system would need to be upgraded to 
accommodate the new fill  patterns and timing precision 
requirements. The “swap out” mode of operation and ns-
level rise/fall time of the kickers requires much-reduced 
jitter time, estimated to be 50 ps or lower. The jitter time 
of the existing APS timing system, measured in the range 
of 200 to 500 ps, is apparently inadequate. A new timing 
infrastructure would need to be developed to achieve the 
required timing precision. 

___________________________________________
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STORAGE RING KICKER UPGRADE

   The swap out injection scheme [3] requires extracting 
an old bunch or an old train of bunches and replacing it 
with a new one. The spacing between the singlet bunches 
or bunch trains can be as short as two or three buckets, 
i.e., 5 to 8 ns. The rise time and fall times must be shorter 
than this spacing.  Since traditional ferrite-based kickers 
would not provide such fast response, we are exploring 
the use of multiple striplines driven with very fast pulse 
generators,  e.g.,  similar those made by FID GmbH [4]. 
For on-axis injection we would need a 3-mrad total kick 
angle.  A set of seven striplines could be used for injection 
with a total length of 2.8 m. Another set would be used 
for extraction. Development work on the stripline kicker 
is  underway.  Table  1  lists  the  main  parameters  for  the 
stripline kickers. 

Table 1:  Main Parameters of the Stripline Kickers

Impedance 
(Ω)

Drive 
voltage
(kV)

Kick 
angle
(mrad)

Total
kick
(mrad)

Total 
length 
(m)

50 ±20 0.4 3.0 2.8

RF POWER AND DETUNING 
REQUIREMENTS FOR HIGH SINGLE-

BUNCH CHARGE

At 20-nC single-bunch charge the PAR average current 
is  200  mA and we  expect  to  see  much  stronger  beam 
loading  effects.  Upgrades  of   rf  amplifiers  and  tuning 
loops would be needed to compensate for the high beam 
loading. The booster rf system (RF5) would also need to 
handle a beam current of 17 mA. An estimated 450 kW of 
rf power is required at extraction, 50 kW more than the 
current value,  and much higher detuning is required at 
injection.  Table 2 lists the required rf power and detuning 
angle  for  the  upgraded  rf  systems.  Based  on  these 
estimates, the current cavities, the RF1 amplifier, and the 
RF5  klystron  can  support  the  required  power.  The 
amplifier  for  the  PAR RF12  system would  need  to  be 
upgraded,  and the  detuning range for  the  PAR cavities 
must be  measured and re-evaluated.  The booster cavity 
uses  mechanical  tuners  that  can  only  react  to  slow 
changes. The large detuning range between the injection 
and  extraction  of  the  booster  beam may  require  a  fast 
tuner. We are considering installing  ferrite tuners through 
a coupler installed in one of the ports of the cavity. If that  
is not practical then direct rf feedback must be considered 
to stabilize the beam. 

Table 2: Rf Power and Detuning Requirements

System
Gap Volt
V(kV)

Shunt 
imp.
Rs (MΩ)

Power
P (kW)

Detuning
ψ (deg)

RF12 30 0.22 4.2 40

RF1 40 0.37 4.8 40

RF5@inj 620 221 1.8 80

RF5@inj 9000 221 460 20

Figure 3 and 4 shows the estimated power and detuning 
for the PAR RF12 system. 

Figure  3:  Power  requirement  as  a  function  of  beam 
current and coupling coefficient for RF12. 

Figure  4:  Detuning  requirement  as  a  function  of  beam 
current and coupling coefficient of the RF12 cavity. 

BEAM INSTABILITIES

Resistive-wall, coupled-bunch, and ion instabilities are 
stronger  with  higher  single-bunch  charge.  Chromaticity 
correction  is  perhaps  the  most  effective  compensation 
method.  For  the  PAR,  the  sextupole  magnets  and 
corrector magnets are combined. A current limit of 4 A 
limits  the  chromaticity  to  1  or  2  in  both  planes,  even 
though the sextupole power supply can provide more than 
10  A.  We  will  perform  magnetic  measurements  and 
evaluate the feasibility of increasing the sextupole current 
limit to 10 A, which will bring the chromaticity to 6 to 7.  
The booster sextupole magnets, especially the defocusing 
sextupoles (SD), are currently close to their power supply 
limit.  We   would  need  to  upgrade  these  supplies  to 
increase  the  sextupole  field  by  a  factor  of  1.2  to  1.5. 
Pole-tip shimming is also being considered. Simulations 
show that adding 3-mm shims to the poles increases the 
sextupole  field by  30%. Combining these  two methods 
should give a 50% increase in booster sextupole strengths 
for a target chromaticity of ~7 in both planes. 

Transverse feedback systems would need to be installed 
for both the PAR and booster in case dynamic aperture 
becomes a limiting factor with increased chromaticity.

 BOOSTER BEAM EMITTANCE

The  beam  emittance  of  the  booster  92-nm  lattice, 
measured at the current energy of 7 GeV,  is 72 nm-rad. 
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The reduction in  emittance  is  due  to  momentum offset 
caused  by  rf  frequency  change.  At  6-GeV  extraction 
energy of  the APS MBA lattice, the booster emittance 
would be reduced to  53 nm-rad, much higher than the 
sub-100  pm  MBA  lattice  emittance.  Since  the  MBA 
lattice uses on-axis injection and also has nearly equal β-
functions for both x- and y-planes, we can further reduce 
the effective booster emittance by full coupling. A study 
shows that full coupling can be realized by moving the 
booster  tunes  together  along  the  ramp  cycle.  Figure  5 
shows  a  tune  measurement  result.  We  measured  a 
reduction of x-emittance by a factor of two. Hence, we 
anticipate that we can achieve a booster emittance of 30 
nm in both planes. 

BOOSTER RAMP SUPPLY UPGRADE

The  booster  ramp  supplies  employ  12-phase-SCR-
based voltage regulation hardware. Current regulation is 
achieved  with  workstation-based  ramp  correction 
programs.  The system runs well  for  normal  operations. 
However the  supplies,  especially  the  dipole  supply,  are 
sensitive to AC line harmonic distortion and line voltage 
changes. To insure the stability and reliability of injector 
operation we may need to replace the power supply with 
switching-type power supplies with current regulation. 

In addition, the corrector ramp control hardware would 
be  upgraded  to  achieve  a  ramp  update  time  of  1  to  2 
seconds, which would enable us to run orbit  correction 
with sufficient speed. 

Figure 5: Tune plot of a fully coupled booster beam. The 
bright trace is the horizontal tune and the dim trace on the 
left is the vertical tune. Each trace represents 1.8 ms in 
time. 

LINAC SYSTEM UPGRADE

The APS linac consists of dual thermionic rf guns and a 
photocathode  gun,  two non-SLEDed klystrons  (L1  and 
L3),  and  three  SLEDed  klystrons  (L3,  L4,  and  L5) 
delivering a maximum beam energy of 450 MeV. During 
normal  operations  the  linac  delivers  a  375-MeV beam. 
High single-bunch charge injection may require running 

the linac with more pulses per cycle and a  beam energy 
of 450 MeV.  This may impact linac reliability, so we may 
add a waveguide switching network so a spare klystron 
(L6) can be  a hot  spare  for  the  L4 or  L5 klystrons.  A 
kicker that serves as a bunch length chopper, which has  a 
rise/fall  time of  50 ns,  would be  upgraded with a new 
power supply giving few-ns rise and fall times, in order to 
accurately control the linac micro-bunch length. 

BEAM DIAGNOSTICS UPGRADE

The PAR beam position monitors (BPMs) have a strong 
beam intensity dependence and can only be used for slow 
orbit  correction  in  a  limited  beam  current  range.  New 
BPM  electronics  would  be  needed  to  increase  the 
dynamic  range of the BPMs. The new system would also 
provide turn-by-turn history capability for  beam physics 
studies, e.g., analysis of instabilities and potential cures.

The  booster  BPM  system  was  designed  to  read  the 
average orbit at one time slot during a ramp. It can only 
be  used  to  tune  up  beam  orbit.   A new  booster  BPM 
system would use the same BSP-100 module [5] used in 
the  APS  storage  ring.  The  new  system  would  provide 
averaged  orbits  for  up  to  five  time  slots  along  the 
acceleration cycle, allowing orbit to operate continuously. 
The orbit correction program could be configured to treat 
each of the combinations of BPMs and time slots as an 
independent  variable. Turn-by-turn histories would also 
be  available  for  such  tasks  as  injection  trajectory 
correction, beam stability analysis, etc. 

CONCLUSIONS

An  MBA  extreme  low-emittance  lattice  is  being 
explored for a future APS upgrade. A “swap out” scheme 
with a high-charge singlet fill pattern and a multiple-train 
hybrid fill pattern are under consideration. We considered 
the options and necessary upgrades in order to prepare the 
injection beam with the existing APS injector complex. 
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OBSERVATION OF +1 BUCKET BUNCH IMPURITY GROWTH AT THE 
APS STORAGE RING*

C.-Y. Yao, B.-X. Yang, M. Borland,  ANL, Argonne, IL 60439, USA

Abstract
The  APS  storage  ring  has  three  fill  patterns:  a  24-

singlet, a 1+8x7 hybrid with a leading bunch of 16 mA, 
and a 324-singlet. Bunch purity of better than 1×10-6 is 
required for +3 and higher bucket numbers for the first 
two fill  patterns  during  user  operations.  A PAR bunch 
cleaning  system is  used  to  clean  the  satellite  bunches. 
During  top-up  user  operation,  beam charge  in  satellite 
bunches grows due to the long lifetime of the low charge 
satellites.  Recent  storage  ring  developments,  including 
operating  with  the  bunch-by-bunch  feedback  system, 
reduction  of  chromaticity,  and  lattice  correction,  have 
increased  the  dynamic  and  momentum  aperture  of  the 
storage ring. We observed unusual beam charge growth in 
+1 buckets, which indicates leakage of electrons from the 
main  bunches  to  the  +1  satellite  buckets.  This  report 
describes the observation and the dependence of leakage 
on chromaticity settings, and gives a brief analysis. 

OBSERVATION OF ABNORMAL +1 
BUNCH GROWTH

Figure 1 shows the normal growth of the +1 satellite 
bucket relative counts in the 24-singlet  fill  of the RHB 
(reduced  horizontal  β-function)  lattice,  recorded  in  the 
first run period of 2013. It  has a typical growth rate of 
~2×10-8 per hour.  Figure 2 shows an abnormal growth of 
the +1 bucket counts with a growth rate of ~3×10-6,, about 
150  times  higher  than  normal  value.  Typical  injector 
bunch impurity for the +1 satellite bucket is at the 8×10-7 

level and  can not explain this abnormal growth. A test 
was conducted with injected beam turned off and top-up 
injection  systems  continuously  running.  We  observed 
significant growth of net counts in the +1 satellites while 
the -1 buckets showing no growth. A plot of the result is  
shown in Figure 3.  This test confirmed that the +1 bucket 
counts come from leakage of main bunches. 

Figure 1: Normal accumulation of the +1 satellite bucket 
during user operations. 

Figure  2:  Abnormal  growth  of  the  +1  satellite  bucket 
during  top-up user operations with lower chromaticity.

Figure 3: Average bucket count change during a test in 
which  the  injected  beam  is  turned  off  while  top-up 
injection  systems  were  running.  Top:  main  bucket. 
Middle: -1 bucket showing no growth. Bottom: +1 bucket 
showing steady growth.  

LEAKAGE RATE FITTING

In order to find the relationship between the +1 bunch 
impurity and the  change in storage ring chromaticity, we 
varied  chromaticity  in  0.5  steps  and  collected  bunch 
purity data during Run-1 of 2013. We fit the resulting data 
with sddsgenericfit [1].  

The +1 bucket relative counts can be expressed with the 
following differential equation:

          dI=
I 0

T 0

C injdt−
I

T b
dt+ I 0 Rleak dt .       (1) 

The variables are defined as:
I0 --- main bucket beam current

___________________________________________
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I   --- +1 satellite beam current
T0 ---  main bucket lifetime 
Rleak --- defusing rate from main to +1 bucket
Cinj ---  +1 bucket ratio of injected beam
Tb --- +1 bucket beam lifetime

The solution of this equation can be expressed as:

       
I (t )
I 0

=
I (0)
I 0

e
−
t

Tb+C 1[1−e
−
t

T b ] ,           (2)

where I(0) is the initial +1 satellite current, and C1 is the 
expected final +1 bucket impurity defined as:

                   C1=T b (
C inj
T 0

+Rleak ) .                       (3)

   Injector +1 bunch impurity was estimated from bunch 
purity  data  taken  immediately  after  a  fill-from-zero. 
Average beam lifetime over the data collection time was 
used as T0 , mainly determined by the lifetime of the main 
bunches. 

Table 1 lists fit  results and other relevant parameters. 
The negative leakage rates in some cases are probably due 
to measurement error, which only indicates a very low or 
zero leakage rate. Figures 4 and 5 show plots of leakage 
rate  and  expected  final  +1  bunch  purity   versus 
chromaticity,  respectively.  The  dependence  of  leakage 
rate on x-chromaticity is clear. The results also show that 
in  order  to  avoid  high  +1  bucket  counts  we  need  to 
operate with a  minimum x-chromaticity of ~4.0.

Table 1: Measured  and Fit Parameters

Data 
date

x-
chrom

+1 bucket 
asymptote 
impurity

+1 
bucket 
lifetime 
(s)

Main 
bucket 
lifetime 
(s)

Leak 
rate (1/s)

03-13 3.122 9.29e-04 7.02e5 4.04e4 1.30e-9

03-20 3.625 1.37e-04 2.79e5 3.90e4 4.68e-10

03-27 5.638 2.15e-06 5.77e5 3.49e4 -2.0e-11

04-03 4.127 1.82e-06 5.47e5 3.19e4 -2.27e-11

Figure 4: Fit leak rate versus x-chromaticity. 

Figure  5:  Expected  final  +1  impurity  versus  x-
chromaticity.  

ANALYSIS 

The  fact  that  +1  buckets  gained  electrons  while  -1 
buckets did not implies occurrence of a longitudinal re-
capture process. 

Earlier studies of beam dynamic aperture and lifetime 
[2]  found  that  decreasing  chromaticity  and  subsequent 
reduction of non-linear tune shift extends the momentum 
acceptance  of  the  APS storage  ring beyond that  of  the 
normal-chromaticity  lattice.  We  speculate  that  it  is 
possible that “lost” electrons due to Touschek scattering 
or  other  processes  stay  longer  around  the  longitudinal 
separatrix, as shown in Figure 6, and are recaptured in the 
following  bucket  due  to  another  scattering  event. 
However simulations we performed with elegant so far 

are unable to confirm this theory. One possible reason is 
that  the  required  simulation  time,  on  the  order  of  104 

seconds scale, and total initial particle counts are too high 
for us to achieve in the limited time available.    Further 
studies,  such  as  varying  gap  voltage  while  observing 
change  in  the  +1  bucket  impurity  and  continued 
simulations with different parameters are planned. 

Figure 6: Longitudinal phase-space diagram of a storage 
ring bucket. 

CONCLUSIONS

Recapture of electrons that are lost from the main bucket 
into the  +1 satellite bucket has been observed during the 
most  recent  24-singlet  RHB  lattice  user  run  when  x-
chromaticity is  +3.6 or lower.  This is  the first  time we 
have observed this process in the APS storage ring. The 
leakage rate depends on the value of the x chromacity and 
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is estimated to be around 10-9/s. During a week-long top-
up fill, the accumulated +1 bucket bunch impurity can be 
as high as a few times 10-4. The recapture process stops 
completely  when  x-chromaticity  is  above  4.0.  This 
observation   may  have  implications  for  future  APS 
storage ring lattice development. 
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FUTURE NSLS-II INJECTOR UPGRADES* 
T. Shaftan#, G. Wang, J. Rose, R. Fliller, R. Heese, F. Willeke, BNL, Upton, New York  

Abstract 
Last year we began commissioning of the NSLS-II 

injection system. In 2013 the NSLS-II injector, which 
consists of 200 MeV linac, 3 GeV booster, transport lines 
and storage ring injection straight section, will be entering 
operations. During injection system development we 
invested substantial efforts in preserving options for 
future injector upgrades and enhancements. In this paper 
we discuss our vision and plans of incremental evolution 
of the NSLS-II injector by implementing planned 
upgrades, such as the second gun, flexible bunch patterns, 
beam stacking in the booster, emittance compensation 
techniques in the transport lines, etc. These upgrades will 
expand the facility capabilities, improve the beam quality 
and increase operational reliability. 

INTRODUCTION 
The NSLS-II [1] is a state-of-the-art 3 GeV synchrotron 

light source under construction at Brookhaven National 
Laboratory. It will provide ultra-bright synchrotron 
radiation of 1021·photons·s-1·mm2mrad2·0.1%BW-1 at 2 
keV and high photon flux of 1015·photons·s-1·0.1%BW-1. 
The facility will support a minimum of 60 beamlines. 
Construction started in 2009 and commissioning is 
expected to be completed in 2014. 

The NSLS-II injector [2] is now being commissioned to 
deliver beam performance sufficient for initial storage 
ring operations at low current. At a later stage the NSLS-
II storage ring capabilities will continuously expand to 
include high intensity operations and top-off mode. This 
expansion will require the NSLS-II injector to reliably 
deliver electron beam at a high charge rate, with low 
losses and high stability in all six phase space 
coordinates. To meet the requirements of high-intensity 
ring operation we designed in a large scope of the injector 
upgrades. The upgrades, described in this paper, aimed to 
increase the NSLS-II facility capabilities, improve beam 
quality and reliability of the facility operations. 

LINAC UPGRADES 
Production of Short Pulses 

The 200-MeV NSLS-II linac is a high-performance 
accelerator delivering up to 15 nC per shot with the 
emittance of 70 nm rad within trains of 20 ps (RMS) 
bunches. These excellent beam properties can find 
applications in generating bright flashes of radiation in 
THz-visible and hard X-ray wavelength range. Top-off 
time format (1 injection cycle per minute) permits using 
the injector linac for other purposes during at least 50 
seconds every minute.  

Some of these parameters (bunch length and beam 
emittance) can be greatly improved by addition of an RF 
gun that delivers an LCLS-like beam performance. 

With an RF gun the NSLS-II injector linac will gain 
potential in generating short bursts of radiation via: 
 Short pulses of THz/IR via CTR or in an undulator 
 Coherent sources in IR – DUV range of wavelengths 
 Short pulse X-rays via Compton Scattering 
We designed the linac tunnel in such a way that there 

exist an ample space ahead of the linac for developing a 
user end station and upgrading the linac energy for 
building a short radiation pulse facility (Fig. 1). 

 

 
Figure 1: Potential layout of the short pulse facility. 

Including the second gun [3] into the low-energy part 
of the linac will: a) increase reliability of the NSLS-II 
accelerator complex, b) enable more efficient operations 
in generating complex bunch patterns and, c) simplify 
switching between single-bunch and multi-bunch modes 
for the ring injection.  

Generating Flexible Bunch Patterns 
Specifications for the storage ring bunch pattern given 

by the NSLS-II users require sharp edges of the 
circulating bunch trains and uniform distribution of 
charge per bunch within a single train. This translates into 
challenging requirements on the gun pulser since its 
electronics defines the quality of the generated trains.  

In order to enable generation of flat-top (relative 
bunch-to-bunch charge noise below 1%) trains with sharp 
edges (~2 ns) we proposed to include a short kicker 
(chopper) just upstream of the 100-keV gun (Fig. 2, [4]).  

 
Figure 2: Schematics of the beam chopper. 

This kicker will permit passing beam only inside the 
desired macropulse deflecting bunches outside to the 

 ___________________________________________  

*This manuscript has been authored by Brookhaven Science Associates, 
LLC under Contract No. DE-AC02-98CH10886 with the U.S. 
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chamber wall. The gun pulser performance is therefore 
simplified since the gun will be emitting long bunch 
trains with loose requirements on the train edges. The 
kicker will select the most uniform part of the bunch train 
and cleanly chop off the edges. 

Another advantage of this compact device is in limiting 
the useless and harmful charge outside of the bunch train 
thus minimizing it from being accelerated and reducing 
beam loss at high energy.  

During the design stage we allocated sufficient space 
for the chopper system in the linac front-end. 

Beam Loading Compensation 
The linac is designed to deliver charge 15 nC per shot 

with up to 150 bunches. The beam loading induces 
voltage in the sub-harmonic pre-buncher (SPB) and 
acceleration sections, which results in a large energy 
spread at the nominal beam current.  

We designed an alternative way of beam loading 
compensation via using a BPM and a screen in the large 
dispersion region of the transport line upstream of the 
linac. BPM button signal is split into two paths: one 
follows to the regular BPM system and the other to the 
bunch-by-bunch system. The bunch-by-bunch energy 
slew along the train can be measured from the fast BPM 
system, while the bunch train energy spread is measured 
at the beam screen. We use the train average energy 
spread and bunch-by-bunch energy slew as the RF feed-
forward signal to compensate the beam loading effect in 
the RF system. Then the bunch train beam quality will be 
optimized and the energy spread, induced by the beam 
loading, can be minimized.  

Linac gital RF Controller Upgrade  
The linac will be upgraded to use the digital cavity 

controller developed for the NSLS-II booster and storage 
ring RF systems. Specialized firmware will provide 
double clocking of the output DAC to improve waveform 
ramp smoothness, add feed-forward capability to keep 
TW structure field constant in the presence of beam 
loading and fix a Master Oscillator reference ambiguity 
upon reset that we have with the original system. 

BOOSTER UPGRADES 
2-Hz Repetition Rate 

While the NSLS-II booster will soon be commissioned 
at 1 Hz repetition rate, which is adequate for the initial 
phase of facility operations, we designed all of the 
injector subsystems to operate at the double frequency. 
Expanding the injector operations to 2 Hz will halve the 
demand of the injected charge per shot, increasing beam 
quality and reducing beam loss. It will also help to reduce 
the top-off injection cycle thus shortening perturbations 
on the stored beam orbit in the storage ring.   

Beam Stacking 
To further reduce requirements on the linac charge per 

shot we studied and then implemented beam stacking 

system in the booster [5]. The beam stacking is realized 
via closed bump with four booster injection kickers (Fig. 
3) accommodating two consecutive bunch trains from the 
linac separated by 100 ms. Accumulated beam is 
accelerated and extracted from the booster as a single 
high-current train. 

 
Figure 3: Concept of the beam stacking: upper and lower 
layouts show injection of the 1st and 2nd bunch trains. 

Bunch Train Merging System 
Another way of reducing linac output charge per bunch 

is in adding a high-frequency (i.e. 3 GHz) RF system and 
modifying the linac front-end to produce trains with 
2ns/6=333ps bunch separation. After injection in the 
booster the 500 MHz RF system takes over and every six 
microbunches damp down into a single 500 MHz rf 
bucket. Decreasing charge per bunch should help increase 
capture efficiency in the linac front-end and reduce beam 
transverse emittance at 200 MeV for low-loss injection 
into the booster. 

Bunch-by-Bunch Transverse Feedback System 
High current circulating in the NSLS-II booster 

throughout the energy ramp may lead to development of 
instabilities, which will limit the injector output and 
create radiation losses in the injector complex. Sources of 
the potential instabilities include HOMs in the booster RF 
cavity, resistive wall, impedance of the vacuum chamber 
transitions and ion-related effects. In addition, bunch-by-
bunch oscillations may lead to detrimental effects on the 
extracted beam quality. As such, the phase space area of 
the extracted beam may increase thereby increasing the 
beam emittance and creating losses in the storage ring. 

Among the methods of battling the instabilities in the 
booster we assessed a concept of bunch-by-bunch 
feedback system, whose implementation for the booster 
may be similar to that in the storage ring. The diagnostics 
straight of the booster ring is long enough to 
accommodate a long stripline kicker fed by a broadband 
RF generator. The feedback will rely on measurements of 
bunch-by-bunch orbit deviations in the booster BPMs and 
adapt the waveform in accordance to the amplitudes of 
oscillations of consecutive bunches in the circulating train. 

Emittance Correction System 
Quality of the injector beam can be compromised by 

collective effects or through errors in the extraction line 
(i.e. ripples in the pulsed magnets). Consequently, 
bunches in the train may exit the booster with modulation 

Di
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in angle or position inflating the resulted projected beam 
emittance. 

This parasitic bunch-by-bunch modulation can be 
corrected using a stripline installed at the exit of the 
booster, i.e. at the beginning of BSR transport line.  

 
Figure 4: Concept of the horizontal emittance 
compensation. 

The stripline will produce a modulated field waveform, 
so that bunches passing the stripline will receive negative 
angular kicks to minimize the angular spread along the 
extracted bunch train (Fig. 4, [6]).  

STORAGE RING INJECTION SYSTEM 
UPGRADES 

Slow Bump in the Injection Straight Section 
Performance of the storage ring kickers will 

significantly contribute to the overall reliability of the 
NSLS-II accelerator complex. It is prudent therefore to 
reduce the maximum voltage on the kicker pulsers. We 
considered and analysed a solution of adding a 3 
DC/Slow correctors [7] in the injection straight section, 
which will produce a closed bump helping the pulsed 
kickers. For sufficiently fast correctors the closed bump 
can be turn on during every injection cycle reducing the 
kicker maximum voltage by 30%. The storage ring 
injection straight section contains space sufficient for 
adding these three correctors. 

Pulsed Sextupole 
During the injection straight design we assessed 

injection via a pulsed multipole pioneered at SPring-8 [8]. 
In [9] and [10] we analysed the sextupole injection in 
details and concluded that integration of a strong pulsed 
sextupole into the storage ring injection straight will 
require substantial revisions of the BSR transport line 
optics. However we considered testing this alternative 
injection scheme at a later time. 

Storage Ring and Booster Bunch Cleaning 
Systems 

As demonstrated by experience of several synchrotron 
light sources the bunch cleaning systems are necessary to 
satisfy user requirements on quality of storage ring bunch 
pattern. Primarily for these experiments that deal with 
precise timing of their detectors it is required to maintain 
sharp edges of the storage ring bunch trains with the stray 
charge in the RF buckets between the trains below 0.01%. 

There exist two sources of the stray electrons in the 
storage ring buckets: a) charge outside of the injected 
bunch trains and, b) electrons scattered out of full SR RF 
buckets via Touschek effect (multiple scattering). The 
latter is inherent property of a high-current storage ring 
and requires implementation of the SR bunch cleaning 
system. Estimates on the rates of accumulation of the 
Touschek-scattered electrons in the SR RF buckets are 
available in (Fig. 5, [11]).  

 
Figure 5: Accumulation of Touschek-scattered particles in 
an empty bucket. 

Modern bunch cleaning system consists of a stripline 
driven by an RF generator, an aperture for constraining 
the vertical betatron amplitude of these electrons that are 
excited by the stripline, and a high-sensitivity bunch 
pattern monitor [12]. Motion of the unwanted bunches is 
driven by the stripline field until their vertical oscillation 
moves them outside the aperture. The bunch pattern 
monitor controls the purity of the circulating bunch train. 
We designed in provisions for integrating the required 
hardware for the bunch cleaners in both booster and 
storage ring. 
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SUBPICOSECOND BUNCH TRAIN PRODUCTION FOR HIGH POWER 
TUNABLE THZ SOURCE 

S. Antipov#, C. Jing, P. Schoessow, and A. Kanareykin,  
Euclid Techlabs LLC, Solon, OH-44139                                                             

W. Gai, A. Zholents, Argonne National Laboratory, Argonne, IL-60439                                                
M. Fedurin, M. Babzien, K. Kusche  

Brookhaven National Accelerator Laboratory, Upton, NY-11973  
V. Yakimenko,  

SLAC National Accelerator Laboratory, Menlo Park, CA-94025

Abstract 
An effective method of introducing an energy 

modulation in an electron bunch by passing it through a 
dielectric-lined waveguide was recently demonstrated [1]. 
In the follow up experiment we successfully converted 
this energy modulation into a density modulation by 
means of a chicane beamline. The density modulated 
beam was sent through a foil target, producing THz 
transition radiation which was characterized using 
interferometric techniques. By changing the initial energy 
chirp of the beam we tuned the center frequency of the 
generated THz radiation in the range 0.68 – 0.9 THz. A 
table top high power narrowband tunable THz source 
based on this technique is proposed.  

INTRODUCTION 
In recent years there has been a large interest in the 

production of sub-picosecond bunch trains consisting of 
series of equally spaced electron micro bunches [2-6]. 
These bunch trains can be used for production of high 
power THz radiation [4–6, and references therein] and to 
drive resonant wakefields in plasma and dielectric 
wakefield accelerators [2, 3].  

Sub-picosecond bunch trains can be generated directly 
from a photocathode of an electron gun using a series of 
uniformly spaced laser pulses [6-8]. Alternatively, a 
transverse-to-longitudinal phase space exchange in 
combination with a multi-slit mask [9-12] can be used. 
Another approach is to use difference frequency 
generation by double energy modulation of electrons in 
an undulator via interaction with optical lasers having 
slightly different carrier frequencies [13, 14]. In this paper 
we present an approach using energy modulation by 
means of the self-excited wake fields in a dielectric-lined 
[1] or corrugated waveguide [15] with subsequent 
conversion into a sub-picosecond period density 
modulation.  

A strong energy modulation in an electron bunch 
passing through a dielectric-lined waveguide was recently 
demonstrated in reference [1]. Here, we report the 
successful conversion of this energy modulation into a 
density modulation and production of a picosecond bunch 
train. This result provides a foundation for a compact, 

tunable source of intense THz radiation [RSI].  
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Figure 1: Periodic self-wakefield inside a long quasi-
rectangular electron beam. 

 The principle of introducing an energy modulation in 
the beam is the following: when the bunch length is 
comparable or much longer than the wavelength of the 
fundamental mode of the wakefield, the wakefield inside 
the bunch will show an amplitude modulation, 
particularly for a triangular or rectangular shaped bunch 
(Fig. 1). If the beam has an energy chirp (linear 
correlation between energy and longitudinal coordinate) 
then the periodic self-wakefield (Fig. 1) produces an 
energy modulation (Fig. 2). This energy modulation can 
be converted into density modulation by means of 
chicane, a set of four dipoles arranged in a “+ - - +” 
fashion. Inside the chicane high energy particles travel a 
shorter distance than those at low energies, hence sections 
of the beam in which low energy particles are ahead of 
the high energy ones will be compressed (Fig. 2). If the 
beam has a positive chirp (head having a lower energy 
than the tail) initially, the whole beam is compresed as 
well. Hence the current is modulated at a higher 
frequency than the frequency of the wakefield mode that 
created the energy modulation in the first place! 

Changing the energy chirp of the beam therefore allows 
us to tune the frequency of the current modulation. In the 
case of negative chirp the resulting modulation will be at 
a frequency lower than the energy-modulating frequency 
of the wakefield. This property allows us to tune the 
frequency over a wide range. 
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Figure 2: Illustration of the process of bunching and 
compression. Longitudinal phase space portraits for the 
incoming electron bunch (red), energy modulated bunch 
(blue) and density modulated bunch after the chicane 
(green).  

If the original beam does not have an energy chirp (Fig. 
3) then the current modulation after chicane is of the same 
frequency as the mode that created the energy 
modulation.  

Chicanes are typically characterized by a so-called 
time-of-flight parameter, R56 (the transfer matrix element 
describing chicane’s longitudinal dispersion). It relates 
the path length difference to the fractional energy offset 
[19] and has the units of cm. 

  R56 E / E      (1) 

The time of flight parameter has to match the energy-
longitudinal coordinate phase space to provide optimal 
compression. It is illustrated in Figure 3, where we plot 
the bunching factor b of an electron beam for various 
values of the chicane R56. 

1

1 N
ikz

i
b e

N 

      (2) 

While a time-of-flight parameter of 4.9 cm (Fig. 3) 
provides a density modulation of the beam, the 
corresponding bunching factor is on the order of 0.3. In 
contrast, R56 = 11 cm yields a maximum bunching factor 
of 0.5. These numbers, however, are rather large for 
practical realization. In the experiment we used a compact 
permanent magnet chicane with R56 = 1 cm. Even with a 
small time-of-flight parameter it is possible to have large 
bunching factors provided that initial beam is strongly 
modulated in energy prior entering the chicane [16]. 

EXPERIMENT 
The experiment based on this concept was performed at 

the Accelerator Test Facility (ATF) at Brookhaven 
National Laboratory [16]. The electron bunches provided 
by the ATF beam line at 57 MeV had a rectangular peak 
current profile with a length of ~ 5 ps (1.5 mm) and 
amplitude of ~ 100 A. The current distribution is 
produced by passing the beam through two dispersive 
dipole magnets with a mask in between that cuts off the 

tails [10]. We can control the linear energy chirp along 
the electron bunch by changing the phase of the 
accelerating field in the linac. The head-to-tail energy 
variation was as large as 850 keV in the experiment, 
similar to the theoretical examples given previously. For a 
1.5 mm long beam this would correspond to a chirp of 
567 keV/mm.  

 
 

Figure 3: Bunching without compression. Top: 
Longitudinal phase space portraits for the incoming non-
chirped electron bunch (blue), energy modulated bunch 
(red) and density modulated bunch after chicanes of 
different strengths (green and yellow). Bottom: frequency 
content of the beam. Initial beam (blue) and beam after 
chicanes of different strengths (green and yellow). 

After acceleration, bunches were focused to a small 
transverse size (~ 100 μm rms) and transported through a 
800 GHz, 2” long kapton (polyimide) tube, metallized on 
the outside and with a 300 micron inner radius and 28 
micron wall thickness. The kapton has nearly constant 
permittivity ε in the range of frequencies between 0.5 
THz and 1.5 THz. The chicane was made out of four 
identical permanent dipole magnets. Each magnet has 5 
cm magnetic length and ~ 9.4 kG maximum magnetic 
field for a 5 mm magnetic gap. The distance between the 
first and the second magnet and the third and the fourth 
was 5 cm. This chicane had the matrix element value R56 
=1 cm. We were able to move the chicane in and out of 
the beam line so that it was possible to measure the 
electron bunch properties both with and without the 
presence of the chicane. After the bunch passes through 
energy modulating structure and then through the chicane 
it becomes density modulated and this modulation can be 
measured by passing the bunch through a foil, producing 
coherent transition radiation (CTR). 
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Figure 4: Measured THz CTR signal. Beam passing 
through chicane (blue rectangles) and chicane retracted 
(red triangles). 

The time structure of the CTR signal is analyzed with a 
Michelson interferometer using a bolometer as the 
detector [9, 10]. The result of the interferometric 
measurement is the autocorrelation function (intensity as 
a function of the path length difference in the 
interferometer) of the CTR signal that has a periodicity 
related to the periodicity of electron bunch. The resulting 
bunching can be clearly observed through the periodicity 
of the autocorrelation function. Fig. 4 compares 
interferometric measurements of the original bunch 
(chicane retracted) and the density modulated bunch. The 
autocorrelation function is periodic for a signal produced 
by the density modulated beam, while the original long 
rectangular bunch does not produce periodicity over the 
distance spanned by interferometer mirror motion. We 
can also conclude that there are 4 beamlets in the density 
modulated beam (bunch train) because we have 7 
pronounced peaks on the autocorrelation function plot. 
This determines that the bandwidth of the signal is about 
25%. By changing the chirp of the beam we were able to 
tune the density modulation [16] over a range estimated at 
0.68 to 0.9 THz. 

Based on these encouraging results we have developed 
a concept for a beam based high peak power tunable THz 
source. All components are similar to those used in this 
experiment but adjusted to the specific needs of a 
dedicated THz radiation source. An electron bunch is 
produced in the gun and accelerated to a few MeV off-
crest forming an energy chirp along the electron bunch. 
After that it passes through a dogleg (two dipole magnets 
of equal strength and opposite sign, Fig. 1) where a 
collimator is used to cut the bunch tails and to provide a 
uniform density distribution with a relatively sharp 
leading edge [10]. Next, similar to the experiment above 
this bunch traverses an energy modulating structure. The 
energy modulation acquired is converted into a density 
modulation in a chicane. The resulting bunch train is 
injected into the power extractor, which is essentially 
another wakefield producing structure, a dielectric loaded 
or corrugated metal waveguide equipped with a horn type 
antenna. Additional electron focusing optics may be 
needed to control the beam size as it loses energy in the 
extractor. For the 800 pC, 100 A, 57 MeV ATF beam we 
propose to use a 3 cm long quartz tube with ID = 0.3 mm 
and OD = 0.4 mm to produce a 0.7 THz, 170 ps long 

pulse with a peak power of 6 MW and 1 mJ energy per 
pulse. 
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ANALYSIS AND OPTIMIZATION OF COUPLER KICK IN APEX* 

H. Qian
#
, S.Kwiatkowski, C.F. Papadopoulos, Z. Paret, F. Sannibale, J. Staples, R. Wells, LBNL, 

Berkeley, CA 94720, USA

Abstract 
A high repetition rate (~MHz) and high brightness 

photoinjector, based on VHF band CW normal conducting 

(NC) RF gun, is being developed under Advanced 

Photoinjector EXperiment (APEX) at Lawrence Berkeley 

Lab. A NC 30 MeV L-band linac system will be added 

after the gun to demonstrate beam brightness with lower 

repetition rate (~10 Hz). In this paper, coupler kicks from 

APEX buncher and acceleration cavities are evaluated by 

3D RF simulation, analytical model and beam tracking, 

and coupler cells are optimized to minimize emittance 

dilution due to coupler kicks. 

INTRODUCTION 

The Advanced Photo-injector Experiment (APEX) is 

for demonstration of MHz repetition rate high brightness 

electron beam (~300 pC, ~0.6 mm mrad) injection for the 

next generation high repetition rate X-ray free electron 

lasers [1]. APEX is staged in 3 phases. In phase 0, the 

VHF-band normal conducting RF gun was successfully 

conditioned to achieve CW operation at nominal beam 

energy (750 keV) with low vacuum pressure performance 

(10-11 – 10-9 Torr). In phase I, a 6D beam phase space 

characterization will be conducted at 750 keV in CW 

mode. In phase II, a NC 30 MeV linac will compress and 

accelerate the beam to reduce space charge effects, so that 

beam brightness will be more reliably characterized. The 

APEX beamline is shown in Fig. 1. 

The designs of buncher cavity and booster cavity are 

based on the ALS harmonic cavity and the ANL-AWA 

acceleration cavity respectively [2, 3], as shown in Fig. 2, 

both of which are not optimized for low energy and low 

emittance photoinjectors in terms of coupler kick. The RF 

input coupler breaks cylindrical symmetry of acceleration 

field and induces RF multipoles, which may perturb beam 

alignment and emittance compensation. Such effects can 

be even worse for beam near the gun due to relatively 

lower beam energy and thus bigger beam sizes, and has 

been taken care of in previous low emittance 

photoinjectors [4-9]. 

In the following, the RF coupler kicks will be evaluated 

for the APEX buncher and acceleration cavities through 

both simulations and simplified analytical models, and 

geometry modifications are suggested and evaluated. 

ANALYTICAL EVALUATION OF 

COUPLER KICK EFFECT 

RF coupler induced emittance growth has been well 

investigated during the development of low emittance 

photoinjectors [4-9]. Here a simplified analytical model is 

used to summarize the coupler kick effects when beam 

travels through a coupler cell (Fig. 2). Inside the model, 

only RF force is considered and beam size inside the cell 

is assumed to be relatively constant. The longitudinal 

paraxial electric field is expressed as follows: 

 0 0( ( , , ))( , , , ) ( , , ) i t x y z
z zE x y z t E x y z e w j+ +D= . (1) 

where amplitude asymmetry is included in ( , , )zE x y z ,and 

phase asymmetry is included in ( , , )x y zD . 0 0j =  is 

defined as maximum acceleration phase.  

Considering first order phase asymmetry and amplitude 

asymmetries induced by dipole and quadrupole, RF phase 

and amplitude can be expressed as,  

 ( , , ) yx y z k yD = . (2) 

 

Figure 1: Schematic of the APEX injector beamline. Phase 1 is currently under operation. Phase 2 under development. 

 

 
 ____________________________________________  
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Figure 2: (a) Coupler cell of ANL-AWA cavity, (b) APEX 

buncher scaled from ALS harmonic cavity. 

 

2 2
0 0

2 2
1 2

( , , ) cos( )(1 ( )

y ( ))

zE x y z E kz a x y

a a x y

= - +

+ - -
. (3) 

where 0E is the peak axial acceleration field, 0a , 1a and 2a

are monopole, dipole and quadrupole coefficients, yk is 

first order phase gradient. 

RMS normalized projected emittance growth can be 

formulated as, 

 2
, , 0 0cosmonopole monopole

n x n y xa je e als s jD =D = . (4) 

 , 1 0 ,

1
cos , 0

2
dipole dipole
n y y n xa je als s j eD = D = . (5) 

 2
, , 2 0cosquadrupole quadrupole

n x n y xa je e als s jD =D = . (6) 

 , 0 ,

1
sin 0

2
phase phase
n y y y n xk je als s j eD = D = . (7) 

where 0

22

eE

mc k
a = , l  is RF wavelength (twice coupler 

cell length), k  is RF wave number, xs  and ys  are 

transverse RMS beam sizes, js  is longitudinal RMS 

bunch length measured by RF phase. The total emittance 

growth is, 

 , , ,
monopole quadrupole

n x n x n xe e eD =D +D . (8) 

 

2
, ,

,
2

, ,

( )

( )

monopole quadrupole
n y n y

n y
dipole phase
n y n y

e e
e

e e

D -D
D =

+ D -D
. (9) 

RF SIMULATIONS 

The preliminary APEX buncher cavity design (1.3 GHz) 

is scaled from ALS harmonic cavity (1.5 GHz), as shown 

in Fig. 2, and has a single waveguide coupler, a 

symmetric vacuum port and two RF tuner ports. The 

ANL-AWA cavity is a 1.3 GHz 7-cell standing wave 

cavity, and the RF power is fed into the cavity by a single 

waveguide coupler (Fig. 2). In order to feed the 7 cells, 

the coupling slot is big, which is expected to greatly 

distort the cylindrical field symmetry in coupler cell. 

Coupler Kick Ev aluation

CST Microwave studio is used to simulate 3D RF field 

map, and RF field in the middle plane of coupler cell is 

used to extract amplitude and phase asymmetry 

coefficients, as shown in Table 1. Eq. (5) to (7) are used 

to do a quick emittance growth evaluation based on Table 

1 and one specific beamline optimization solution for 300 

pC operation from ASTRA simulation [10, 11], as shown 

in Table 2. 

Table 1: Amplitude and phase asymmetry coefficients 

 Buncher AWA cavity 

a1 (m
-1) 0.007 0.9 

a2 (m
-2) 8.7 1.4 

ky (mrad/m) 3.0 17 

 

Table 2: Emittance growth (in mm mrad) evaluations for 

one APEX solution with 300 pC beam charge 

 Buncher ACC #1 ACC #2 ACC #3 

,

dipole
n y
eD  0.02 4.9 1.4 1.2 

,

quadruple
n x or y
eD  0.28 0.02 0.003 0.002 

,

phase
n y
eD  0.03 0.005 0.06 0.03 

 

Table 2 shows coupler kick gives significant emittance 

growth in both buncher and acceleration cavities. Buncher 

cavity is dominated by quadrupole, and AWA cavity is 

dominated by dipole.  

Coupler Cell Optimization 

To minimize quadrupole in buncher cavity, tuner ports 

are made to be the same size as coupler port and vacuum 

port, and tuners are removed or retracted. To minimize 

dipole and phase asymmetry in AWA cavity, symmetric 

dual RF coupler is added (Fig. 3), and coupler size is 

tuned to restore the original power coupling factor. CST 

simulations show though dipole is minimized, quadruple 

is enhanced by an order of magnitude, so two dummy 

ports are added at 90 degree relative to coupler port to 

suppress quadrupole. Comparison between original and 

modified AWA coupler cell is displayed in Fig. 3.  

After coupler cell optimization, with the same beamline 

settings as in Table 2, Eq. (5) to (7) predict coupler 

induced emittance growth are well below 0.05 mm mrad 

for both buncher and acceleration cavity.  
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Figure 3: (a) 4-port optimization of AWA coupler cell, (b) azimuthal magnetic field amplitude at radius of 10 mm in 

central plane of coupler cell (z=0), (b) RF phase of Ez along line x=0 in plane z=0. 

 

Figure 4: Slice emittance (x: blac, y: red) at ACC #3 exit (~14 MeV) for (a) symmetric map, (b) 1-port map, (c) 4-port 

map 

 

BEAM TRACKING SIMULATIONS 

To include both RF and other forces (space charge, 

solenoid focusing et al.), the 3D RF field maps from CST 

can be used in ASTRA simulations of the APEX 

beamline. In the following, three field maps of AWA 

cavity are used for one solution of the ongoing 

optimization process for the APEX beamline, as shown in 

Fig. 4. The “symmetric” case is based on input of the on-

axis Ez field in ASTRA. In this case, ASTRA expands the 

fields Er and Bφ around the axis up to 3rd order. This is by 

construction azimuthally symmetric and no emittance 

growth due to multipole field is possible. The “1-port” 

and “4-port” cases refer to 3D field maps based on the 

optimization described previously. Fig. 4 confirms the 

original AWA cavity (1-port) will cause huge emittance 

growth and the optimized AWA cavity (4-port) almost 

removes all coupler kicks. 

CONCLUSION 

Coupler kicks in the APEX injector are studied by RF 

simulation, analytical model and beam tracking, and huge 

emittance growth is found due to improper coupler cell 

designs of buncher and acceleration cavities. After 

symmetry optimization of coupler cell, coupler kicks are 

minimized and confirmed by ASTRA simulations. 
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LLNL X-BAND TEST STATION STATUS
∗

R.A. Marsh† , F. Albert, G. Anderson, S.G. Anderson, E.T. Dayton,

S.E. Fisher, D.J. Gibson, S.S. Wu, F.V. Hartemann, C.P.J. Barty

Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

Abstract

An X-band test station is being built at LLNL to support

inverse Compton-scattering x-ray and gamma-ray source

development. The major components for the X-band

test station have been designed, fabricated, installed, and

aligned. The XL-4 klystron has been delivered, dressed

and installed in the ScandiNova modulator, and tested to

full peak power. Final assembly and bakeout of RF trans-

port, test station supports, and accelerator components is

complete, and the current status of commissioning and first

beam will be presented and discussed. Future upgrade

paths and configuration for a variety of x-ray and gamma-

ray applications will be discussed along with schedule for

planned experiments.

INTRODUCTION

Extremely bright narrow bandwidth gamma-ray sources

are expanding the application of accelerator technology

and light sources in new directions. LLNL has a successful

history utilizing gamma-rays generated by a linac-driven,

laser-based Compton scattering gamma-ray source [1, 2, 3,

4]. Next generation advancements in linac-based x-ray and

gamma-ray production require increasing the average flux

of gamma-rays at a specific energy (that is, N/eV/sec at

the energy of interest). One way to accomplish this is to

increase the effective repetition rate by operating the RF

photoinjector in a multi-bunch mode, accelerating multiple

electron bunches per RF pulse. This multi-bunch mode will

have stringent requirements for the electron bunch proper-

ties including low emittance and energy spread, but across

multiple bunches. An X-band test station is under construc-

tion at LLNL to develop multi-bunch electron beams and

generate x-rays. This paper summarizes progress and de-

scribes the current status of the project.

The RF gun is described in detail in [5]. Test station

parameters are summarized in Table 1. Beam dynamics

are summarized in Fig. 1 for a 250 pC bunch generated

in the Mark 1 X-band RF gun and accelerated by a sin-

gle T53 traveling wave accelerating section. Beam steer-

ing will use X-Y windowpane dipole magnets, and two

quadrupole triplets will focus the beam for transport and

quad-scan emittance measurement. A dump dipole magnet

will double as a spectrometer once it has been calibrated.

∗This work performed under the auspices of the U.S. Department of

Energy by Lawrence Livermore National Laboratory under Contract DE-

AC52-07NA27344
† marsh19@llnl.gov

Table 1: Test Station Parameters

Charge 25–250 pC

Normalized Emittance <1 mm mrad

Gun Energy 7 MeV

Cathode Field 200 MV/m

Coupling β 1.7

Section Gradient ∼70 MV/m

Final Energy 30 MeV

Figure 1: PARMELA beam dynamics simulation for a

bunch charge of 250 pC.

TEST STATION

The test station layout is shown in Fig. 2. The high volt-

age modulator and X-band tube reside in a separate area

with RF distribution fed through a hole in the wall to the

linear accelerator. A manifold divides the power between

the RF gun and the accelerating sections [6]. Testing of the

klystron to full power is complete [7], and the RF load tree

that was used for this testing is currently being disassem-

bled to provide components for dressing the accelerating

sections and provide components for the power division

manifold. Support structures made from 80/20 mount to

the laser tables and provide multi-dimensional adjustment

for alignment of supported components to the beamline.

The emittance compensation solenoid for the RF gun is

mounted on precision ground rails so that it can be moved

back to provide access to the gun. The gun support struc-

ture holds the RF gun, WR-90 pumpouts and pumps, as

well as an RF gate valve on the beamline. The T53 acceler-

ating structure is mounted on a SLAC designed strongback

with end-to-end adjustment, which is then mounted on

80/20 supports that provide additional adjustment as well

as support for RF distribution, loads, and vacuum pumps.
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Figure 2: CAD rendering of the X-band test station. Test station position has been changed to optimize the RF distribution

for minimal loss and permit for the expansion of the beamline for future experiments.

with each stand having adjustability. The magnet align-

ment within their supports has been measured as reported

in [8]. The steering magnets are mounted onto beamline

vacuum flanges.

Alignment

The alignment specification on most components, driven

by the desire to limit emittance growth, is ±100 µm. As

shown in [9], tolerances can become even tighter if emit-

tance growth in low charge bunches is to be limited. An

initial alignment procedure was developed for a 250 MeV

X-band linac at LLNL [10], which has been adapted to the

X-band test station. The general approach for alignment

uses a precision CMM arm from Romer, with a quoted

specification of ±75 µm repeatability and volumetric ac-

curacy over the full envelope reachable by the arm. The

Romer arm and operating technician can be seen in Fig. 3.

Physical contact with a probe tip allows encoders in the

arm to map the exact position of each point input into the

CMM software. The coordinate system of the arm is based

on geometric features of individual components such as the

cross-section of magnet pole pieces, or the outer radii of

pillbox cell cups, combined with tooling ball fiducials that

have been placed on magnets and accelerating structures.

Initial measurement of the geometric features allows the

external fiducials to be used in the future when features

may be less accessible.

The emittance compensation solenoid is the heaviest

component, and has the least adjustment (its height from

the table is fixed). Magnet metrology measurements at

SLAC confirmed that the magnetic and physical axes of

the solenoid were aligned to within 25 µm. The solenoid

was adjusted so that is was parallel with the laser table,

and pointing along the table edge. Solenoid alignment set

the coordinate system for subsequent components, with the

beamline axis zero set by the mid plane of the Helmholtz

Figure 3: Photograph of X-band test station alignment.

Romer CMM arm in use to precisely measure the 3D posi-

tion of the T53 cells for proper alignment of the accelerat-

ing structure with respect to the beamline axis and cathode

position.

pair outer pole faces: this will be the center for the RF gun

so that there is no field on the cathode surface. Subsequent

components are all aligned onto the beamline centerline, at

an offset from the cathode driven by beam dynamics and

mechanical design.

The RF gun body was aligned on axis with the cathode

cell backplane offset so that the internal cathode surface re-

sides at the mid-plane of the solenoid. The RF gun beam-

    The quadrupole magnets are mounted together in triplets,

Proceedings of PAC2013, Pasadena, CA USA TUPMA10

02 Light Sources

T02 - Electron Sources and Injectors 611 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



line gate valve was also used for alignment of the RF gun

support structure given that it is the furthest component

downstream of the gun. The T53 section was measured

with respect to pillbox cells and fiducials on each WR-90

RF port. The beamline position of the T53 accelerator sec-

tion has been fixed from beam dynamics modeling and was

set with respect to the outer face of the accelerator coupling

cell. The quadrupole triplet alignment in their 80/20 sup-

port has been confirmed with magnetic measurement [8]

so that the physical pole positions were used to position

them in space. Fiducials on the quadrupole triplets were

also mapped so that they can be used in the future to align

the magnets or other beamline components when beamline

pipe is in place and the pole faces are not accessible to

the arm probe. The critical test station components were

realigned following final assembly of the RF distribution

components to insure the accelerator section and gun re-

tain their precise location. It was necessary to measure the

accelerator structure and quadruple magnet fiducially be-

cause the bore of the magnets and surface of the section

were no longer accessible.

Bakeout

The RF gun vacuum system is comprised of: an RF input

window; a WR-90 pumpout; the Mark 1 RF gun; a custom

weldment cross; an all-metal RF gate valve; a hot cath-

ode vacuum gauge; two 10 L/s ion pumps; two 40 L/s ion

pumps; and additional vacuum nipples, T’s, blanks, and an

all-metal angle valve to connect the major components. Af-

ter final assembly and alignment of this unit, the entirety of

the system excluding the pump magnet housings has been

wrapped with heater tape and aluminum foil, and baked to

120◦C for over a week. A base pressure of 2 10−9 Torr has

been achieved.

Baking the completed vacuum system of the beamline

and RF distribution will provide the best possible starting

point for RF processing and commissioning. The T53 ac-

celerator section, gun diagnostic pop-in and photocathode

laser mirror box, as well as the full RF distribution up to

the klystron output window form a single vacuum system.

The complete system bake was planned using 13 indepen-

dent heater tape and PID control channels. The system was

baked to 100◦C for over a week and base pressures of 1–4

10−9 Torr was achieved once the system cooled to room

temperature.

Conditioning

RF processing of the T53 accelerator section is under-

way. The control system for critical accelerator diagnostics

is in place and tied into the arc detection system that was

used for RF commissioning of the XL-4 klystron [7]. The

arc detection chassis is active on the klystron forward and

reverse, the RF gun forward and reverse, and the acceler-

ator section forward and reverse. In addition the same NI

chassis that does the real time monitoring acts as a digitizer

for the modulator voltage and current. In order to condi-

tion most safely, the accelerator section is being brought

to full power first, so that the transport waveguide can be

processed and the control system can be debugged.

CONCLUSION

The major components for the X-band test station have

been designed, fabricated, installed, and aligned. The XL-

4 klystron has been delivered, dressed and installed in the

ScandiNova modulator, and tested to full peak power [7,

11]. Assembly of RF transport, test station supports, and

accelerator components, final assembly and bakeout have

been completed. RF conditioning of the vacuum RF trans-

port, accelerator section, and RF gun is underway. Laser

transport for the photocathode drive laser is complete, and

the laser system will be brought into operation once the

laser safety interlock system installation is complete.

Conditioning is focusing on processing the RF gun to

full operating power, which corresponds to 200 MV/m

peak electric field on the cathode surface. Single bunch

commissioning of the Mark 1 design will provide confi-

dence that this first structure operates as designed, and will

serve as a solid starting point for subsequent changes, such

as a removable photocathode, and the use of various cath-

ode materials for enhanced quantum efficiency. Charge

scaling experiments will follow, partly to confirm predic-

tions, as well as to identify important causes of emittance

growth, and their scaling with charge. Multi-bunch oper-

ation will conclude testing of the Mark 1 RF gun, and al-

low verification of code predictions, direct measurement

of bunch-to-bunch effects, and initial implementation com-

pensation mechanisms.
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Abstract 

We describe a possible design of an Emittance 

Exchanger (EEX) which may be employed to generate a 

pair of a double-triangular drive bunch and a trapezoidal 

witness bunch for a Dielectric Wakefield Accelerator 

(DWA). We consider the concept of a high-brightness 

DWA with the gradient of above 100 MV/m and less than 

0.1% induced energy spread in the accelerated beam as a 

possible afterburner for the proposed Los Alamos Matter-

Radiation Interactions in Extremes (MaRIE) signature 

facility. We present the results of simulations with 

Elegant which take into account non-linear effects of the 

EEX beamline.  Possibilities for producing ideal beam 

shapes to demonstrate low induced energy spread in a 

DWA are discussed. 

INTRODUCTION 

The modern discovery science has an emerging need 

for a very hard X-ray source, with high-peak fluxes of 

coherent 42-keV photons (~ 0.3 angstrom wavelength).  

High energy photons will allow resolving grain 

boundaries in materials in extreme states such as 

experiencing shock waves and being able to penetrate m-to-mm sized samples. High photon energies are also 

required to prevent samples from disintegrating from a 

single X-ray pulse, allowing multiple images of transient 

effects.  High-resolution imaging of these effects will 

optimally require up to 1012 photons per X-ray pulse, well 

above the ability of current technology.  Los Alamos 

National Laboratory (LANL) has identified this discovery 

science frontier as an important part of its future mission 

and has proposed the Matter-Radiation Interactions in 

Extremes (MaRIE) facility [1], which includes an X-ray 

free electron laser (XFEL) as described in [2]. 

The number and the energy of photons produced by 

the XFEL is strongly dependent on the energy of the 

electron beam produced by the linear accelerator with the 

more energetic beam delivering more high energy 

photons to the user. Although generally the baseline 

design needs to be conservative and rely on existing 

technology, any future upgrade would immediately call 

for looking into the advanced accelerator concepts 

capable of boosting the electron beam energy up by a few 

GeV in a very short distance without degrading the beam 

quality. Typical electron beam quality parameters for 

XFEL applications are electron bunch charges of 0.1 to 1 

nC, normalized rms emittances of 0.1 to 1 m, and rms 

energy spreads of < 0.1%. By decreasing the bunch 

energy spread and emittance, it is possible to increase the 

total X-ray flux by orders of magnitude [2]. Dielectric 

Wakefield Accelerator (DWA) [3,4] has a potential to 

satisfy the required constraints of the afterburner and 

produce acceleration gradients above 100 MV/m and less 

than 0.1% spread in the gained beam energy [5].  

We have initiated a project at LANL to demonstrate the 

proof-of-principle operation of a DWA with shaped drive 

and witness bunches at high gradient, and with enhanced 

transformer ratio and reduced energy spread. 

REDUCING WITNESS BUNCH ENERGY 

SPREADS IN DWAs 

DWAs are formed by one or several dielectric layers 

surrounded by metal cladding (Figure 1). The dielectric 

constant and the inner and outer radii of the dielectric 

tubes (or single tube in the simplest case) are chosen so 

that the phase velocity of the fundamental monopole 

mode (TM01) is approximately equal to the speed of light 

and the mode is effectively excited by the beam passing 

in the central vacuum channel. In a collinear DWA the 

field generated by a leading, high-charge drive bunch is 

used to accelerate a trailing, low-charge main bunch 

which contains a relatively small amount of charge. The 

wakefields excited by a leading bunch have the 

remarkable property that the axial electric field and the 

transverse electric field are transversely uniform and 

linear, respectively. If one can make the wakefield to be 

axially constant along the bunch it will result in no 

induced energy spread within the bunch, leading to an 

extraordinary condition of preserving the main beam 

brightness while providing high gradient acceleration. We 

have realized that it is possible that an accelerated beam 

in a DWA can achieve the needed small energy spread if 

the longitudinal witness bunch profile is properly 

customized [5]. 

 

Figure 1: The schematic of a dielectric loaded waveguide 

with shaped electron beams traveling on axis. 

Figure 2 shows the current profiles of the driving 

double triangular bunch and a trapezoidal witness bunch 

and their corresponding longitudinal wakefield generated 
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in a single mode wakefield accelerator. The wakefield is 

computed using the Green function method for the DWA 

geometry with parameters summarized in Table 1. It can 

be seen from the figure that the wakefield excited by the 

witness bunch interferes with the wake excited by the 

drive bunch which results in a uniform gradient 

experienced by the witness bunch. As a result, the 

induced energy spread in the witness bunch is below 10-5. 

In addition, Figure 2 illustrates the high transformer 

ratio generated by the double triangular drive bunch. The 

enhanced transformer ratios which result from generating 

the wake with the shaped drive bunches are important for 

achieving high gradients in DWAs. 

 

Figure 2: The current profiles of the drive and the witness 

bunches (red line) and the wakefield (blue line) excited by 

the pair of bunches in a proposed DWA configuration. 

Table 1: Parameters of the 300 GHz Dielectric Wakefield 

Beam pipe ID, 2b 1.14 mm 

Dielectric tube ID, 2a 1.24 mm 

Waveguide cutoff 298 GHz 

Charge of the drive bunch 5 nC 

Length of the drive bunch 2.350 ps 

Charge of the witness bunch 250 pC 

Length of the witness bunch 100 fs 

Time between the bunches 2.8017 ps 

Transformer ratio 3.38 

ΔG/G 9*10-6 

PRODUCING SHAPED BEAMS WITH 

EEX  

In order to simultaneously generate the double 

triangular drive bunch and a trapezoidal witness bunch for 

a proof-of-principle demonstration, the recently proposed 

Emittance Exchanger (EEX) [6,7] can be employed. The 

schematic of a possible beamline is shown in Figure 3. 

The beamline starts with a mask which has two shaped 

slots. The slots have special shapes and are optimized to 

cut out the correct double triangular and trapezoidal beam 

profiles out of the Gaussian bunch (Figure 4). The mask is 

followed by an Emittance Exchanger which consists of 

two identical doglegs, a deflecting cavity in between 

them, and a number of corrective elements, such as a 

fundamental mode cavity, quadrupoles and possibly 

sextupoles. We conducted the extensive tuning of the 

EEX optics to convert the distribution of particles shaped 

in x direction into a distribution of particles similarly 

shaped in z direction. 

 

Figure 3: The schematic of a beamline for producing 

shaped electron bunches. 

 

Figure 4: The shape of the mask plotted on top of the 

Gaussian bunch. 

The beamline was modeled with Elegant [8], which is a 

matrix code. Without accounting for the space charge 

effect and coherent synchrotron radiation (CSR), the final 

6-dimensional phase space coordinates of each particle in 

Elegant can be obtained from the initial phase space 

coordinates using different orders of transfer matrices of 

the beamline: ; 		 , , ,, , … 6. 

In order to have the perfect transformation of the beam 

in the first (linear) order described by R-matrix, we want 

to have R5j=0 except for R51, which determines the stretch 

factor. The conditions R53=R54=0 are satisfied 

automatically in this configuration as the y-space remains 

uncoupled to both x and z spaces. In order to make 

R55=R56=0 the dispersion of the doglegs has to be 

matched to the deflecting cavity. Since the deflecting 

cavity of a finite length produces a time-correlated energy 

variation in the beam, it is necessary to include a 

fundamental mode cavity to compensate this effect. 

Matrix elements R51 and R52 can be adjusted with the 

quadrupole magnets in front of the emittance exchanger. 

Using just two quadrupoles is sufficient to make R52=0 

and R51 equal to whatever required stretch factor. 

However, with only two quadrupoles we do not have any 

control over the width of the bunch (beta functions) along 

the beamline. The beta-functions may become quite large 

and the second order aberrations then become significant.   

Accelerator Configuration 
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Figure 5: Distributions of the electrons (2D and integrated over y-axis) in the drive and witness bunches after the mask 

and the EEX as computed by Elegant: (a) in the first order of matrix elements, (b) in the third order of matrix elements, 

(c) in the first order with the second order matrix element T555 artificially included, and (d) in the third order with 

correcting sextupoles turned on. 

With four quadrupole magnets before the EEX we have 

the control over R51, R52, beta functions and also over R61, 

which we would like to keep small to avoid a longitudinal 

momentum chirp in the shaped bunch. Figure 5(a) shows 

the final distribution of particles and current in the shaped 

drive and witness bunches as computed with Elegant with 

only the first order of the transfer matrix. 

The phase space exchange looks perfect in the first 

order simulations. However, when computations were 

performed to take into account the higher order matrices, 

aberrations were discovered (Figure 5(b)). We analysed 

the effects caused by different second and third order 

matrix elements and concluded that the observed changes 

in the shape of the witness bunch were mostly due to the 

effects of the second order matrix elements T555 and T551. 

Figure 5(c) shows the distribution of electrons computed 

with the first order matrix and the T555 element artificially 

added. The aberrations due to the second order elements 

could be mitigated by placing a number of sextupole 

magnets in between the cavities and the second dogleg. 

Figure 5(d) shows the distribution of electrons with the 

sextupole corrections.  

CONCLUSION  

We have designed and optimized a beam shaping 

beamline to produce a double triangular drive and a 

trapezoidal witness bunches for a high transformer ratio 

low induced energy spread dielectric wakefield 

accelerator experiment. The beamline consisted of a mask 

followed by a tuned Emittance Exchanger. The EEX 

provides a unique tool for shaping beam currents in a 

small time scale. We realized that the EEX method is not 

perfect, as the higher order nonlinear effects in the 

beamline distort the desired pulse shape. Suppression of 

nonlinearities by inserting new elements into the beamline 

like quadrupoles, sextupoles or even octupoles can help 

reducing higher order nonlinearities, but will also increase 

complexity of the system that will eventually make tuning 

and aligning more difficult. The tighter focused beam 

may also become more prone to the space charge related 

effects. An experiment is planned in the near future to 

fully evaluate the nonlinearities and the space charge 

effects. We plan to conduct a beam shaping experiment 

with an EEX to evaluate the effects which are difficult to 

account for in simulations. This work may eventually 

evolve into a conceptual design of an afterburner for the 

proposed LANL future signature facility MaRIE. It also 

has the potential to advance the DWA technology to a 

level to make it suitable for a number of national security 

applications, including compact accelerators for 

warfighter support and active interrogation.   
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Abstract

The need for a bright electron beam is increasing in the

fields of x-ray science, electron diffraction and electron

microscopy which are required for colliders. GaAs-based

photocathodes have the potential to produce high-brightness,

unpolarized and polarized, electron beams with performance

that meets modern collider requirements. Even after decades

of investigation, however, the exact mechanism of electron

emission from GaAs is not well understood. Therefore,

we investigate photoemission from a GaAs photocathode

using detailed Monte Carlo electron transport simulations.

Instead of a simple stepwise potential, we consider a trian-

gular barrier including the effect of the image charge to take

into account the effect of the applied field on the emission

probability. The simulation results are compared with the

experimental results for quantum efficiency and energy dis-

tributions of emitted electrons without the assumption of

any ad hoc parameters.

INTRODUCTION

The successful operation of X-ray light sources, free elec-

tron laser (FEL), and linear accelerator facilities depends

on providing reliable photocathodes [1] for generation of

low emittance, high-brightness electron beams using con-

ventional lasers.

An ideal photocathode must have a high quantum effi-

ciency (QE), low mean transverse energy (MTE), a quick

response time and a good operational lifetime. GaAs-

based photocathodes have been experimentally tested and

shown [2] to have the potential to produce high-brightness

unpolarized and polarized, electron beams with performance

(e.g., high QE and low emittance) that meets FEL and mod-

ern collider requirements. A better understanding of the

physics of photoemission in GaAs will open new possibil-

ities for creating very low emittance high efficiency pho-

toemitters.

However, there are still a number of issues [3] to solve

in order to develop an optimized photocathode design. It

is of interest to better understand the quantum efficiency

and energy distribution of generated beams as a function

of temperature, laser frequency, cathode material, doping

concentration, electron affinity, and surface properties (e.g.,

roughness, band bending, charge trapping).

∗The authors wish to acknowledge the support of the U.S. Department

of Energy (DOE) under SBIR grant DE-SC0006246 and Early Career

DE-SC0003965.
† yjchoi@txcorp.com

Accurate simulation capabilities help to optimize the de-

sign of a semiconductor photocathode. Three dimensional,

particle-in-cell (PIC) codes can accurately simulate the evo-

lution of electron beams for these purposes.

The VSim simulation and modeling framework [4] in-

cludes a variety of physical models that make it useful for

a broad range of research in plasma physics and computa-

tional electrodynamics. It can model a plasma as particles, a

fluid, or a particle-fluid hybrid; it can treat electromagnetic

fields either self-consistently or in the electrostatic limit;

and it provides both explicit and implicit time updates.

In a previous work [5], we investigated effects of charge

transport and surface properties on electron emission from

GaAs with a specific surface potential. However, it did

not include the image charge effect, zero applied field was

assumed, and the space-charge field was not included in the

models. Here, we have started to consider electron emission

properties when the space-charge field is included and the

applied field is non-zero. We have done simulations with

a surface potential that is often used to investigate electron

emission and includes the image charge effect. Finally, we

have used a reduced model for the calculation of the electron

emission probability that is fast to evaluate but potentially

less accurate than the model in Ref. [5].

MODEL

The simulation is based on the three-step model initially

proposed by Spicer [6]. The three valley model is used

to describe the band structure of GaAs. Here, we briefly

describe these models. More detailed explanation can be

found in Ref. [5].

Three Step Model

The three-step model takes into account the dependence

on photon energy and (implicitly) on temperature. Fig. 1

shows a schematic representation of the three-step model for

p-doped GaAs photocathode. The creation of electron-hole

pairs due to absorption of photons is treated in the first step.

A photon with sufficient energy is absorbed by a valence

band electron leading to its transition to the conduction

band and the formation of a hole in the valence band. The

difference between the photon energy and the energy gap

of the semiconductor material is transferred into kinetic

energy of the created free charge carriers. In the second

step, created conduction band electrons undergo different

scattering processes and propagate diffusively. Some of

these electrons will reach the photocathode surface and be
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Figure 1: Schematic representation of the three-step model.

First, a photon is absorbed causing the generation of an

electron-hole pair. Next, the free electron undergoes phonon

scattering and diffuses towards the GaAs cesiated electron

affinity surface. In the final, third step, a conduction band

electron undergoes emission (over barrier or tunneling) or

reflection when impinging on the GaAs-vacuum interface.

emitted, during the third step as schematically shown in

Figure 1.

Three Valley Model

In our simulation, we use the three valley model of GaAs,

which assumes the top 3 valence bands (heave hole, light

hole and the split-off) to be spherical and parabolic near

the Γ point. The first conduction band is modelled as a

combination of three valleys (Γ, L, and X valleys).

Electron-Hole Generation

As light propagates to a distance x in a photocathode

(measured from its surface), its intensity decrease is given

by the expression

I = Ioexp (−x/a (h̄ω)) ,

where a (h̄ω) is the photon’s energy-dependent absorption

length. We assume that excitation of electrons from the va-

lence band to the conduction band is the only dominant light

absorption process. Doping dependent absorption length is

calculated using the model developed by Lao et al. [7] The

energy w.r.t. the conduction band minimum (CBM) of the

electron excited into the Γ valley by a photon is calculated

by equating the energy difference between the initial and

final state of the electron to the energy of the photon [8].

Conduction Band Electron Transport

The charge transport of free carriers in the presence of

applied electric field represents a drift-diffusion process.

The simulation tracks electrons excited into the conduction

band in both real space and k-space using semi-classical

equation of motion. The main problem in modeling charge

transport in GaAs is to determine the relevant scattering

processes involved, how to calculate their rates as a func-

tion of electron energy, and how to determine final wave

vectors in each type of scattering process. In this study, we

considered impurity, phonon, and carrier-carrier scattering.

For impurity scattering, we only consider scattering with

charged impurities, because most impurities in GaAs are

ionized at room temperatures. For phonon scattering, we

consider acoustic, optical, and polar optical phonon scatter-

ing processes. Piezoelectric scattering is ignored. Here, we

consider only electron-hole scattering (and neglect electron-

electron and electron-plasmon processes) since it is the

dominant carrier-carrier process for electrons in heavily p-

doped GaAs. The density of free electrons is very small

and plasma oscillations of the holes are heavily damped,

therefore, electron-electron and electron-plasmon processes

can be neglected.

Modeling Electron Emission

The simulation results we have reported here use the

electron emission model developed by K. Jensen [9] with

the image charge effect included in the surface potential.

The potential energy of an electron in this surface potential

is given by

V (x) = χ− Fx−

Q

x
, (1)

where χ is the electron affinity (measured relative to

the conduction band minimum at the surface), Q =
Q0 (Ks − 1) / (Ks + 1), Ks ≈ 13 is the (static) dielectric

constant for a GaAs cathode, and Q0 = q2/ (16πε0) with q
the fundamental charge and ε0 the permittivity of vacuum.

The probability of emission is then given by Eq. (18) in

Ref. [9] as a function of the electron’s effective energy along

the direction perpendicular to the emission surface. This

approximate model for calculation of the emission probabil-

ity, due to reducing the problem to one spatial dimension,

requires us to extend our algorithm in VSim to explicitly

preserve conservation of transverse momentum during emis-

sion. In the MATLAB code developed for the study by S.

Karkare et al. [5], a transfer matrix (TM) approach was used

to calculate the emission probability that explicitly takes

into account conservation of transverse momentum. The

TM method is currently being implemented in VSim and

results with it will be presented elsewhere.

COMPARISON TO PHOTOEMISSION

EXPERIMENTS

We use VSim with an electromagnetic pusher and include

space charge effects. Band bending field and image charge

effects are considered too. We also include the effect of an

external applied field which was set to 1 MV/m. The values

of GaAs parameters used in the simulations are given in

Ref. [5]. The band bending region energy was 0.461 eV

and its length was 8.4 nm calculated via the approach in

Ref. [5]. Three-dimensional simulations are performed with
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Figure 2: Comparison of measured and simulated spectral

response. The electron affinity is an input parameter in

the simulations. Results close to the experimental data are

obtained for χ = 0.55 eV.

30× 30× 30 cells and 1000 electrons except for the lowest

photon energy 1.4 eV in which case 10000 electrons were

considered. We run simulations to 100 ps to collect data.

The electron affinity is measured from the CBM at the GaAs

surface (note that some authors consider χ relative to the

CBM in bulk).

Spectral Response

Figure 2 shows the spectral response measurement along

with the results obtained from the simulation for various val-

ues of electron affinity. The simulation results with electron

affinity of 0.55 eV are overall closest to the experimental

data. It is worth to mention that the simulation results are

obtained entirely from the band structure and transport prop-

erties of GaAs and no ad-hoc parameters have been used.

The only uncertain variable is the electron affinity which

is deduced to be 0.55 eV (for the surface potential, Eq. (1),

we considered) by comparing the simulated results to the

experiment. In order to calculate the quantum efficiency,

the reflectivity value of GaAs was taken from Ref. [5].

Mean Transverse Energy

We show MTE results from our simulations in Fig-

ure 3 together with data from two experimental measure-

ments [10, 11]. The electron affinity was set to 0.55 eV in

the simulations. Our results do not include scattering during

emission process, and show very small MTE due to the

narrow cone effect similar to the results from the MATLAB

code [5]. The MTE deduced from the angular and energy

distribution obtained by Liu et al. [10], using white light for

excitation, is close to the simulation results. However, data

from other experiments, including Bazarov et al. [11], give

larger values outside of the narrow cone prediction. The

reason for this discrepancy is still to be understood. Addi-

tional scattering during emission through the Cs layer was

considered [5] leading to higher MTE values. However,
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Figure 3: Comparison of measured (Liu et al. [10] and

Bazarov et al. [11]) and simulated MTE using χ = 0.55 eV

in our simulations.

emission dependence on surface roughness, orientation, sur-

face cleanliness, and external electric field effects are still

to be investigated in detail.

CONCLUSION

We presented simulation result on charge transport and

electron emission from GaAs cathodes. Our model includes

effects of applied field and image charge in the surface po-

tential, space-charge fields and band bending. This model

can achieve agreement with experimental data on QE with

electron affinity the only free parameter varied. However,

different surface potentials have been proposed and investi-

gated in other studies [5] (and references therein). Further

work is needed to determine the most relevant surface po-

tential and related surface physics models (e.g. roughness

and space-charge region in non-equilibrium) that could best

describe observed experimental data.
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HIGH CAPTURE LOW ENERGY SPREAD INVERSE FREE ELECTRON

LASER ACCELERATOR

J. P. Duris, R. K. Li, P. Musumeci, E. Threlkeld

Department of Physics and Astronomy, UCLA, Los Angeles, CA 90095, USA

Abstract

We present the design and construction of a strongly

period-, field-, and gap-tapered helical undulator for use in

a high-gradient, high-efficiency helical IFEL experiment at

Brookhaven ATF. The undulator design achieves efficient

acceleration without prebunching by matching the pon-

deromotive and resonant energy gradients along the length

of the interaction for the measured laser parameters. Sim-

ulations based on the measured undulator fields and exper-

imental parameters suggest that as much as 43% of a 50

MeV beam will be accelerated to 94 MeV with 2.3% rms

energy spread.

INTRODUCTION

Recent progress in inverse free electron laser accelera-

tion (IFEL) has led to unprecedented acceleration gradients

and energy gain for this class of accelerator. The STELLA

experiment at ATF demonstrated efficient IFEL accelera-

tion with gradients similar to conventional RF-accelerating

cavities and captured up to 80% of the beam with the use

of a prebunched beam [1]. The UCLA Neptune IFEL ex-

periment first achieved accelerating gradients surpassing

that of conventional rf-accelerators [2]. More recently, the

UCLA-BNL helical IFEL collaboration at the Brookhaven

Accelerator Test Facility (ATF) accelerated electrons from

52 MeV up to 106 MeV with a TW class CO2 laser, av-

eraging a 100 MeV/m accelerating gradient in the 54 cm

long helical undulator [3]. The LLNL-UCLA IFEL effort

currently underway at Lawrence Livermore National Lab

aims to surpass these achievements by utilizing a multi-TW

Ti:Sa laser [4] and has produced some significant initial re-

sults [5].

While IFEL accelerating gradients now outpace that of

their rf counterparts, the higher gradients often come at the

price of significant energy spread and low capture. One ap-

proach to improving capture is to match the longitudinal

phase space of the beam to the longitudinal acceptance of

the accelerator through microbunching as demonstrated by

[1], and novel optical scale harmonic and adiabatic bunch-

ers hold the promise of improved microbunching [6]. How-

ever, the efficiency of IFEL accelerators is often limited by

spatiotemporal overlap of electron and laser beams as well

as resonant energy and ponderomotive gradient mismatch.

We aim to address these issues to allow monoenergetic ac-

celeration with gradients larger than that of conventional

accelerators without the use of prebunching.
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Figure 1: Resonant energy gradient set by the undulator ta-

pering (solid) and ponderomotive gradients for the highest

laser focal intensity of 23 TW/cm2 (dashed) as well as for

the median intensity of 18 TW/cm2 (dotted).

GRADIENT MISMATCH

The UCLA-BNL helical IFEL collaboration at ATF was

conceived to improve accelerating gradient through the use

of the first strongly period- and field-tapered helical undu-

lator. Whereas electrons propagating through a linear un-

dulator undergo sinusoidal motion thereby reducing to zero

twice per period their transverse velocity, the helical trajec-

tories of the electrons propagating through the undulator

provide continuous transverse velocity which in turn en-

ables continuous energy transfer. This, coupled with a TW-

class CO2 laser, allowed for the acceleration of 52 MeV

electrons up to 106 MeV [3].

The undulator was originally designed for use with a 9.6

cm Rayleigh range CO2 laser. Unfortunately after con-

struction, it was discovered that beam line space constraints

and a restricting dipole aperture just upstream of the undu-

lator necessitated a laser Rayleigh range of 30 cm. While

the increased Rayleigh range had the positive benefit of

easing transverse overlap tolerances by increasing the laser

spot size, the on-axis intensity was reduced 3-fold, thereby

significantly limiting the fraction captured and challenging

the success of the experiment.

The problem can be better visualized by comparing the

gradients set by the tapering of the undulator and that sup-

plied by the ponderomotive interaction of the electrons in

the combined undulator- and laser-fields. Figure 1 shows

the resonant energy gradient set by the undulator and the

ponderomotive gradient for various focal laser intensities

(right plot). The resonant energy gradient usually exceeded

the ponderomotive gradient, thereby significantly increas-

ing the number of particles lost by reducing the pondero-

motive bucket depth.
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HELICAL UNDULATOR

In order to improve the efficiency of the interaction, ei-

ther the laser focusing must be changed to match the un-

dulator design or the undulator tapering must be modified

to match the laser. The former proved to be expensive as

the dipole gap would have to be increased and impractical

since due to the experimental hall layout, the focusing op-

tics would have to be placed in the middle of a walkway,

blocking access to vacuum equipment and interlock sys-

tems. The chosen solution was to redesign and rebuild the

undulator to accommodate the more relaxed laser focusing.

The helical undulator is the superposition of two Hal-

bach permanent magnet undulators rotated 90 degrees

about their common axis and shifted in phase by a quarter

wavelength [7]. Each of the four opposing pairs of NdFeB

magnets per period determines the period and on-axis field

of each undulator for a fixed gap of 15 mm. In order to re-

lax the tapering, we tapered the gap of the undulator. This

extra degree of freedom enabled us to change the undulator

strength K while the period remained fixed.

Undulator Design
The undulator design follows closely the methods de-

scribed in [8]. Equations 1 and 2 describe the approxi-

mate longitudinal dynamics of a particle undergoing heli-

cal IFEL interaction. Here, Kl =
eE0λ

m0c
22π

and K = eBλw

m0c2π

are the laser and undulator normalized vector potentials re-

spectively.

dγ

dz
=
kKlK

γ
sinψ (1)

dψ

dz
= kw − k

1 +K2

2γ2
(2)

Equation 1 describes the ponderomotive gradient due to

the combined interaction of undulator- and laser-fields as

evident by the presence of K and Kl in the equation. For

a stationary resonant phase, a resonant particle’s energy is

determined completely by setting the phase advance to zero

in Equation 2, thereby yielding the energy of the resonant

particle: γr =
√

λw

2λ
(1 +K2). This resonant energy de-

pends only on the undulator field strength K and wave-

length λw; therefore, the gradient in the resonant energy is

determined completely by the undulator.

The undulator tapering is then determined by Equation

3 which is found by equating the ponderomotive gradient

from Equation 1 with the gradient in the resonant energy

set by the undulator tapering. When the undulator period

and laser parameters are specified along with the initial

condition that K at the entrance be such that the resonant

energy is equal to the input beam’s 50 MeV, the differen-

tial equation yields K which in turn determines the on-axis

field strength along the undulator. The undulator builder

equation can then be used to estimate the gap along the un-

dulator needed to create the designed on-axis field. The

measured laser and e-beam parameters used in the tapering
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Figure 2: Design magnetic field amplitude along the undu-

lator (orange) along with Radia simulation (blue) and the

previous constant-gap undulator field (purple).

design are specified in Table 1. The design laser focal in-

tensity dictates the threshold for full acceleration and was

set to be 4 TW/cm2 in order to be well within the capa-

bilities of the laser in order to achieve full acceleration for

most shots; furthermore, simulations show that this choice

of design intensity maximizes capture for the more typical

intensity of 18 TW/cm2 observed previously. The resonant

phase was chosen to be a constant π/4 as a compromise

between bucket depth and ponderomotive gradient.

dK

dz
=

8πKKl sinψr −
dλw

dz

(

1 +K2
)

2λwK
(3)

Table 1: Design Parameters

E-beam energy 50 MeV

Laser focal intensity 4 TW/cm2

Laser wavelength 10.3µm

Rayleigh range 30 cm

1/e2 spot size 0.99 mm

M2 1.07

Resonant phase π/4

Laser waist undulator midpoint

The 3D magnetostatic field solver Radia [9] was used to

determine the placement of each magnet. Figure 2 shows

the design field determined by the differential equation for

K discussed above along with the field simulated by Radia

with the design magnet gap configuration. The ripple in the

Radia simulated field was introduced to minimize trajec-

tory deflections for particles propagating on axis through

the undulator. The trajectory is determined by the second

integral of the field; however as the field increases towards

the end of each period, the integral over one period is non-

zero and the net effect is a kick to the particles. The ripple

minimizes this deflection by canceling the second integral

over each period.

Construction and Measurement

The undulator magnets are held in place by bolts which

provide fine tuning of the gap over a range of a couple mm;
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Figure 3: TREDI simulation utilizing the measured fields.

however since the half gap needed to be increased by about

2.5 mm towards the undulator’s exit, aluminum shims were

introduced to increase it by 3 mm. Measurements of the

height of each magnet, width of the rails for each period,

and the overall shim distance allowed for an estimate of the

initial half gap with magnets retracted fully. The difference

between design and measured half gap was calculated, and

each magnet was driven into place. Since thread tolerances

cause up to 200 µm play as each bolt was turned, a hall sen-

sor was positioned on axis near each magnet before moving

to detect movement as its corresponding bolt was turned.

After the initial magnet placement, the on-axis fields

were measured and found to be systematically low by a

couple percent. Magnets were then tuned slightly in pairs

to increase the field to that of the Radia simulations. Fi-

nally, the fields were finely tuned to reduce the transverse

kick and offset estimated by the first and second integrals

of the field for a beam with energy 50 MeV. The final mea-

sured fields were found to agree to within 0.5% rms of the

Radia simulations.

SIMULATIONS

Simulations were performed with the 3D IFEL code

TREDI and are shown in Figure 3 for a 50 MeV input e-

beam, laser focusing parameters listed in Table 1, and 18

TW/cm2 laser focal intensity. TREDI solves the Lorentz

force equations rather than averaging the motion of the

electrons over an undulator period [10] and was previously

bench-marked against IFEL experimental results in planar

undulators [2]. The simulation includes time dependent

effects, and the 1 ps long e-beam and 4.5 ps laser pulse

are synchronized at the entrance to the undulator. The

simulations show that for the expected experimental pa-

rameters, up to 43% of the beam is captured and trans-

ported to greater than 90 MeV. The accelerated beam has

a mean energy of 94 MeV, energy spread of 2.3%, and is

microbunched at 10.3 µm.

One of the benefits of the relaxed tapering is the rela-

tively modest requirements on the laser performance. Fig-

ure 4 shows how the maximum particle energy varies as

the input laser focal intensity is increased. While the laser

focal intensity was previously seen to usually exceed 15

TW/m2, the threshold for acceleration to 90 MeV for the

measured undulator is just 5 TW/cm2. This suggests that
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Figure 4: Maximum particle energy (solid) and fraction of

beam with energy greater than 90 MeV (dashed) as a func-

tion of input laser focal intensity.

full energy acceleration should be obtained for most shots.

Furthermore, a quarter of the beam is accelerated to greater

than 90 MeV when the intensity is doubled to 10 TW/cm2.

These modest requirements on laser intensity for full accel-

eration open the door to studies of the accelerated beam.

CONCLUSIONS

While recent achievements in IFEL acceleration have

focused on either high gradient or high efficiency accel-

eration, the UCLA-BNL helical IFEL collaboration aims

to achieve both without the need for prebunching. The

undulator tapering design achieves this by matching the

resonant energy and ponderomotive accelerating gradients

using the measured laser parameters through the novel

strongly period-, field-, and gap-tapered helical undulator.

The laser focal intensity threshold for full acceleration is

well within the laser’s observed limits leading to the pos-

sibility of studies of the accelerated beam. For moderate

laser intensities, up to 43% of the e-beam should be trans-

ported to full energy, and production of a monoenergetic

beam with few percent energy spread is expected.

This work was supported by DOE grant DE-FG02-

92ER40693, Defense of Threat Reduction Agency award

HDTRA1-10-1-0073 and University of California Office of

the President award 09-LR-04-117055-MUSP.
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WISCONSIN SRF ELECTRON GUN COMMISSIONING* 
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+
 M. Green, K. Jacobs, 

R. Keil, K. Kleman, G. Rogers, M. Severson, D. D. Yavuz 

University of Wisconsin-Madison, Stoughton, WI 53589, USA 

R. Legg, R. Bachimanchi, C. Hovater, T. Plawski, T. Powers  

Jefferson Laboratory, Newport News, VA 23606, USA

Abstract 
The University of Wisconsin-Madison has completed 

installation of a superconducting electron gun. Its concept 

was optimized to be the source for a CW free electron 

laser facility with multiple megahertz repetition rate end 

stations. This VHF superconducting configuration holds 

the promise of the highest performance for CW injectors. 

Initial commissioning efforts show that the cavity can 

achieve gradients of 35 MV/m at the cathode position. 

With the cathode inserted CW operation has been 

achieved at 20 MV/m with good control of microphonics, 

negligible dark current, and Q0 > 3×10
9
 at 4 K. Bunch 

charges of ~100 pC have been delivered, and first simple 

beam measurements made. These preliminary results are 

very encouraging for production of 100s pC bunches with 

millimeter-milliradian or smaller normalized emittances. 

MOTIVATION 

An FEL complex operating at high repetition rates and 

delivering intense, ultra-short, fully-coherent, variably-

polarized beams to multiple experiments enables 

transformational research in diverse science disciplines. 

The Wisconsin SRF electron gun program is a response to 

the demand for a very bright electron source that can be 

used for these next generation light sources. SRF guns 

hold the promise to produce very bright, CW beams 

because of the correlation between high electric field on 

the cathode and brightness [1]. 

FACILITY OVERVIEW  
The design uses a 199.6 MHz, quarter wave resonator 

geometry at a peak gradient up to 45 MV/m. Details of the 

superconducting cavity design, fabrication, and modeling 

have been presented in earlier publications [2]. The lower 

frequency design allows operation at 4 K and close to 

spatially constant electric field while the electron transits 

the accelerating gap. Thus, beam properties are expected 

to be superior to CW L-band guns, and relative to DC 

electron guns, should offer better performance with higher 

cathode fields. A copper photocathode was installed for 

initial testing with repetition rates limited to 1 kilohertz by 

the drive laser. Figure 1 shows the overall installation, and 

Table 1 contains key parameters for the gun. 

SUBSYSTEMS 

RF System 
The RF system utilizes a commercial, 30 kW, solid 

state transmitter driving coaxial waveguide through a 

circulator to the RF coupler. The low level RF controller 

(LLRF) [3] allows self-excited cavity operation and 

incorporates cavity fault and tuner control. It is based on 

the JLab upgrade design. 

Magnets 
The emittance compensation solenoid is of high 

temperature superconductor design. Nominal operating 

parameters are an integrated field of 3.1 T
2
-mm at 

38.45 A excitation at about 25-30 K (i.e., intermediate 

between LHe and LN2 temperatures). An 18 bit AD7608 

ADC is used to measure voltages at both ends and at the 

center of the solenoid for quench protection. The voltage 

difference between the two halves of the coil are 

compared and differences as small as 1 millivolt can be 

used to trigger a quench trip. There are two octupoles in 

the beamline. On each octupole the poles are 

independently powered with excitations mixed in software 

to produce normal and skew dipole and quadrupole 

correctors. 

Cryostat 
The cryostat consists of the helium vessel, internal 

tuner mechanism, cathode stalk, beam pipe, LN2 cooled 

thermal radiation shield, magnetic shield, cryogenic 

plumbing and external vacuum vessel. The cavity is 

Table 1:  SRF Electron Gun Design Parameters 

Max beam kinetic energy  4.0 MeV 

Bunch charge  10–200 pC 

Normalized trans. emittance   0.2–1m 

Ultimate average beam current  1.0 mA 

Peak current  50 A 

Driving laser wavelength  266 nm 
   

 

Figure 1: Electron gun installed in vault. 

 ____________________________________________  

*Work supported by DOE Award DE-SC0005264 
#jbisognano@src.wisc.edu 
+Current address: APS ANL 
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immersed in 100 liters of batch fed LHe within the helium 

vessel. Minimizing static heat loss is critical since the 

LHe bath is not a closed loop system and the cryostat 

consumes LHe all the time that the cavity is held at 4.2 K. 

Calorimetric measurements using a heater in the helium 

vessel resulted in a static loss measurement of 6 W which 

agrees favorably with earlier calculated predictions of 

7.5 W. Future plans include the addition of a LHe 

refrigerator, and the existing cryostat can be configured to 

run closed loop. The required modifications will most 

likely result in an increase in static thermal loss of 

approximately 2 W. 

Photocathode Laser  
The drive laser system consists of a Spectra Physics 

Tsunami titanium-sapphire oscillator seeding a Spitfire 

Pro Ultrafast Amplifier. It operates at 1 kHz and is 

synchronized to an external 80 MHz signal which is phase 

locked to the RF master oscillator. A Minioptic TPH 

tripler provides the frequency doubled and tripled beams 

at 400 nm and 266 nm respectively. The 800 nm light is 

used for laser diagnostics while the 266 nm light passes 

through an adjustable aperture optical transport system 

before being directed onto the photocathode. 

The laser transport optical system consists of two 

nested Schiefspiegler telescopes with a 0.4 net 

magnification. A laser pulse length of 120 fs has been 

achieved. 

Controls 
The control system is based on EPICS utilizing several 

soft-IOCs running on a Scientific Linux server. Koyo 

DL205 PLCs are used to interface most of the beamline 

hardware. Additional soft-IOCs were written for 

cryogenic thermocouples, Faraday cup picoammeters, and 

motorized laser mirror mounts. Cameras are used to 

capture the YAG:Ce screen images. New capture software 

was written based on existing diagnostic cameras that 

implemented Gaussian fitting and automatic exposure 

control.  

COMMISSIONING 

Cooldown 
Without a helium refrigerator, a two-step cool-down 

procedure has been utilized with vendor delivered LN2 

and LHe. The procedure takes two consecutive days. The 

first step, cooling down by LN2, is performed on the first 

day followed by filling the cavity cryostat with liquid 

helium to complete the cool-down procedure on the 

second day. The first cool-down step also includes pre-

cooling of the cavity cryostat by liquid nitrogen in a 

manual mode. Right before the liquid helium filling step 

(on the next day of the cool-down procedure) the cavity 

cryostat is purged by dry (boil-off) nitrogen until there is 

complete evaporation of the liquid nitrogen. Then, the 

gaseous nitrogen in the cryostat is purged by helium gas. 

Cooldown is about 29 hours to the most poorly cooled 

points. However, RF input can begin after about 10 hours. 

Cathode Positioning 
The cathode longitudinal position can be adjusted to 

ensure it is flush with the cavity surface. Although the 

cathode can be viewed axially through the cavity, the 

longitudinal positioning of the cathode face is 

complicated by the cryogenic contraction and flexure of 

the structure under vacuum load. Dead reckoning from 

warm measurements results in a 2 mm error, which 

exceeds tolerances. 

Our technique for positioning involves measurements 

of cavity resonant frequency versus cathode insertion. 

Comparable geometry runs were made in SuperFish [4]. 

The technique begins with frequency computations and 

measurements with the cathode withdrawn. From 

SuperFish one has the frequency shift expected with the 

cathode flush with the cavity’s cathode snout; in this case 
it is nearly -3000 Hz. The cathode is then physically 

adjusted to achieve this frequency shift. 

Microphonics 
Generator Driven Resonator mode is an operating mode 

where the RF frequency is fixed and the cavity’s 
mechanical tuner is used to keep the cavity frequency 

within a few hertz of the reference frequency. The field 

control chassis has the capability to send data on the phase 

difference between forward and transmitted power to a 

DAC output. The rms value of the frequency shift was 

0.35 Hz and the peak-to-peak value was 2.7 Hz. The 

largest frequency component was a cavity frequency 

excursion of 0.14 Hz rms at a vibrational mode of 1.8 Hz 

The loaded Q of the cavity is 10
7
. The microphonics are 

within the cavity bandwidth, and are well controlled by 

the LLRF system. 

Plasma Processing and Q  Improvement 0

During the initial cold tests at Niowave, the cavity 

showed a low field Q0 of 3×10
9
 at 4 K. However, the 

cavity exhibited relatively severe field emission which 

limited operation to approximately 5 MV/m peak field at 

the cathode. To improve the anticipated initial 

performance, a novel surface preparation technique, 

plasma processing [5, 6], was used [7]. 

Figure 2 shows the Q0 data plotted with the data from 

cold test at Niowave. Data show the cavity has a Q0 of 

3×10
9
 at 4 K at a peak cathode gradient of 26 MV/m. 

Performance Summary 
Conditioning of the cavity and especially the cathode 

stalk has not been completed. The RF circulator failed at 

higher average powers and is currently under repair at the 

vendor, and further conditioning has been postponed. 

Following are performance limits achieved to date, but 

further improvements can be expected: 
 

Highest CW gradient: 29 MV/m, cathode out 

Highest CW gradient: 20 MV/m, cathode in 

Highest pulsed gradient: 35 MV/m, cathode out 

Highest pulsed gradient: 29 MV/m, cathode in 

Dark current: < 1 pA at 20 MV/m CW 
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Figure 2: Calorimetric Q0 data for cavity. 

BEAM MEASUREMENTS 

The gun and diagnostic beamline are shown in Figure 3. 

The transverse profile of the beam can be measured at 

three locations using 0.1 mm thick YAG:Ce screens. Two 

of the viewers, the first of which also contains a slit array, 

are located on the straight-ahead beamline, for use in 

transverse emittance measurements. The third viewer is 

located on the 30° branch line, and is used to measure 

beam energy and energy spread. The beam is deflected 

down the branch line by an H-frame dipole. Both the 

straight-ahead line and the branch line are terminated with 

a Faraday cup/beam dump read by a picoammeter. 

First beam measurements were made in mid-2013 

although multipactor conditioning of the cathode stalk to 

higher gradients was still moving forward. To minimize 

cryogenic load during debugging of the diagnostics, first 

data were taken at 12 MV/m. 

Initially there was 60 Hz motion of the beam that was 

traced to an AC solenoid on a vacuum valve. 

Additionally, it was found that the synchronization of the 

drive laser and the RF system was not stable. In particular, 

the 1 kHz repetition frequency from the drive laser is not 

well phase locked to the 200 MHz cavity fundamental, 

which results in an erratic bunch repetition rate and 

possible phase wandering. A laser upgrade is being 

provided by the vendor to correct this problem. 

The electron energy was measured by centering the 

beam on the first beam viewer and the viewer on the 30° 

branch line. Based on the dipole calibration, the energy at 

12 MV/m was 1.1 MeV. This is consistent what would be 

expected based on the accelerating gradient. The width of 

the beam spot on the 30° line viewer gave a projected 

energy spread of 2 % full width. The average bunch 

charge was measured to be roughly 100 pC. 

Only one shift was devoted to transverse beam 

measurements before the RF circulator failure and only 

very limited data were acquired. We have initially used 

the quad-scan technique [8] for emittance measurement. 

To take space charge into account, ASTRA [9] 

simulations were compared to the measurements, and 

plausible emittances extracted. The estimated value for 

the normalized projected emittance is 1.5 mm-mrad. 

Given that laser/RF synchronization problem was present 

and that no systematic optimization was possible before 

the circulator failure, this result is surprisingly good and 

already near baseline goals. Since higher gradients can be 

obtained and optimization of phase tuning, cathode 

positioning, laser spot size, and emittance compensation 

has yet to be performed, considerable performance 

improvements can be expected. 

FUTURE PLANS 

A plan for a three year Phase II program is in place. We 

will work to fully characterize gun operation including 

exploration of tuning configurations (charge, peak current, 

RF phase, laser pulse length and spot size, emittance 

compensation, cavity gradient, etc.). The self-expanding 

blowout mode [10] and lower charge configurations for 

reduced emittance will be thoroughly investigated. A high 

repetition photocathode laser will be added together with 

a cathode preparation chamber for high quantum 

efficiency photocathode materials. Ultimately, exotic 

cathode materials for lowest emittance will be introduced. 

These improvements will allow operation at an average 

current of 1 mA at repetition rates up to 40 MHz.  

SUMMARY 

All together, the preliminary results are very 

encouraging for production of 100s pC bunches with 

millimeter-milliradian or smaller normalized emittances. 
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Figure 3: Layout of the gun and diagnostic beamline. 
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WISCONSIN SRF ELECTRON GUN* 
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#
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3731 Schneider Dr., Stoughton, WI 53589, USA                                                                             

R. A. Legg, Jefferson Lab, 12000 Jefferson Avenue, Newport News, VA 23606, USA

Abstract 
The performance of the Wisconsin 200-MHz SRF 

electron gun is simulated for several values of the RF 

gradient. Bunches with charge of 200 pC are modeled for 

the case where emittance compensation is completed 

during post-acceleration to 85 MeV in a TESLA module. 

We first perform simulations in which the initial bunch 

radius is optimal for the design gradient of 41 MV/m. We 

then optimize the radius as a function of RF gradient to 

improve the performance for low gradients. 

INTRODUCTION 

A superconducting radiofrequency (SRF) electron gun 

has been designed and constructed to produce 200-pC 

bunches that are suitable for a high-repetition-rate 

(5 MHz) soft-xray free electron laser (FEL) [1–5].  

Bunches are created by laser illumination of a 

photocathode and then accelerated to an energy of 4 MeV 

by a 200-MHz SRF cavity with peak electric field of 

41 MV/m on the cathode.  The electron gun utilizes a Cu 

photocathode, which can be replaced with a Cs2Te 

photocathode whose higher quantum efficiency allows 

operation with lower laser power.   

When a bunch is accelerated and compressed to 

achieve a peak current of ~1 kA for an FEL, current and 

energy modulations can cause microbunching that spoils 

the FEL process [1].  To minimize modulations in 

longitudinal phase space at the expense of slightly 

increased transverse emittance, “blowout” mode is 

employed, in which the initial bunch length is small 

compared to that of the accelerated bunch [6].  

Simulations of blowout mode show that longitudinal and 

transverse modulations of the initial bunch distribution 

emitted from the photocathode are smoothed out by the 

self field space charge force [3]. 

We study the gun performance with simulations that 

include emittance compensation [7] from focusing the 

bunches in a high-temperature superconducting (HTS) 

solenoid [8] that is immediately downstream of the SRF 

cavity, and then accelerating them to 85 MeV in a 

cryomodule containing eight TESLA 1.3-GHz SRF 

cavities.  The first TESLA cavity is used as a buncher, 

with the phase and gradient adjusted to control transverse 

focusing.  The bunches become longitudinally frozen after 

travelling 3 m and reaching an energy of 6 MeV.  For the 

design gradient of 41 MV/m, simulations indicate that 

bunches with normalized emittance of ~1 mm-mrad 

emerge from the cryomodule [5].  Figure 1 shows the 

photocathode, SRF cavity, and solenoid in the liquid-He-

cooled cryostat. 

In this article, we evaluate the production of 200-pC 

bunches when the peak electric field on the cathode of the 

200-MHz cavity differs from the design gradient of 

41 MV/m.  The ASTRA [9] code is used to perform 

100,000-particle simulations of a realistic bunch that 

initially has truncated Gaussian radial and longitudinal 

profiles, truncated at 0.8σ. (Note that for a Gaussian 

profile truncated at 0.8σ, σ is not the rms value.)  For the 

Wisconsin electron gun, previous studies [5] have shown 

agreement between ASTRA simulations and simulations 

performed with the GPT code [10].   

An initial longitudinal σ of 187.5 fs is studied; nearly 

identical results have been obtained with smaller values 

of the longitudinal σ, consistent with blowout mode.  

Since the electron velocity depends upon the RF gradient, 

we use the AUTOPHASE feature of the ASTRA code to 

set the RF phase when a bunch enters a TESLA cavity to 

equal the optimized phase for the design RF gradient of 

41 MV/m.   

A bunch is emitted from a Cu or Cs2Te photocathode 

with initial transverse normalized slice emittances εx and 

εy that are related to the rms laser spot dimensions by 

εx,y [mm-mrad] ≈ σx,y [mm], and initial kinetic energy of 

~0.5 eV [11, 12].  For a Gaussian radial profile truncated 

at 0.8σr, the rms dimensions are given by σx,y = 0.4σr. 

FIXED BUNCH RADIUS 

We first considered the initial bunch radius that gives 

the lowest output emittance for the design gradient of 41 

MV/m.  For a truncated Gaussian radial profile truncated 

at 0.8σr, this initial radius σr is 1.75 mm [5].  The rms 

 

Figure 1: The photocathode, SRF cavity and high-

temperature superconducting solenoid in the liquid-

helium cryostat.  Courtesy of G. C. Rogers. 
________________________ 
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bunch dimensions are σx,y = 0.7 mm, so for a Cu or Cs2Te 

photocathode, we assume that the initial normalized slice 

emittances are εx,y = 0.7 mm-mrad.  For the design 

gradient, the lowest projected emittance at the exit of the 

TESLA module is obtained when the longitudinal integral 

of the square of the solenoidal magnetic field, ∫B2
dz, 

equals 31.1 kG
2
-cm.  For this case, the normalized 

projected and slice emittances are 1.3 mm-mrad, the slice 

energy spread is 0.7 keV, and the peak current is 35 A. 

For each value of the peak RF gradient that we studied, 

the solenoid field strength was optimized to obtain the 

lowest projected emittance at the exit of the TESLA 

module.  Figure 2 shows the projected emittance of the 

bunch, and the slice emittance and slice energy spread in 

the longitudinal center of the bunch.  To evaluate the slice 

properties, 200 slices—each containing 500 particles—

were considered.  Since the slice emittance is largest near 

the bunch center, it is possible for the projected emittance 

to be smaller than the slice emittance of the center slice.  

While the output emittances decrease with increasing RF 

gradient, the slice energy spread reaches a minimum 

value of 0.4 keV when the RF gradient is 50 MV/m. 

OPTIMIZED BUNCH RADIUS 

When the RF gradient is lower than the design value of 

41 MV/m, the space-charge-induced emittance growth is 

increased for a given bunch radius.  Consequently, the 

initial bunch radius that produces the smallest output 

emittance depends upon the RF gradient.  We performed 

simulations in which the initial bunch radius and solenoid 

field strength were both optimized to obtain the smallest 

projected emittance for each value of the RF gradient, for 

a Cu or Cs2Te photocathode with initial εx,y [mm-mrad] = 

σx,y [mm].  The results in Fig. 3(a) show that optimizing 

the initial bunch radius significantly improves the 

performance for RF gradients lower than the design value.  

The output emittances decrease with increasing RF 

gradient, while the energy spread is minimized at 0.4 keV 

for a peak gradient of ~50 MV/m. 

Figure 3(b) shows the optimal value of σr as a function 

of the RF gradient.  For lower RF gradients, it is 

advantageous to have a larger initial radius, even though 

the initial emittance from the photocathode is increased. 
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Figure 2: Bunch properties versus peak RF gradient, for a 

truncated Gaussian bunch distribution emitted from a Cu 

or Cs2Te photocathode, with initial radial σr of 1.75 mm, 

initial longitudinal σ of 187.5 fs, and initial emittance of 

0.7 mm-mrad.  The focusing strength of the solenoid was 

optimized for each value of the RF gradient, in order to 

minimize the projected emittance.  The normalized 

projected and slice emittances, and the slice energy 

spread, are evaluated at the exit of the TESLA module 

where the beam energy is 85 MeV. 
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Figure 3: Bunch properties vs. peak RF gradient.  The 

initial bunch radius and the solenoidal field are optimized 

for each value of the gradient to minimize the projected 

emittance for a Cu or Cs2Te photocathode.  (a) The 

normalized projected and slice emittances and slice 

energy spread at the exit of the TESLA module.  (b) The 

optimal value of σr vs. RF gradient, for a Gaussian radial 

distribution truncated at 0.8σr.  (c) The integral of the 

square of the optimized solenoidal field, ∫Bz
2
dz, vs. the 

bunch’s (βγ)2 in the solenoid.  (d) Peak current at the exit 

of the TESLA module. 
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For the RF gradients studied, Fig. 3(c) shows that the 

longitudinal integral of the square of the solenoidal 

magnetic field, ∫B2
dz, is proportional to the bunch’s (βγ)2

 

in the solenoid, where β is the electron velocity divided 

by the speed of light, and γ is the relativistic factor.  This 

indicates that the optimized focal length of the solenoid is 

independent of the RF gradient. 

Neglecting space charge effects, the focal length of the 

solenoid, f, in the thin-lens approximation, obeys [13] 

2

2

22
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)(4

1

βγ

∫













=

dzB

cm

e

f
 ,                                   (1) 

where e is the electron charge, m is the electron mass, and 

c is the speed of light. 

For the optimal solenoidal field strength, the calculated 

focal length is 0.29 m for all values of the RF gradient.  

The image of the cathode is located near to the entrance 

of the second RF cavity in the 8-cavity TESLA module, 

whose first RF cavity has phase and gradient adjusted for 

use as a buncher.  The location of the cathode’s image is 

consistent with the emittance compensation process, in 

which a beam waist is formed near to the entrance of the 

first RF cavity that is used for acceleration of the beam [1, 

7]. 

Figure 3(d) shows the bunch’s peak current at the exit 

of the TESLA module.  The peak current increases with 

RF gradient because of decreasing longitudinal expansion 

due to space charge.   

For simulations in which the initial bunch has a 

truncated Gaussian profile, a gradient of 15 MV/m is 

sufficient to produce a high-quality bunch with 

normalized transverse emittance of 2 mm-mrad, slice 

energy spread of 2.5 keV, and peak current of 13 A.  For 

the design value of the gradient, 41 MV/m, a bunch is 

produced with normalized transverse emittance of 

1.3 mm-mrad, slice energy spread of 0.7 keV, and peak 

current of 35 A.  With a slightly larger gradient of 

50 MV/m, the slice energy spread decreases to 0.4 keV, 

while the normalized emittance is 1 mm-mrad and the 

peak current is 43 A.  For gradients exceeding 55 MV/m, 

the peak current exceeds 50 A. 

SUMMARY 

For the Wisconsin SRF electron gun, simulations have 

been performed to study the dependence of the output 

bunch properties upon the peak RF gradient on the 

cathode of the 200-MHz cavity.  To model realistic 

bunches from laser illumination of a photocathode, we 

simulated bunches whose initial radial and longitudinal 

profiles are truncated Gaussian distributions, truncated at 

0.8σ.  To minimize the output emittance, we optimized 

the initial bunch radius and field strength of the 

emittance-compensation solenoid for each value of the RF 

gradient.  For gradients of 10–70 MV/m, the output 

emittance decreases and the peak current increases with 

increasing gradient, while the slice energy spread is 

minimized at 0.4 keV for a gradient of 50 MV/m.  For 

gradients exceeding 50 MV/m, the normalized output 

emittance is smaller than 1 mm-mrad, and for gradients 

exceeding 55 MV/m, the peak current exceeds 50 A.    

For gradients exceeding 15 MV/m, the 200-pC bunches 

have normalized slice and projected emittances smaller 

than 2 mm-mrad, slice energy spreads smaller than 

2.5 keV, and peak currents exceeding 13 A.  These 

bunches are suitable for a soft xray FEL.  
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Abstract 
We have been studying on an rf-deflector system to 

measure ultra-short electron beam bunch length at 
Waseda University. By using HFSS, we optimized the 
design of the 2 cell rf-deflector which is operating on 
π-mode, standing wave, dipole (TM110-like) mode at 2856 
MHz. We have finished manufacturing under the 
collaboration with High Energy Accelerator Research 
Organization (KEK) and installing the rf-deflector in the 
accelerator system of Waseda University. It is estimated 
that this rf-deflector has sufficient performance for 
measuring the ultra-short electron bunch. Now the 
experiment has just begun and confirmed electron beam is 
swept by this rf-deflector. Bunch length measurement will 
be soon carried out accurately. In this paper, the design of 
rf-deflector, the estimation for rf-deflector performance, 
the present progress and the future plan will be described. 

INTRODUCTION 

At Waseda University, a compact linear accelerator 
system based on photo-cathode rf electron gun is applied 
for the various researches and we have two kinds of rf 
electron guns as beam sources, 1.6 cell S-band Cs-Te 
photo-cathode rf gun (1.6 cell gun) for the pulse 
radiolysis [1] and the laser Compton scattering [2], 
Energy chirping cell attached rf gun (ECC gun) for the 
generation of coherent THz radiation [3]. It is necessary 
to measure time structure of electron beam on several 
picoseconds region on 1.6 cell gun and bunch length of 
several hundreds femtoseconds on ECC gun in the future. 
Therefore, we have been developing an rf-deflector 
system in order to achieve the bunch length measurement 
with high temporal resolution. 

PRINCIPLE OF BUNCH LENGTH 
MEASUREMENT BY RF-DEFLECTOR 

When rf electromagnetic wave is supplied into an 
rf-deflector, a proper resonant mode is excited. The 
resonant electromagnetic field in the beam line produces 
force on the beam. The magnitude of the force which 
influences on each part of the electron bunch is different 
in association with temporal change. When this force has 
vertical direction to the beam line, the beam after the 

passage of an rf-deflector is tilted as it drifts. This means 
the longitudinal distribution of the beam is converted to 
the transverse. The bunch length can be calculated by 
observing the transverse distribution. The outline of 
bunch length measurement by an rf-deflector is below 
(Fig.1). 

In Waseda University, we have designed the 
rf-deflector which produces only Lorentz force to the 
beam by a magnetic field, using a TM110-like mode. By 
solving the equation of motion to electron, bunch length 
Δz is expressed by (assuming the Gaussian profile): 

}cos){cos(2 00

22










tLcB

E
z

yoffyon
        (1) 

where σyon and σyoff are the vertical beam size at the 
profile monitor when the rf-deflector is on and off, 
respectively, B0 the peak magnetic field in the rf-deflector, 
L drift distance between the outlet of the rf-deflector and 
the profile monitor, φ the rf phase when the bunch enters 
the rf-deflector, ω the angular frequency of the 
rf-deflector, E the beam energy, t0 the traveling time of 
the bunch in the rf-deflector, c the velocity of light. Then 
the number of 2 in the denominator represents the 2 cell 
structure of the rf-deflector. When σyon is measured, it is 
supposed that the time resolution becomes higher if the 
space covered by σyoff is smaller. So it is important to get 
large σyon and small σyoff. According to Eq. (1), the large 
magnitude of B0 or L brings about the progress of time 
resolution, and ultra-short bunch length measurement 
could be possible. Because L has the limitation 
considering the size of the accelerator facility, we have 
designed the form of the rf-deflector with the larger 

 

Figure 1: Outline of bunch length measurement. 

_______________________________________________ 
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magnitude of B0 and adopted the rectangular-based 2 cell 
rf-deflector as a result. 

DESIGN AND MANUFACTURING OF 
RF-DEFLECTOR 

We have used HFSS simulating 3D full-wave 
electromagnetic fields for the design of the rf-deflector 
[4]. An rf-deflector is a kind of cavity, and proper 
resonant modes related to the form of a cavity are 
conducted by solving Maxwell equation. We have 
determined the cavity parameters to make TM110-like 
mode on 2856 MHz. The largest magnitude of B0 has 
been obtained, adjusting the sizes of x and y directions.   

 We have improved the structure from 1 cell to 2 cell 
for the further progress of temporal resolution. The 
π-mode operation of 2 cell cavity provides larger tilt for 
electron bunch. The structure of the 2 cell rf-deflector is 
shown in Fig. 2. The magnetic field in 2 cell rf-deflector 
(Fig. 3) and the coupling with the waveguide have been 
optimized on HFSS.  

On the basis of this design by HFSS we have 
manufactured the 2 cell rf-deflector under the 

collaboration with High Energy Accelerator Research 
Organization (KEK). The cavity was processed the 
fabrication-coordination of rf frequency iteration 4 times. 
After achieving the desired frequency, the each part was 
brazed. The finished 2 cell rf-deflector is shown in Fig. 4. 
Some tuners and water pipes are attached to each cell. 

For the purpose of the installation in the accelerator 
system at Wasede University, we have tuned the 
rf-deflector by the tuners and temperature of the 
rf-deflector. The results after the tuning are shown in Fig. 
5, Fig. 6, and Fig. 7. Figure 5 shows that the magnetic 
field strength in each cell is almost the same by the beads 
method. Figures 6 and 7 show the results of measurement 
by reflecting method and the smith chart on network 
analyzer. These indicate the coupling with the waveguide 
is suitable. The comparison of the cavity parameters after 
tuning and the desired value is shown on Table 1. The 
desired value has been set under air condition. The 
fabrication and tuning of the rf-deflector have 
successfully processed, as shown in Table 1. 

 Table 1: Target Parameters of RF-deflector Design 

 

SETUP AND EXPERIMENT 

After establishing the rf-deflector, we have installed in 
the accelerator system. The outline of the setup is shown 
in Fig.8 and the accelerator system after installation 
shown in Fig. 9. We can measure the beam energy by the 
bending magnet and the charge by the FCT in the 
downstream of the rf-deflector. Because of our systematic 
condition, we have installed the rf-deflector falling 
sideways. This means the beam is tilted in x direction, so 
we think of the beam size in x direction as σyon and σyoff. 
The rf-power for the rf-deflector is variable in the range 
of 0~750kW through the attenuator. 

 

Figure 2: Structure of 
2 cell rf-deflector  
(HFSS). 

Figure 3: Magnetic field in 2 
cell rf-deflector with 750 kW 
supply (HFSS). 

 

Figure 4: Structure of 2 cell 
rf-deflector. 

Figure 5: Magnetic field 
in 2 cell rf-deflector. 

 

Figure 6: Reflecting method 
result. 

Figure 7: Smith chart. 

Parameters Result Desired value 

π mode 2855.348MHz 2855.372MHz 

0 mode 2859.874MHz 2859.922MHz 

Δf 4.526MHz 4.55MHz(HFSS) 

Q value on π mode 16298 17282(HFSS) 

Ratio of magnetic field 1:0.9875 1:1 

Coupling constant β 0.839 1.000 

 

Figure 8: Setup of rf-deflector system. 
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Now the experiment has just begun. First of all, we had 
to confirm the rf-deflector is operating properly. We have 
observed the focused beam on the screen with the 
rf-deflector off to optimize the currents in the solenoid 
magnet and Q magnets. The deflected beam has been 
observed at the zero-crossing phase with the rf-deflector 
when 175kW rf-power was supplied. These profiles are 
shown in Fig. 10. The peak position of the beam doesn’t 
move compared with Fig 10 (A) at the zero-crossing 
phase. The beam parameters were about 4.8MeV and 3pC. 
In Fig. 10, σyoff is about 220μm and σyon is about 3.26mm. 
This result indicates that the rf-deflector is operating 
properly. 

 
(A) 

 
(B) 

Figure 10: Observed beam profiles. (A): deflector is off, 
(B): deflected bunch at the zero-crossing phase. 

Because B0 is 320G with 175kW supply on HFSS 
simulation, the bunch length can be estimated to be 
2.07ps from Eq. (1). The temporal resolution of the 
rf-deflector means the limitation of measurable bunch 
length and is derived as the bunch length in the case that 
σyon equals σyoff. Therefore, the temporal resolution is 
approximately 140fs from σyoff, σyon, and the bunch 
length.  

The B0 that we discussed above is not correct value. 
The actual B0 in the rf-deflector is now under calibration, 
otherwise the accurate bunch length and temporal 
resolution can not be calculated. The B0 calibration is 
accomplished by fitting the displacement about the peak 
of the beam, Δy, to the rf-deflector phase, φ0. The 
displacement Δy is expressed by: 

 000
0

2

sin)sin( 


 t
E

LBc
y    (2) 

These parameters are the same as described in Eq. (1). 
Since the actual B0 is probably smaller than the value on 

HFSS due to the loss of the rf-power, the accurate bunch 
length and temporal resolution will come to be larger. 
However, the simulation result may not have much 
difference, thus we can estimate that this rf-deflector 
system has a capability of measuring ultra-short bunch. 
Concerning the short bunch beam, which has the several 
picoseconds length, the temporal structure of the electron 
bunch can be observed. The precise bunch length 
measurement will be soon carried out. 

CONCLUSIONS AND PROSPECTS 

In this paper, we introduced the rf-deflector system for 
the bunch length measurement with high temporal 
resolution and described the procedure for 2 cell 
rf-deflector. We have achieved 2 cell rf-deflector which 
will be able to measure several hundreds of femtoseconds 
bunch. Now we have finished installation in our 
accelerator system and confirmed the rf-deflector 
operating properly. The precise bunch length 
measurement and dynamics studies of rf-gun will be soon 
carried out. 
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Figure 9: RF-deflector system. 
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10S FEMTOSECOND BUNCH LENGTH MEASUREMENT BASED ON
COHERENT TRANSITION RADIATION∗

Xianhai Lu† , Wenhui Huang, Chuanxiang Tang, Tsinghua University, Beijing 100084, P. R. China‡

K.G. Roberts, R.K. Li, P. Musumeci, H.S. To, UCLA, Los Angeles, CA 90095, USA

Abstract
In this paper, we discuss bunch length measurement

based on coherent transition radiation for 10s femtosecond
electron bunches with of several MeV energy and several
pC charge. The ultrashort bunch length is obtained by ve-
locity bunching using a compact dual slot resonantly cou-
pled linac located after an RF photoinjector. Strong fo-
cusing with a solenoid is required to enhance the radiation
generation. Filters are used to reconstruct coherent tran-
sition radiation spectrum. The transverse and longitudinal
form factors are also studied with simulation.

INTRODUCTION
Bunch length measurement is a basic issue in beam

diagnostic. Traditional methods for bunch length mea-
surements includes using deflecting cavity[1], using ra-
diation based spectrum methods[2] and electro-optic de-
tection methods[3]. By using velocity bunching method,
sub picosecond or 10s femtosecond bunch can be gener-
ated in several MeV energy and several pC charge regime,
for applications such as ultrafast electron diffraction and
Thomson scattering. To measure the bunch length at the
maximum compression plain, coherent transition radiation
(CTR) method is more appropriate than direct methods
using deflecting cavity, since the latter measurements are
extended in z and can only give an estimate for the av-
erage bunch length over the measurement distance. An-
other advantage of using CTR method for measuring ultra-
short bunch is the energy of coherent transition radiation
increases significantly as the bunch length decrease, which
is favorable to detection.

In this paper, we discuss a bunch length measurement
method based on coherent transition radiation, for 10s fem-
tosecond electron bunch length obtained by velocity bunch-
ing using a linac. The method and setup are described in
the following section. In the end, preliminary experimental
results are also presented.

METHOD
For transition radiation generated by electron crossing

metal boundary, the process can be viewed as collision pro-
cess of electron with its image charge. The spectrum and
angular distribution of energy generated in the collision can

∗U.S. DOE Grants No. DE-FG02-92ER40693, No. DEFG02-
07ER46272
† sealuxh@gmail.com
‡Key Laboratory of Particle & Radiation Imaging, Tsinghua Univer-

sity, Ministry of Education

be obtained by calculating the Lienard-Wiechert potential
as [4]:

dEs

dω · dΩ
=

e2

4π2c3

(
~v × ~n

1− ~n � ~v/c
−

~v′ × ~n
1− ~n � ~v′/c

)2

, (1)

where Es is the radiation energy of single electron,ω is the
angular frequency of radiation, Ω is the solid angle, e is
the charge of electron, c is the speed of light in vacuum, ~n
is the direction of radiation, ~v and ~v′ are the velocities of
electron and its image charge. It is noted that the angular
distribution does not depend on frequency. For a 45 degree
collision, the velocity ~v and ~v′ are determined by the setup,
then we can calculate the energy distribution by integrat-
ing over the solid angle collected by an off axis parabolic
(OAP).

The total radiation energy of a bunch Eb is the sum of
single electrons, taking consideration of phase effect into
account. The expression can be written as:

dEb

dω · dΩ
= |N · f(ω)|2Es(ω) (2)

=
e2|N · f(ω)|2

4π2c3

(
~v × ~n

1− ~n � ~v/c
−

~v′ × ~n
1− ~n � ~v′/c

)2

,

(3)

where f(ω) is the coherent factor. When the longitudinal
size of bunch is much longer than the transverse size and
the radiation are concentrated in small angle around beam
axis, transverse coherent effect can be neglect and the co-
herent factor can be written as:

f(ω) = fL(ω) =
1

N

N∑
j=1

eiωtj ∼=
∫ +∞

−∞
ρ(t)eiωtdt, (4)

where ρ(t) is the normalized distribution function. For
wavelength longer than bunch length, the field created by
electrons are coherent and the total energy is proportional
to the square of number of electrons. In the case of low
energy bunch and comparable transverse bunch size and
longitudinal size multiplied by γ (σx w γσz), the effect of
transverse size of bunch should not be neglected. For a nu-
merical example, the wavelength of CTR corresponding to
40 fs bunch ranges around 12 µm, assuming the transverse
spot size is 100 µm, when viewed at the angle larger than
7 degree from the axis, the maximum phase difference of
radiation emitting from different transverse position can be
larger than one period. Then the coherent factor should be
written as:

f(ω) = fL(ω)fT (ω), (5)
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with the transverse coherent factor as:

fT (ω) ∼=
∫ +∞

−∞
ρ̃(r)eiω(~r·~n/c)dt, (6)

where ~r and ρ̃(r) are the transverse position and transverse
normalized distribution function respectively. To consider
the exact coherent effect, we calculate both the longitu-
dinal and transverse coherent factor at given wavelength
and angle, for different spot size and different bunch length
(assuming Gaussian profiles). Then we integrate the to-
tal energy over the solid angle (within 30 degrees from
beam axis) and 10 % frequency (FWHM) using numeri-
cal method. The result of integration is displayed in Fig. 1.

Figure 1: CTR spectrum for rms bunch length of 20 fs, 40
fs, 60fs of energy of 5 MeV, charge of 3 pC and rms spot
size of 50 µm.

Figure 1 shows the CTR energy at 3∼5 THz is sensitive
to the length of bunch, while the energy at low frequency
(1 THz) is relatively insensitive. This characteristic implies
we can use the ratio of high frequency CTR energy over
low frequency one as a measurement of bunch length.

SETUP
Ultrashort Bunch Generation

The schematic of beam line is shown in Fig. 2. The
first solenoid (soleA) right after RF gun is used to match
the beam into a standing wave linac, which is operated at
compressing phase. After the linac, the bunch drifts and
compresses at the CTR target about 1.6 m downstream.
The phase of linac determines the compressed point, which
should be set coincident with the plain of CTR target. A
second solenoid(soleB) is placed about 0.4 m upstream the
CTR target to focus the beam to a minimal spot size on
CTR target to enhance the transverse coherent effect. The
CTR target is a 1/10 wavelength gold mirror of 1cm× 1cm,
which can be treated as an infinity perfect boundary for
electron of several MeV energy. The distance of CTR tar-
get from the cathode of RF gun is 3.78 m.

Figure 2: Schematic of beam line.

The energy and energy spread of the linac is calculated
with GPT[5], shown in Fig.3. It shows the bunch is com-
pressed to the minimal length at linac phase about 77 de-
gree off crest. The minimal rms bunch length that can be
achieved is as low as 21 fs. At the same time the second
solenoid can be tuned to achieve spot size of rms 30 µm. It
should be noted that there is a tradeoff between the small-
est spot size and shortest bunch length, since it is easier
to compress or focus in one dimension with a low charge
density of the other dimension.

Figure 3: Energy, energy spread, spot size and bunch length
with respect to linac phase.

CTR Collection and Spot Size Measurement

The whole setup of CTR collection is placed in a vac-
uum chamber. A moveable stage can insert the CTR tar-
get or a YAG screen onto the beamline. The thickness of
YAG is 30 µm with spatial resolution smaller than 5 µm
[6]. The measurement of spot size is important for deriving
the bunch length. A 90 degree, 1 inch diameter OAP with
parent focal length of 1 inch is well aligned and mounted
near the CTR target. Two 1.5 inch diameter THz mirrors
are used to guide the parallel radiation to a 3 inch diameter
OAP with parent focal length of 6 inches. The focused radi-
ation after second OAP passes through a 3 mm thick TPX
window[7] on the wall of vacuum chamber and collected
by a pyroelectric detector. Filters of different wavelength
can be inserted before the detector.
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RESULT AND DISCUSSION
In the first round experiment, the energy of signal is suf-

ficient to be detected with a pyroelectric detector with sen-
sitivity of 0.3 mV/nJ. A solenoid scanning is performed and
the total CTR energy is measured under 20 pC charge. The
result is shown in Fig. 4.

Figure 4: Total CTR energy detected with respect to rms
spot size at CTR target under 20 pC charge.

Figure 4 show the total energy decreases as spot size in-
crease, which is in consistent with the degraded transverse
coherence of the bunch. However, since this total energy is
not sensitive to bunch length, we can estimate a longitudi-
nal bunch size larger than 10s fs order. With lower charge
of 5 pC, linac phase scanning is also performed to study the
effect of velocity compressing, shown in Fig. 5. Figure 5
shows the compressing point is important to generate CTR.

Figure 5: Total CTR energy detected with respect to phase
of linac.

Large error bars in both Fig. 4 and Fig. 5 show insta-
bility of spot size and CTR energy. This is caused by the

jitter of RF system, especially the jitter of gun phase, result-
ing in the mismatch of compressing point and CTR target.
Another challenge is that the calibration of the transmis-
sion and detection efficiency for different wavelength. A
second round experiment is planned to use more sensitive
detectors for lower charge bunch, aiming at measuring the
ratio of CTR energy at different frequency and deriving ul-
trashort bunch length.

CONCLUSION
In this paper, we discuss an CTR based bunch length

measurement method for 10s fs bunch of several MeV en-
ergy and several pC charge. The CTR energy spectrum
is precisely calculated using numerical integration method,
considering transverse and longitudinal coherent effect. A
relative CTR component ratio measurement is proposed to
derive bunch length. Simulation is performed and predicts
compressed bunch length of 20 fs (rms), with spot size of
30 µm (rms) at the CTR target. The preliminary experi-
ment shows significant dependence of total CTR energy on
spot size and linac phase.
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HIGH-CHARGE FEMTOSECOND ELECTRON GENERATIONS FOR 
ULTRAFAST, HIGH-BRIGHTNESS ELECTRON BEAM APPLICATIONS* 

Jangho Park#, Hans Bluem, John Rathke, Tom Schultheiss, and Alan M. M. Todd  
Advanced Energy Systems, Inc., Medford, New York 11763, USA

Abstract
Generation and preservation of ultrafast, high-

brightness electron beams is one of the major challenges 
in accelerator research and development (R&D) for beam 
applications such as free electron lasers (FEL) and 
ultrafast electron diffraction (UED). Transverse and 
longitudinal space charge forces play a key role in 
emittance dilution and bunch lengthening respectively, for 
all high-brightness beams. We present a newly-designed, 
X-band, photocathode, radio frequency (RF), electron gun 
that utilizes radial bunch compression to deliver a 
compact ultrafast, high-brightness source. By 
compensating for the path length difference in an 
extremely-high-acceleration-gradient cavity with a curved 
cathode, we numerically demonstrate the potential for 
achieving more than an order of magnitude increase in 
beam brightness over existing electron guns. The thermo-
mechanical analysis and conceptual design that 
demonstrate the viability and reliability of the concept are 
also presented. 

INTRODUCTION
Ultrafast high-brightness electron beams are desired as 

injectors for light sources, including FELs, energy 
recovery linacs (ERL) and medical devices, amongst 
other applications. Brightness is the holy grail of most 
light sources and brighter, short-pulse electron injectors 
are to be prized where there are no downstream transport 
consequences of the short bunches. An example is micro 
bunching instabilities that can result from transport 
interactions with the energy modulations induced by the 
longitudinal space charge (LSC) forces in the bunches.  
These sources may also find direct application in 
advanced accelerators like the plasma wake-field 
accelerator (PWFA) and ultrafast electron diffraction 
(UED) [1]. Plasma accelerators promise orders-of 
magnitude increases in accelerating gradient to greater 
than 100 GeV/m and could lead to very compact and 
economical systems for those many accelerator 
applications that require high particle energies. Ultrafast 
diffraction techniques, which provide information about 
atomic-scale molecular structure, are critical to chemists 
and material scientist in their research and development 
activities. 

In the generation of ultrafast, high-brightness electron 
beams, space-charge forces play a fundamental role in 
emittance dilution and bunch lengthening within the gun 
and subsequent emittance compensation drift. In order to 

generate and preserve the beam brightness, transverse and 
longitudinal space charge effects have to be precisely 
managed. Several different approaches have been 
reported and are being actively pursued within the 
worldwide accelerator community.  These include various 
velocity bunching and magnetic compression techniques. 
However, each option suffers drawbacks that must be 
overcome in order to deliver a compact and economic 
ultrafast, high-brightness source. 

In order to develop an improved ultrafast high-
brightness electron source, we have proposed a scheme 
that compensates for path length differences by using a 
curved cathode [2]. This introduces radial compression 
that compensates for geometric bunch lengthening effects 
when coupled with extremely-high-acceleration-gradient 
to minimize the impact of space-charge forces. The AES-
patented rear-fed coaxial cathode coupling eliminates 
contributions to transverse emittance from non-
axisymmetric modes [3]. We show that combining these 
effects is feasible and does indeed deliver a more compact, 
economic, ultrafast high-brightness electron beam for the 
identified applications. 

CAVITY AND COUPLING DESIGN 
For a high-aspect-ratio (short bunch length) electron 

bunch, the asymptotic bunch length due to the space 
charge forces of a uniformly accelerated bunch is 
expressed by:  

 
(1) 

This ignores the drive laser duration and assumes prompt 
response from a copper cathode with a constant laser spot 
radius (R). Here, bunch lengthening due to space charge 
is inversely proportion to the square of the bunch radius 
(R) and the square of the accelerating field (E). The bunch 
lengthens due to the longer trajectories of the outer 
particles, compared to electrons emitted closer to the axis, 
and is proportional to the square of the beam radius. 

Our previous upstream, coaxial, waveguide-fed gun 
cavity design had the drawback that the radial space for 
electron beam emission and drive laser insertion was 
relatively small [4]. We have now completed the RF 
analysis for a coaxial RF feed from the rear of the gun. 
Standard codes like the SLAC-developed S3P code [5] 
and SUPERFISH have been used to complete the RF 
design used in the reported beam dynamics analysis. 
Following Ref. [3], we focused on the geometry of the 
coaxial coupler and the iris between the cells, in order to 
maximize shunt impedance and thus minimize losses for a 
given cathode voltage. The coaxial coupler and the iris 
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changes required adjustment of the thermal stress analysis 
and the location of the cooling channels. The RF design in 
the cathode area also affects the beam dynamics design. 
To allow for flexibility in cathode materials, the cathode 
has been designed as a detachable and adjustable 
structure. A completely axisymmetric gun delivers 
improved emittance and permits optimal placement of the 
emittance compensating solenoid.  

The physics design of an X-band RF gun cavity with a 
curved cathode and a coaxial RF coupling scheme, 
embedded in an emittance compensating magnetic field 
has been optimized. Various curved and flat cathode 
geometric models have been studied using the 
SUPERFISH.  We varied the radius of curvature to 
optimize the beam dynamics output. The resultant 
SUPERFISH output field files were translated into input 
files for the [6] beam dynamics code. Figure 1 shows a 
cavity cross-section with field lines from SUPERFISH. 
The radius of the coaxial coupler has been chosen to 
prevent the transmission of the lowest high-order TE01 
mode through the coaxial waveguide. 

Figure 1: SUPERFISH model of the 1.6 cell, X-band, �-
mode, RF gun cavity with rear-fed coaxial coupling. 

Figure 2: (a) Coupling structure electric fields in the 
rectangular to coaxial waveguide transition, and (b) the 
normalized S11 parameter for the coupling structure. 

The waveguide to coaxial cavity coupling transition has 
been designed using by SLAC developed S3P code [5].  
Figure 2(a) shows that WR-90 rectangular to coaxial 
waveguide transition. The coaxial waveguide and the 
cavity resonate as TEM and TM modes, respectively.  

Figure 2(b) shows the normalized S-parameter - the 
transmission/reflection coefficient for the coupling 
structure. The cavity resonant frequency is 11.426 GHz 
for the geometry shown. 

BEAM DYNAMICS CACULATION 
The beam dynamics analysis addressed several aspects 

of the gun design. Firstly, we anticipated that the higher 
accelerating field in the X-band cavity would reduce the 
longitudinal and transverse emittance growth produced by 
space charge forces, thereby delivering our goal of an 
ultrafast, high-brightness, electron bunch. Secondly, by 
utilizing a curved cathode, we expected that the focusing 
field near the cathode surface would lead to improved 
integrated transverse beam focusing and improved beam 
brightness. Finally, we predicted that the curved cathode 
would compensate for the bunch lengthening induced by 
path length variation across the cathode, due to the 
combined effect of the focusing elements and the RF in 
the cavity.  

 
Figure 3: Evolution of the bunch length (blue), beam size 
(green) and emittance (red) along the beam axis. 

Various simulations were performed using TStep [6], 
an evolved version of PARMELA, to investigate the 
effect of the bunch charge on the bunch length and beam 
brightness. Figure 3 shows the evolution of the bunch 
length, beam size and emittance along the beam axis. At 
the interaction point 45 cm from the cathode, we deliver a 
2.5 MeV, 20 pC bunch with a transverse rms emittance of 
0.81 � mm-mrad. The 82 fsec FWHM bunch has a 
transverse rms beam spot of 0.71 mm with an energy 
spread of 0.6 %. These results are very similar to those 
achieved with the upstream-fed coaxial RF design [4].  

THERMAL DESIGN  

 
Figure 4: Magnetic field values during an RF pulse. 

(a) 

(b) 
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SUPERFISH normalizes electric fields to a maximum 
of 1 MV/m.  Our design maximum electric field is 250 
MV/m in the gun.  The wall losses thus scale from the 
indicated 467 watts to 4.23 MW, thus requiring pulsed RF 
power.  Figure 4 shows the RF surface magnetic fields.  
The proposed RF pulse duration is 200 nsec and the 
repetition rate is 200 Hz, resulting in a duty factor of 4.0 x 
10-5.  This low duty factor enables the adoption of a 
simplified cooling scheme for the design. 

The magnetic fields in the waveguide and coaxial feed 
were determined from the geometry and the operating 
point power. The magnetic fields along with wall and the  
resistance were used to determine the local power loss on 
the walls, where the power loss is iterated to reflect the 
temperature dependent resistance of the walls. Figure 5 
shows the resistive wall power densities. 

 
Figure 5: Average power loss on the cavity walls with a 
duty factor of 4.0 x 10-5. 

A cooling water flow rate of 2.3 gpm through the eight 
cooling channels is used to keep the temperatures within 
the acceptable range.  Figure 6 shows the temperature 
distribution within the gun and on the cooling channel 
surfaces.  The iris between the two cells is not cooled 
directly, but is cooled with thermal conduction through 
the copper walls.  The temperature rise between the inlet 
cooling water and the maximum copper surface 
temperature is only 6.3ºC. 

 
Figure 6: Temperature distribution in the gun body. The 
supplied water cooling temperature is 20ºC. Natural 
thermal convection is applied outside of the gun. 

The displacements derived from the temperature 
variation were then applied to the RF model. The RF 
model was then rerun to determine a frequency 
comparison with the original geometry.  This showed a 
shift of -644. kHz. This can easily be compensated by 
developing the geometry to be at the design frequency for 
an elevated design temperature. The inlet cooling 

temperature would then need to be about 3.4ºC below this 
design temperature to operate at the design frequency. 

The waveguide and vacuum barrel were cooled by 
natural convection and conduction to the gun body. The 
rectangular waveguide was made of copper and the 
vacuum barrel and flanges were modelled as stainless 
steel.  The ambient temperature was assumed to be 20ºC 
and the resulting temperature rising was only 1.2ºC.  
Thermal conduction in the waveguide was high enough 
and the field penetration of the perforations small enough, 
that the temperature rise was not significant. The thermo-
structural and RF frequency shift analysis demonstrates 
that the design of this electron gun running at 4.0 x 10-5 
duty factor is robust.  The temperature rise of the gun 
body is small, less than 5ºC, the displacements are small, 
less than 0.8 x 10-4 inches, the Von Mises stresses are low, 
less than 1100 psi, and the frequency shift is manageable.  
Hence the design and thermal management of this gun 
have adequate head room for robust operation. 

SUMMARY 
AES has recently completed the design of an ultrafast, 

high-brightness, electron source for FEL, ERL and 
advanced accelerator injectors. The gun is particularly 
suited to UED analysis. The beam dynamics analysis of 
such an X-band, ultrafast, RF gun with a curved copper 
cathode has been demonstrated to deliver an order of 
magnitude increase in beam brightness over existing S-
band electron guns. Thermo-structural analysis and 
mechanical design shows the achievement of robust 
operation at a duty factor of 4.0 x 10-5.  Proposals have 
been submitted to perform the experimental validation of 
the device at the BNL Accelerator Test Facility (ATF). 
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STUDIES OF FIELD AND PHOTO-EMISSION IN A NEW SHORT-PULSE,
HIGH-CHARGE Cs2Te RF PHOTOCATHODE GUN

E. E. Wisniewski
Illinois Institute of Technology, Chicago, IL, USA and ANL/HEP, Argonne, IL, USA

M. Conde, W. Gai, C. Jing, W. Liu, and J. G. Power
ANL/HEP, Argonne, IL, USA
Z. Yusof and L. K. Spentzouris

Illinois Institute of Technology, Chicago, IL, USA

Abstract

A new high-charge RF gun is now operating at the Ar-
gonne Wakefield Accelerator (AWA) facility at Argonne
National Laboratory (ANL). The 1.5 cell 1.3 GHz gun uses
a Cesium telluride photocathode driven with a 248 nm laser
to provide short-pulse, high charge electron beams for the
new 75 MeV drive beamline. The high-gradient RF gun
(peak field on the cathode > 80MV/m) is a key piece of
the facility upgrade. The large Cs2Te photocathode (diam-
eter > 30 mm) is fabricated in-house. The photo-injector
generates high-charge, short pulse, single bunches (Q >
100 nC) or bunch-trains (Q>1000 nC) for wakefield ex-
periments, typically involving dielectric-loaded accelerat-
ing structures. Field-emitted dark current from the Cs2Te
cathode was measured during RF conditioning. Fowler-
Nordheim plots of the data are presented and compared to
similar measurements made using a copper cathode in the
initial phase of conditioning. Results of quantum efficiency
(QE) studies are presented with the cathode operating in
both single and bunch-train modes.

EMISSION STUDY PLAN AND GOALS

The 1.5 cell, 1.3 GHz, AWA drive-gun is now operating,
using high Quantum Efficiency (QE) Cs2Te photocathodes
fabricated in-house [1]. The photocathode requirements are
QE greater than 1% with a lifetime of weeks to months
while experiencing a very high gradient (80 MV/m) peak
RF field on the cathode. The primary function of the gun is
to provide high-charge, short-pulse electron beams to drive
wakefield structures [2]. As part of the turn-on process, we
are conducting field emission and photoemission studies in
the gun.

Photocathode Field Emission Study

We measured and characterized field emission from two
different photocathodes used during the two phases of RF
conditioning. Copper was used for the initial gun condi-
tioning, followed by Cs2Te thin film on Molybdenum for
planned high-charge operation. We hope to use the data
to better understand the relative impact of different factors
influencing the level of field emission and its possible mit-
igation.

Photoemission Study
We characterized photoemission from the Cs2Te photo-

cathode under various conditions. Using 2-10 ps, 248 nm
wavelength laser pulses, we are studying photoemission at
high gradient to optimize the performance of the photocath-
ode and the gun. At the time of the writing of this paper,
QE measurements of the photocathode in the gun have been
made over a period of about 6 weeks.

Figure 1: The L-band 1.5 cell photocathode gun with the
relative positions of diagnostics to be used (cartoon - not
to scale). The RF power input is measured near the RF
window using a bi-directional coupler. The dark current
is measured with a Faraday cup 58 cm from the cathode.
The beam charge is measured using an Integrating Current
Transformer (ICT). YAG(Ce) scintillating screens to image
the beam and the dark current are available at two locations.
In addition, an in-vacuum mirror at the Faraday cup loca-
tion may be used to observe the photocathode and help to
identify emission sites (not to scale).

EXPERIMENTAL SETUP
The beamline with the relative positions of diagnostics

used for the experiments is depicted in a schematic shown
in Fig. 1. RF power measurements were made using a
dual-directional coupler connected in series in the waveg-
uide just before the gun. The dark current was measured
using a Faraday cup. The beam charge was measured
using a Bergoz combination in-flange Integrating Current
Transformer (ICT) and Fast Current Transformer (FCT).
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YAG(Ce) scintillator screens were used to image the beam
at two locations.

RF CONDITIONING AND FIELD
EMISSION

RF conditioning of the gun was begun in 2011 but was
interrupted by AWA upgrade expansion construction. To
protect the both the gun and the cesium telluride cathode
from effects of RF damage, the first round of conditioning
took about 160 hours to reach 88 MV/m. The RF pulse
length was 8 microseconds and repetition rates varied from
1 to 10 Hz. Next, the first Cs2Te photocathode was in-
stalled and conditioned to 25 MV/m. Both photocathodes
were used to produce electron beams, but progress was
halted due to upgrade activities. Drive gun operation and
the studies discussed herein resumed in summer 2013 and
are on-going.

Figure 2: Initial RF conditioning was done with a copper
photocathode. Linear fits of Fowler-Nordheim plots for the
Cu cathode at several points in the conditioning process.
The field enhancement factor (β) calculated from the slope
of each fit indicate field enhancement in the gun with the
Cu cathode is stable at about 120 after conditioning to 88
MV/m.

During conditioning, dark current data was taken with a
Faraday cup located 58 cm from photocathode. The gun
fields were measured using a diode at the bi-directional
coupler in the waveguide near the RF window. Data from
the copper cathode indicates a reasonable level of dark cur-
rent and a field enhancement factor β=120.

Field emission from the cesium telluride photocathode
was also measured with the Faraday cup during condition-
ing. Field emission from p-type semi-conductors has been
shown to behave quite differently from metals and may re-
sult in non-linear Fowler-Nordheim plots [4]. As seen in
Fig. 3 ,the preliminary results are suggestive of a field de-
pendent, much lower β.

Figure 3: RF conditioning with Cs2Te, a p-type
semi-conductor thin-film photocathode. Three Fowler-
Nordheim plots from data taken as conditioning proceeded
appear non-linear, suggestive of β with a possible field de-
pendence.

ONGOING PHOTOEMISSION STUDIES:
PRELIMINARY RESULTS

Conditioning of the Cesium telluride cathode proceeded
with some caution due to the vacuum requirement (low
10−10 torr). Arcing occurred fairly frequently as the field
level was raised. The photocathode shows some small spots
(about 0.5 mm in diameter), possibly indicating damage to
the thin film from arcing during RF conditioning.

Once the photocathode was conditioned to about 30
MV/m, we began photoemission studies. Photoemission
measurements were made using the experimental setup
sketched in Figs. 1 and depend on laser power measure-
ments concurrent with beam charge measurements in order
to distinguish shot-to-shot variations in the laser or the QE.
The diagnostics for the QE phase scan single bunch and
bunch-train measurements [5] include the Bergoz in-flange
ICT (to measure total charge) with FCT (to resolve indi-
vidual bunches) described previously as well as a PD10-C
OPHIR photodiode sensor with laser energy meter to mea-
sure laser power per pulse. We have been collecting data
for QE lifetime studies on all the photocathodes we make
for several years, but the data presented in this paper is from
the first one operated for an extended period of time in the
gun at high field. For a comparison, see Fig. 5

We performed QE-RF field dependence measurements
by two methods: 1) by varying the peak RF power into the
gun and 2) by varying the laser input phase with constant
RF power. Plots of average QE values phase scans with 150
pC charge at several different RF field levels are plotted in
Fig. 4. The QE remains relatively flat, showing little or no
evidence of field enhancement. The laser photon energy at
5 eV is well above the photoemission threshold.
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Figure 4: Averaged data from 4 phase scans at 36, 45, 55,
and 65 MV/m. The scans are relatively flat showing little
or no evidence of field enhancement.

Additional Studies and Analysis

The emission studies discussed here are broad in scope
and continuing. For these reasons, only some of the high-
lights and preliminary results are presented. Additional
work or data still to be analyzed includes: high charge
phase scans, rastering the cathode with the laser to probe
the spatial uniformity of QE, mapping the QE variations
across the cathode and tracing them back to the deposi-
tion process or RF conditioning damage. Such a QE map
may be of assistance in understanding variations in QE vs.
laser spot size. Also planned are 1000 nC long bunch train
QE measurements: generate from 4 to 32 bunches per train
with 770 ps separation (1 RF period). The data will be an-
alyzed for possible QE bunch-train position dependence.

SUMMARY

The first Cs2Te photocathode is operating successfully
at AWA in the new drive gun. In an effort to understand
the performance limitations of the new gun and photocath-
ode, photocathode emission studies will be conducted dur-
ing conditioning and initial operation. RF conditioning of
the Cesium telluride cathode has proceeded to 72 MV/m
while maintaining QE at required levels. QE Phase scans
using on-line laser energy and charge measurements indi-
cate that the QE remains high after 1 month. Bunch train
measurements have been performed, but the results are still
being analyzed. The photocathode still in the gun shows a
promising QE lifetime, plateauing near 4% in the gun af-
ter more than a month in the gun and over 6.6 × 10−10

RF pulses. Results from these studies will be analyzed and
used to optimize the photocathode drive gun operation.

Figure 5: The QE for two photocathodes is plotted vs. time.
The photocathode installed in the gun shows a promising
QE lifetime, still near 4% in the gun after operating more
than a month. Plotted for comparison is the QE lifetime of
a photocathode “idling” in the deposition chamber.
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THE CATHODE PREPARATION CHAMBER FOR THE DC HIGH
CURRENT HIGH POLARIZATION GUN∗

O. Rahman† , I. Ben-Zvi, D. Gassner, A. Pikin, T. Rao, E. Riehn, B. Sheehy, J. Skartika,
E. Wang, Q. Wu, BNL, Upton, NY 11973, USA.

Abstract
A compact cathode preparation chamber for the high

current high polarization gun for the proposed eRHIC
project has been designed and assembled at Brookhaven
National Laboratory. This preparation chamber will be
used to activate GaAs photocathodes to be used in the
Gatling gun. The chamber is capable of achieving XHV
on a consistent basis. Bulk GaAs samples were activated
in this chamber with standard QE for the respective wave-
length. In this paper, we discuss the design of this vacuum
system, the heat cleaning and the activation procedure for
the GaAs sample which will eventually be followed for the
Gatling gun.

INTRODUCTION
The High Current High Polarization Electron Gun is one

of the most important research projects for the proposed
eRHIC project [1]. The average current is required to be 50
mA and the polarization requirement is more than 80%.For
weekly exchange of cathodes, given that two guns are used,
one cathode has to provide 50 mA of average current for 85
hours, which yields to 15300 C of charge. The maximum
reported charge extracted is 1000 C, which is a order of
magnitude lower than the requirement [2]. To solve this
problem, 50 mA of current can be distributed over 20 pho-
tocathodes such that each cathode has to provide 2.5 mA
of current for 85 hours, yielding 765 C of charge. This so-
lution of combining 20 bunches to one common beam axis
solves the problem of charge limitation without sacrificing
the high average current requirement. The high polariza-
tion can be obtained using Superlattice GaAs which is able
to provide polarization greater than 80% in a consistent ba-
sis [3]. For the R&D and “proof of principle” experiment,
bulk GaAs will be used.

DESIGN OF THE CATHODE
PREPARATION CHAMBER

The cathode preparation chamber is a compact design
including 3 crosses, two of them are 6-way crosses and the
other one is a standard 4 way cross. These three crosses
are stacked on top of each other with the 4-way cross at the
bottom. The cathode holder is moved up and down using
a magnetic manipulator. One NEG pump and one turbo
pump is attached to the bottom 4-way cross. The middle

∗Work supported by Brookhaven Science Associates,LLC under con-
tract no. DE-AC02-98CH10886 with the U.S. Department of Energy
† orahman@bnl.gov

NEG 1

NEG 2

Anode Cs source

Gauge

Bellow to
move filament

Filament

Turbo pump

Window

Ion pump

Figure 1: Cross sectional view of the cathode preparation
chamber.

cross contains the tungsten filament, another NEG pump,
one Ion pump and a view port. The top-most cross includes
the Cs source, a pick up anode, a variable leak valve for
Oxygen, an Extractor gauge to measure low pressure and a
window through which laser shine the sample. A cross sec-
tional view of the assembly is shown in Fig. 1 and the front
view of the actual system is shown in Fig. 2. The vacuum
and heat cleaning components are described in detail in the
following sections.

VACUUM COMPONENTS AND BAKE
OUT PROCEDURE

The bake out procedure is extensive since activating
GaAs requires XHV i.e low 10-11 Torr scale vacuum. The
chamber at 200◦C for approximately a week. Heater tapes
are used to wrap the chamber and K-type thermocouples
are used in 8 different locations of the chamber to make
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Figure 2: Front view of the cathode preparation chamber.

Table 1: Vacuum Pumps used in the Prep. Chamber

Pump Pumping speed location in the chamber

Ion pump 50 l/s Middle cross
NEG 1 80 l/s Bottom cross
NEG 2 80 l/s Middle cross

sure that the temperature is uniform over the entire cham-
ber.Different pumps that are installed in this system is de-
scribed in Table 1.The NEG pumps are Capacitorr D400
units from SAES getters and the Ion pump is a standard
Gamma Vacuum one.

Temperature data is saved to a computer using an
Omega USB data acquisition module. The temperature of
the chamber is increased gradually from room temperature
to 200◦C in 50◦C increments over the course of two days.

One AxTRAN ISX2 gauge, a hot cathode extractor type
gauge, is used to monitor pressure data. The NEG pumps
are activated twice during the bakeout cycle, once the tem-
perature of the system is 100◦C and then right before the
cooling of the system begins. Every other component of the
system is also degassed during the heating cycle when the
system is at 200◦C including the filament, the Cs source,
the cathode holder and the gauge.
A typical Pressure Vs Time graph is show in Fig. 3. While

cooling down, the system is also brought down gradually
from 200◦C to 80◦C to room temperature. While the sys-
tem is at 80◦C, the RGA is degassed.

HEAT CLEANING AND ACTIVATION
Before GaAs is activated, the surface of the sample

needs to be cleaned either by conventional heat cleaning
or atomic Hydrogen cleaning. We use a commercially
available Tungsten filament from a 250W light bulb to
heat up the sample by radiation to a desired temperature.
The heat cleaning setup is shown in Fig. 4. The filament

Figure 3: Pressure of the chamber during a bake-out proce-
dure.

is inserted into the chamber using a feedthrough which is
connected to a bellow that is compressible and the position
of the filament can be adjusted.
It should be noted that the vertical position of the cathode

NEG 1

NEG 2

Anode Cs source

Gauge

Bellow to
move filament

Filament

Turbo pump

Window

Ion pump

Figure 4: Schematic diagram of the heat cleaning proce-
dure.

and the position of the filament has to be exact in order to
have the right temperature on the surface of the sample.
Meticulous calibration tests were performed to measure
the surface temperature of the GaAs as a function of
the driving current through the filament with a fixed
vertical height and fixed filament position. For our heat
cleaning procedure, we use the calibration curve to obtain
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a temperature of 580◦C on the surface of the GaAs.

After the heat cleaning is done for 45 minutes, it takes
approximately 2 hours for the sample to come back down
to room temperature (also obtained from the calibration ex-
periment). For activation, we use a standard evaporation Cs
source from SAES getters. The laser is a 650 nm diode CW
laser. A sample activation curve is shown in Fig. 5.

Figure 5: Typical activation curve.

Typically the first real signal is measured after 350 sec-
onds and the Cs peak is seen after 500 seconds. This acti-
vation process is a co-deposition process where the Cs and
Oxygen are applied to the surface simultaneously after the
signal has reached the Cs peak. Multiple activations were
performed using this technique and the QE ranges between
6% to 8% for 650 nm light.

CONCLUSION AND FUTURE PLAN
A compact prototype preparation chamber to activate

GaAs photocathodes is assembled and tested. The cham-
ber has shown to be XHV achievable and bulk GaAs sam-
ples were activated in the chamber with standard QE for
650 nm light. This chamber is scheduled to be installed
on the storage chamber and a two cathode test is scheuled
to be performed early next year. Eventually, this chamber
prototype will be used to activate Superlattice GaAs pho-
tocathodes for the full operation of the High Current High
Polarization Gun.
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PARMELA SIMULATION FOR BNL 704MHZ SRF GUN IN LOW 
EMITTANCE OPERATION 

E. Wang, J, Kewisch, I. Ben-zvi, BNL, Upton, NY 11973

Abstract 
The BNL 704MHz 0.5 cell SRF gun is designed for an 

ERL prototype with high bunch charge and high average 
current, but may ultimately be used to generate a high 
brightness electron beam for a high power far infrared 
free electron laser (FEL) without energy recovery. In 
simulations with the space charge tracking code 
PARMELA we obtained a transverse normalized beam 
emittance of 0.22 mm-mrad for a bunch charge of 300 pC. 
The schematic layout of 704 MHz gun and its preliminary 
beam dynamics are presented in this paper. The emittance 
of electron beam was optimized for 300 pC bunch charge, 
20 ps bunch length and 20 MeV operations. 

INTRODUCTION 
A high repetition rate FELs requires an electron beam 

with an extremely good emittance and operating in CW 
mode. The transverse normalized emittance of the 
electron bunch is matched to a FEL beam if  

����� � �
	
 ��� 

where � is the electron energy and �r is the FEL 
wavelength. The reduction the transverse emittance from 
the RF gun and the optimization beam optics are the goals 
of this paper. To realize the high repetition rate and high 
average power FEL, the gun has to work in CW mode. 

SRF gun combines the high gradients of normal 
conducting RF gun with the CW mode operation of 
superconducting RF technology. It is demonstrated to be 
capable of generating a low emittance beam in CW mode 
operation. The 704MHz superconducting gun for BNL 

ERL prototype is commissioned now[1]. As an ERL 
injector, this gun must accelerate electrons to 2-2.5MeV 
with bunch charge up to 5nC dependent on the operational 
parameters. In pervious simulations it was shown that this 
gun is capable of providing the beams with 1.4μm rms 
normalized emittance with a bunch charge of 1.4nC.  

In our PARMELA simulation we reduced the bunch 
charge to 300 pC and obtained a normalized transverse 
emittance of 0.22 mm-mrad after acceleration to energy of 
20MeV. The optimization code RTX was used in this 
work as a wrapper around the PARMELA program. The 
2D electric field map of the gun and cavities was obtained 
with Superfish and passed into PARMELA. The average 
axial electric field in the gun is assuming 9.4MV/m.  

BEAM OPTICS ARRANGEMENT 
The layout of the accelerator is shown on Figure 1. The 

beam energy at half cell SRF gun exit is 2MeV.  
Then it will be boosted to 20MeV by a 5 cell cavity. Two 
solenoids are used to maintain the beam size and space 
charge compensation. A 3rd harmonic cavity is used to 
reduce the energy spread. A uniform spatial and temporal 
distributions laser shape was assumed to drive the beam 
from cathode. The 704MHz cavity shape is shown on 
Figure 2. The initial beam and accelerator parameters are 
listed as Table 1. 

Multiple parameters including laser spot size, emission 
phase, beam length, solenoids’ field, 3rd harmonic cavity 
parameters must be optimized.  

 

 
Figure 1: The layout of beam optics. The optimized distance is labelled. 

 

 ___________________________________________  

*Work supported by Brookhaven Science associates, LLC under 
Contracts No.DE-AC02-98CH10886 with the U.S.DOE 
#wange@bnl.gov                

Proceedings of PAC2013, Pasadena, CA USA TUPSM07

06 Accelerator Systems

T02 - Electron Sources and Injectors 643 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 
Figure 2: The fundamental mode in the 704Hz SRF gun. 
The cathode position can be adjusted. 

The input parameters assumed for the PAMELA 
simulations are summarized in Table 1. 

Table 1: The Optimized Parameter for Low Emittance 
Operation 

BEAM OPTICS OPTIMIZATION 
PROCEDURE 

RTX code[2] is a beam optics optimization code which 
uses the Condor optimizer[3] and PARMELA for the 
calculation of the beam dynamics. The optimization is 
performed in several steps in order to limit the number of 
variables and reduce the optimization time:  

� Define the gun geometry and calculate the EM fields 
using Superfish. The recess of the cathode was 
adjusted in 6 steps and the following optimization 
steps were executed for each position of the cathode. 

� Single electron tracking to optimize the phase of RF 
gun and linac. The goal is to reach the maximum 
energy at the exit of the 5 cell cavity and the 
minimum energy at the exit of the 3rd harmonic 
cavity. 

� With 5000 particles optimize the spot size on the 
cathode. The goal is to reach the minimum the 
normalized emittance at the gun exit. 

� With 5000 particles find the strength of the solenoid 
strength and the distance between the solenoid and 
the 5 cell cavity, minimizing the normalized 
emittance at the end of the linac. 

� With 5000 particles find the strength of the second 
solenoid, optimizing the emittance at the exit of 3rd 

harmonic cavity. The improvement in this step is 
small. 

� Optimized the beam energy spread by varying the 
phase, gradient of 3rd harmonic cavity and the phase 
of the accelerating cavity. 

� With 10000 particles perform a global optimization 
of spot size, emission phase, cavity phase, solenoids 
field and components distance.  

� Confirm the final result with 100000 particles. 

EMITTANCE OPTIMIZATION 
The electron beam energy increases as the function of 

position is shown in Figure 3. The optimized beam 
injection phase is 15.3 degrees on the cathode. 

 
Figure 3: The electron energy as the function of 
longitudinal position. 

The beam emittance from an RF gun is determined by 
the thermal emittance, the RF emittance and the space 
charge emittance. It can be written by 

� � ��������� � ��� � ���  

where the thermal emittance refers to initial beam 
emittance at cathode emission surface, the RF emittance 
refers to time dependent focusing of the beam by RF field 
in the gun cavity and the space charge emittance refers to 
the repulsive force attributable to space charge cause the 
emittance to increase. To obtain optimized emittance 
result in a short time, 5000 particles were used in entire 
beam line simulation.  

A larger laser beam size increases the thermal emittance 
while a smaller spot size increases the space charge 
emittance. Therefore varying the beam spot radius can be 
used to minimize the value of normalized emittance at the 
exit of gun. The optimized initial beam size is 0.67mm 
diameter. Here, we assume the beam has a beer can shape, 
i.e. a uniform transverse and longitudinal distribution.  

In the gun the electrons in a bunch will experience 
different RF kicks depending on the longitudinal position 
along inside the. This will cause the projected emittance 
to increase[4]. The minimum RF emittance occurs when 
the bunch experiences the maximum field amplitude. To 
minimize the RF emittance, the initial emission phase and 
laser spot size are varied together. 

Parameter Value at 40MV/m 
Bunch charge at cathode 300pC 
Longitudinal charge distribution at 
cathode 

Uniform 

Transverse charge distribution at 
cathode 

Uniform 

Bunch length at cathode 20ps rms 
Thermal emittance, �n,th 0.23μm 
Gun gradient E0 9.4MV/m 
Injection phase 15.3 degrees 
Boost gradient E0 25MV/m 
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By recessing the cathode we obtain focusing of the 
beam by creating a radial electric field near the cathode. 
In a normal conducting gun this is accomplish using 
magnetic coils outside the copper cavity. This is not 
possible in a SRF gun. We found the best position of the 
cathode to be 5.4 mm behind the cavity wall at a peak RF 
field at the cathode of 40MV/m. Figure 4 shows the 
transverse normalized emittance as function of distance 
from cathode with the optimized parameter. 

 
Figure 4: Transverse normalized emittance dependent on 
cathode insertion position. 

 
The middle section of the bunch usually experiences 

higher defocusing from space charge forces then the head 
or tail of the bunch. This results in a bunch rotation in a 
phase space which is different for beam ends and middle 
section and increases the projected emittance. A focusing 
lens in combination with a drift is capable of 
compensating the overall emittance growth[5]. We place 
two solenoids to maintain the beam size and compensate 
emittance increase due to the linear space charge. The first 
solenoid is placed 10 cm from the gun exit to allow for the 
space needed for the cryostat. The RF focusing of the 
booster must match to the beam invariant envelope to 
damp the emittance oscillations. This matching requires 
the beam waist is at entrance to the booster linac. The 
optimized value of Bz is 891G. The optimized position of 
the booster entrance to the cathode was found to be 46.7 
cm, 

The beam energy is then boosted to 20 MeV by the 5 
cell SRF cavity. A second solenoid is used to optimize the 
emittance at the end of beam line. A minimum emittance 
was found when the solenoid field is 197G and the 
location of the second solenoid entrance is 185.2 cm from 
the cathode.  

As the electrons are accelerated in the 5 cell cavity the 
particles in the head and tail of the bunch gain less energy 
than the particles in the centre. This effect can be 
compensated by deceleration in a 3rd harmonic cavity with 
a frequency of 2111.1MHz. This cavity is placed 
downstream of booster cavity. By varying the phase of the 
5 cell cavity together with the phase and voltage of the 3rd 
harmonic cavity we can eliminate the linear and quadratic 
components of the energy distribution. 

At cavity exit, the beam energy spread is 960eV which 
corresponds to 5·10-5 of full beam energy.  

After the separate optimization of the parameters the 
laser spot size, the strength of both solenoids and the drift 
length are optimized together. Since the optimization 
starts close to the final values convergence is quickly 
reached. Finally, the complete beam line is calculated 
with 1 million particles to obtain final transverse 
emittance evolution in the beam line. (shown on Figure 
5). A normalized transverse emittance of 0.22 mm-mrad 
was obtained. 

   
Figure 5: Transverse normalized emittance as function of 
longitudinal position. 

CONCLUSION 
We used PARMELA and RTX code to find the best 

beam optics arrangement for 300pC bunch charge 
operation of BNL 704MHz gun. 0.22 mm-mrad 
normalized transverse emittance was obtained. The beam 
energy spread is minimized to 5·10-5. 

REFERENCES 
[1] W. Xu, “Commissioning SRF Gun for the R&D ERL 

at BNL,” ERL 2013, 2013. 
http://ssrc.inp.nsk.su/conf/ERL2013/Presentations/W
G105_talk.pdf 

[2] Developed by J. Kewisch� 
[3] F. Vanden Berghen and H. Bersini, “CONDOR, a 

new parallel, constrained extension of Powell’s 
UOBYQA algorithm: Experimental results and 
comparison with the DFO algorithm” Journal of 
Computational and Applied Mathematics, vol. 181, 
no. 1, pp. 157–175, Sep. 2005. 

[4] K.-J. Kim, “Rf and space-charge effects in laser-
driven rf electron guns,” NIMA vol. 275, no. 2, pp. 
201–218, Feb. 1989. 

[5] L. Serafini and J. B. Rosenzweig, “Envelope analysis 
of intense relativistic quasilaminar beams in rf 
photoinjectors: A theory of emittance compensation” 
Physical Review E, vol. 55, no. 6, pp. 7565–7590, 
Jun. 1997.  

 

0

0.1

0.2

0.3

0.4

0.5

0.6

-9 -7 -5 -3 -1 1

N
or

m
al

iz
ed

 
E

m
itt

an
ce

(m
m

.m
ra

d)

Cathode recess(mm)

Exy,n

Proceedings of PAC2013, Pasadena, CA USA TUPSM07

06 Accelerator Systems

T02 - Electron Sources and Injectors 645 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



BEAM DYNAMICS OF FUNNELING MULTIPLE BUNCHES ELECTRONS 

E. Wang, I. Ben-zvi, D.M. Gassner, W. Meng, T. Rao, E. Riehn, J. Skaritka 

Brookhaven National Laboratory, Upton, NY 11973, USA 

O. Rahman, Stonybrook, NY 11974,USA 

 

 

Abstract 

The future electron ion collider (eRHIC) at Brookhaven 

National Laboratory requires a polarized electron source 

with high average current, short bunch length, and small 

emittance. The-state-of-the-art single polarized electron 

photocathode is far from delivering the required 50mA 

current due to ion back-bombardment limiting the 

cathode’s lifetime and surface charge limit.  In our design 

of the funnelling gun, currently under construction, the 

electron bunches generated from 20 photocathodes in a 

220 kV DC gun are funnelled into a single common 

beam-axis. This article details design of the optics of our 

high-average-current polarized electron gun, and presents 

our simulation of the beam’s dynamics and the design of 

the combiner.  We also report herein our progress in 

constructing the funnelling gun. 

INTRODUCTION 

A key technological demand in constructing a future 

heavy-ion collider lies in assuring a high average-current, 

high-bunch-charge polarized electron source. To meet the 

requirements for luminosity and electron energy for an 

electron- and heavy-ion-collider, we are developing a 

polarized electron source with an average current of 

50mA, and a 2.3A peak current. The quantum efficiency 

(QE) lifetime due to ion back-bombardment limits the 

level of the achievable average current, and bunch charge 

with a single GaAs photocathode in a DC gun. One 

approach to extending charge lifetime is to funnel the 

electron bunches generated from several photocathodes to 

a single common axis. In our design, each photocathode 

generates an average current of 2.5 mA. We placed 

twenty GaAs photocathodes along the rim of a 32 cm- 

diameter cathode electrode at a potential of -220 kV. A 

series of fixed magnetic field dipoles first bend the off-

axis electron bunches that then are merged into the main 

axis by a rotating magnetic field. Figure 1 is the 

schematic layout of the funnelling gun for transporting 

current from the cathodes to the depressed collector that 

acts as a beam dump. Each cathode produces an electron 

bunch with a 700 kHz of repetition rate. The timing of the 

radiating laser to the cathode is such that each cathode 

emits with delay of 70ns after the previous one. After 

funnelling, the bunches’ repetition frequency is 14 MHz; 

the total average current reaches 50 mA. 

 
Figure 1: Schematic layout of funnelling gun. 

GUN SETUP 

The detailed design oft the gun  was  described 

earlier  [1].We used a Pierce-like DC gun to accelerate the 

electrons. A focusing field near the cathode balances the 

effect of the strong space-charge from the bunch. The 

optimized angle between the cathode and the cathode’s 

electrode is 157°; the gap voltage is 220V across 2.8mm. 

The maximum field on the cathode is 5.3MV/m. 

Solenoids placed after the anodes compensate for the 

defocusing of the space charge in the gun’s DC gap. We 

designed compensated dogleg trajectories in the beam’s 

funnelling system encompassing 20 fixed bending fields, 

one for each cathode, generated by 20 dipole-magnets, 

along with a single rotating bending-field generated by 

the magnetic combiner. Several components of the beam 

diagnostics are sited downstream, and finally, the beam 

will absorbed by a depressed collector.  Two solenoids 

downstream of the combiner maintain the beam size. 

SIMULATION OF THE COMBINER 

FIELD  

We are using 20 dipole coils and 40 quadrupole ones 

with a sine AC current to generate rotational dipole- and 

quadrupole fields [2]. The OPERA AC steady-state 

solutions confirmed the degree of rotation of the fields, 

and also that the multicathode emitted beams are in phase. 

The effect on the beam of the rotating time-dependent 

field can be ignored.  In simulating the gun , we used the 

static-field maps generated by Opera-3D/TOSCA for 

simulating the 3D beam  in CST Particle Studio. We also 

generated a rotation dipole- and quadrupole-field from 

CST EM studio time-domain solver. The 20-sine excition 

signal is sent to the dipoles; each of them has an 18-

degree phase shift. We obtained the animation of the 

rotating field  in the time frame. We used the same setup 

for  generating the rotational quadrupole field. Figure 2 

shows  the field distribution simulated by CST. The 

simulated rotated field was used in a PIC solver to assess 

the  the funneling  of the multiple bunches . However, the 

simulation consumed too much time and power due to the 

RAM limitation in the personal computer  and its I/O 

speed. 

 ___________________________________________  

*Work supported by Brookhaven Science associates, LLC under 

Contracts No.DE-AC02-98CH10886 with the U.S.DOE 
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Figure 2: Dipole-field (left) and Quadrupole-field (right) 

of combiner simulated by CST. 

BEAM DYNAMICS 

The main problems in beam dynamics are the high 

bunch-charge, the three-dimensional geometry of the 

beam’s path, and the non-axial symmetricity of the field 

at the DC gap and at the combiner’s entrance about the 

beam’s axis. Therefore, we studied the beam dynamics of 

the gun and the design of the beam line’s optics using 

“Particle Studio”, the 3D beam-tracking code and Particle 

In Cell (PIC) code developed by Computer Simulation 

Technology (CST). The following were the three goals of  

designing  the beam line’s optics for this gun : i) Prevent 

the beam from approaching the beam pipe; ii) minimize 

the beam’s emittance at the place of diagnostic cross 

position, and,  iii) focus the beam into the depressed 

collector. We started by simulating a single beam. The 3D 

CST Particle studio’s tracking solver was used to obtain 

the beam’s transverse parameters. Table I summarizes the 

optimized input parameters for the simulations. 

Table I:  Input parameters after optimization 

Parameter Value 

Bunch charge  3.5nC 

Longitudinal 

distribution  

Gaussian 

distribution(σ=1.5ns) 

Transverse distribution Uniform 

Bunch length at cathode 1.5ns 

Bunch radius at cathode 4mm 

Thermal emittance, εth 0.5 µm/mm(rms)  

DC gap voltage 220kV 

Combiner  Center field=24.5G; 

Physical length=20cm 

First solenoid Maximum field=560G; 

Physical length=5.4cm 

Second solenoid Maximum field=184G; 

Physical length=10.5cm 

Third solenoid Maximum field=366G; 

Physical length=6.3cm 

The current density from the cathode is 4.6A/cm
2
, i.e. 

lower than the limit of GaAs surface charge. Figure 3 

shows that the beams’ envelope and its transverse 

normalized RMS emittance as a function of distance with 

and without the combiner’s quadrupole field.  

The space-charge force at a 3.5nC bunch with 220keV 

energy dominates the growth of emittance. The combiner 

that generates a rotating dipole and a rotating quadrupole 

magnetic field is synchronized to the beam. Without the 

quadrupole, the beam lacks focusing in the direction of 

bending, but experiences excess focusing in the direction 

of the field. Changing the quadrupole current will 

equalize the focusing effect in two transverse directions; 

we obtained a diameter of 15 mm in the round beam’s 

profile at the diagnostic cross when we apply a 7.5A 

current on the quadrupole coils wherein the divergence 

angle is x’/y’=23.6mrad/25.1mrad. The transverse 

normalized RMS emittance is εn,x/ εn,y=17.0mm 

mrad/14.9mm mrad when a quadrupole current is applied. 

 

 

 

Figure 3 (top): The beam size as a function of distance 

with and without combiner quadrupole field. The blue 

curve shows the beam’s size without space charge. 

(bottom) The normalized transverse RMS emittance as a 

function of distance with and without the combiner’s 

quadrupole field.  

 

Figure 4 illustrates the trajectory of the entire beam line 

based on the parameters given in Table 1. The beam 

expands downstream of the diagnostic cross. Therefore, 

we installed a third solenoid to focus the beam into the 

depressed collector. The diameter of the beam’s waist at 

the entrance to the collector is 15mm, half that at the 

collector’s entrance aperture. The beam’s longitudinal 

character was simulated using the CST Particle Studio 

PIC code. The full-beam energy spread at the beam 

diagnostic cross is 22keV. The energy spread of 97% of 

the bunch particles is 8keV, viz., an acceptably small 

energy compared to its energy after the booster.  
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Figure 4: Tracking the entire beam-line. The black curve is the simulated bundle of beam trajectories using the CST 

particle-tracking solver. 

 

ESTIMATION OF TOLERANCE 

A single power-supply will drive the combiner coils’ 

controlling stability to < 25 ppm. The machine’s tolerance 

will be controlled to < 25µm. Based on current’s vibration 

and assembly tolerance on the combiner, we estimate 

there is 1% non-uniformity transverse distribution on it. 

The multiple beam size will increase 9.8% and the 

normalized emittance will increase by 11.3% due to the 

field tolerance. To get the beam into the entrance aperture 

of the depressed collector, the tolerance of the timing of 

the combiner signal allows ±2 degree shift that 

corresponds to ±8ns.  

BEAM-LOSS  

Anywhere that a very small fraction of the electron beam 

strikes the gun’s wall, oxidizing gas is desorbed, and the 

cathode can sustain damage. Several mechanisms 

contribute to beam loss, such as the formation of a halo 

round the beam, and the emission of electrons by 

scattering light or a dark current. We evaluated, in 

realistic geometry, the loss due to the beam halo by 

tracking test particles near the beam’s edge while 

modelling the core beam as a slug of charge.  The test 

particles have a different betatron oscillation period from 

that of the core beam due to defocusing by space charge; 

this mismatch contributes to the formation of the halo.  

We first estimated the position from the cathode at which 

the beam halo was generated. e. Space-charge changes the 

force outside the beam, actually reducing the wavelength 

of betatron oscillation from its value without space 

charge. We expect the particles at the beam’s edge to 

attain a maximum separation from the beam at one-

quarter of that wavelength (λ+/4). The following 

calculation was based on reference [3].The generalized 

perveance of a single beam-let is 0.0002526 in combiner.  

For a constant beam radius, we must apply external 

focusing with the strength ko
2
, where ko is the betatron 

wavenumber with no space charge.   

K�� �
K
a�
�
ε
a�

 

Here, a is the 2*rms beam radius, and ε is the 4*rms   

non-normalized emittance. K is generalized perveance. 

We quantify the space-charge force by defining the 

intensity parameter χ. 

	 ≡
�

��
���

 

Using this notation, the reduction in betatron wavelength 

outside the beam is given by the factor sqrt(1+χ), so the 

surface particles separate position for the maximum 

excursion is 
λ�
4
�

2π

4k��1 � χ
 

Based on the beam parameters in Table 1, the calculation 

results in a distance of 62 cm where the halo beam is 

generated. It is further downstream of combiner exit.   

We also studied the beam’s halo by a particle-core model 

using the PIC code. Two annular-DC electron sources 

were placed at the cathode and the exit of the first 

solenoid. The cathode material was set as vacuum to 

avoid distorting the field. Fifty points uniformly 

distributed on the imaginary source generated the test 

particles. We set the average current at 1nA, allowing us 

to ignore the space-charge force from the test particles. 

These particles have the same energy and same 

divergence as the core beam at the site of the imaginary 

source. Once the beam reaches the annular source, the test 

particles surrounding the core beam feel its space charge. 

Tracking their position can identify the mechanism of 

halo formation and assess beam loss. The bunch 

approaches the beam pipe at two positions due to lack of 

focusing upstream of the combiner. One position is at the 

entrance to the combiner, and another is at the combiner’s 

exit. Our simulation shows that the closest distance 

between the test particles and aperture at the first position 

is 11.2mm, and 19.2mm at the second position. Particles 

at surface of the bunch evidently cannot strike to the 

beam pipe and desorbs gases. Other mechanisms of beam 

loss remain to be determined experimentally. 
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A TWO FREQUENCY GUN FOR HIGH CURRENT THERMIONIC 
CATHODE ELECTRON INJECTOR SYSTEMS 

J. Edelen, S. Biedron, J. Harris, S.V. Milton, Colorado State University, Fort Collins, Colorado 
J. Lewellen LANL, Los Alamos, NM

Abstract 
This paper discusses work done at Colorado State 

University (CSU) on designing a radio frequency, 
thermionic cathode electron gun for high-current injection 
systems for free electron lasers. Some background and a 
brief overview of other facilities using this type of 
injector is provided followed by the basic theory of back-
bombardment and why it is a problem for such high-
current injectors. We then discuss the theory of how a 
second frequency in the gun could mitigate this back-
bombardment effect. Scaling from a previous design to 
the relevant CSU frequencies and using beam simulations 
we show results comparable with previous work done in 
this field [1]. We found that for a 100-pC bunch charge 
operating at 10MV/m gradient the harmonic field 
produced a 63% reduction in the back-bombardment 
power. 

INTRODUCTION 
Production of 1) high-brightness, 2) low-emittance, and 3) 

high-average current beams is necessary for high average 
power free-electron lasers (FELs) and with regards to the 
first two the use of photocathode RF guns dominate. 
However, achieving high-average currents in the 
photocathode mode is complicated by the need of robust, 
high-quantum efficiency cathodes and complex laser 
systems. A simple thermionic cathode RF gun system can 
achieve quite high average currents and, properly 
designed, can achieve the high-brightness required for 
many FEL applications in the IR and longer wavelengths 
[2,3,4,5]; furthermore, the cathodes tend to be robust and 
long-lived (months to years). 

While the use of thermionic cathodes can drastically 
increase the cathode lifetime, use of such cathodes 
presents two major complications. The first and foremost 
is how to prevent the potentially destructive electron 
back-bombardment, while of secondary concern is how to 
operate the accelerator in a pulsed mode, which is useful 
for characterizing the machine.  

This paper does not address pulsed-power operation; 
however, previous work has analysed the possibility of 
both laser-gated thermionic emission or cathode grids to 
gate the emission [6]. Instead here we focus on a method 
to mitigate the electron back-bombardment heating effect. 

BACK-BOMBARDMENT IN 
THERMIONIC RF GUNS 

A thermionic cathode when held at a chosen elevated 
temperature will continuously emit electrons at a rate 
dependent on the cathode temperature. If the field on the 
cathode is positive there will be no emission because the 

field attracts the electrons back to the cathode. When the 
field is negative the emission from the cathode will be 
continuous. Some electrons, which are emitted late in the 
RF cycle, will not gain enough energy to exit the gun and 
will be accelerated back towards the cathode. These back-
bombarded electrons transfer their energy to the cathode 
surface in the form of heat and subsequently can raise the 
cathode temperature. This effect is referred to as back-
bombardment and is a negative feedback mechanism: 
higher temperatures produce more electrons, which in 
turn increase the back-bombardment. If left unchecked, 
cathode damage may occur. 

Using a simple Newtonian model, we computed the 
trajectories of a single electron subjected to a time 
varying RF field. Figure 1 shows, as a function of 
injection phase, the resulting final position of these 
particles. A time domain overlay of the RF fields is also 
shown.  
 

 
Figure 1: The resultant back-bombardment phase profile for a 
gap of 2cm and a RF frequency of 1.3GHz. Using a simple 
Newtonian model. 

   As stated previously, when the field is positive there is 
no emission so even though these particles have a final 
position of zero, they also never gain any energy. 
However for this model, there is a range of phases from 
roughly -63 to 0 degrees, where emission occurs but the 
particles ultimately are accelerated backwards by the 
rapidly changing field and strike the cathode. This 
corresponds to about 1/3rd of the region where emission is 
favourable and back-bombardment occurs. 
 

THEORY OF BACK-BOMBARDMENT 
MITIGATION 

 
In order to mitigate the back-bombardment effect we 

must consider what ideal waveform will completely 
eliminate this effect. A waveform that emits over some 
time, then holds zero long enough for the particles to 
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leave the cavity before turning negative, should eliminate 
back-bombardment. This waveform and its resulting 
back-bombardment profile, similar to that of figure 1, are 
presented in figure 2.  
 

 
Figure 2: Ideal waveform (red) for complete back-bombardment 
mitigation with an overlay of its emission phase profile (blue). 

This ideal waveform has practical limitations, so we must 
consider an approximation. We can express this periodic 
waveform through the use of a Fourier series. To 
eliminate possible adverse effects due to spurious 
overshoot caused by an incomplete set of harmonics we 
consider the first order approximation seen in equation 1. 
 

𝐸! 𝑡 = 𝐸! sin 𝜔𝑡 − 𝜋 + !!
!
sin 2𝜔𝑡               (1) 

 
   The result of the back-bombardment phase profile, 
similar to those seen in figures 1 and 2, is presented in 
figure 3 with the overlay of our approximated ideal RF 
waveform. 
 

 
Figure 3: Phase profile for the two-frequency case using a 
simple Newtonian model (blue) with the temporal field envelope 
overlay (red). 

 
   Figure 4 compares the result of figure 1 and figure 3. 
This shows that we should see a decrease in the back-
bombardment by the introduction of the first harmonic 
mode in the RF gun. This however was not optimized in 
relative field amplitude strength and relative phase or for 
other effects such as space charge. We need to consider a 
more general parameter space and do a proper scan over 
this space. Equation 2 represents a more general field 

profile where the harmonic phase and field ratio are given 
as variables.  
 

𝐸! 𝑡 = 𝐸! sin 𝜔𝑡 + 𝐻 sin 2𝜔𝑡 + 𝜙          (2) 
 

To better understand how the back-bombardment may 
vary, we performed a scan of these parameters on a 1D 
model for the back-bombardment.  

 
Figure 4: Comparison of the output phase profiles for the two-
frequency case and the single frequency case. 

Figure 5 shows the back-bombardment power in watts 
as a function of the harmonic field ratio and relative RF 
phase for the waveform defined by equation 2. The back-
bombarded particle’s energy is computed when it strikes 
the cathode, which is used to compute the energy 
deposited per RF cycle and consequently the back-
bombardment power.  

Our expected local minimum near 0.5 HFR and 180-
degree phase offset is present, however the true local 
minimum occurs at 0.75 HFR and a 240-degree phase 
shift. This theoretical model predicts approximately a 
40% reduction in the back-bombardment. 

 

 
Figure 5: Theoretical result for the back-bombardment power as 
a function of the harmonic field ratio and the relative phase of 
the two RF powers.  
 
   There is also a minimum band in the upper right corner 
of the parameter space, since this does not appear in our 
simulations we believe this to be an artefact of the 
nonrelativistic approximation. 

BEAM SIMULATIONS 
   The beam transport simulations were conducted using 
SPIFFE [7], a 2.5-D electromagnetic solver that includes 
space charge effects. 
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Without Space Charge 
To compare our theoretical model with the more complete 

and realistic relativistic simulation we begin by running 
the same parameter scan as before with space charge 
calculations turned off. The gradient of the cavity was 
10MV/m. What we see is a general trend that corresponds 
with the basic non-relativistic approximation, though with 
some specific variances due to these approximations. 

 

 
Figure 6: Back-bombardment simulation power as a function of 
harmonic field and the relative RF phase. The minimum is at 
310 degrees and 1.1 HFR 

 

With Space Charge 
Having satisfied ourselves that the theoretical and non-

space-charge simulations generally agree we turn on the 
space charge and execute a parameter scan over the same 
space as before. In this case we are assuming a modest 
amount of charge (100pC) emitted uniformly during a 
cycle. We see that the global minimum is roughly in the 
same location as in the non space charge region. This is 
indicative that in this modest charge case the space charge 
is not significantly affecting the ability of the harmonic 
mode to reduce the back-bombardment. 
 

 
Figure 7: Back-bombardment as a function of the harmonic field 
ratio and the relative RF phase. 

   The back-bombardment power reaches a minimum at a 
relative phase of 310 degrees and a harmonic field ratio of 
0.85. With no harmonic compensation the average back-
bombardment power is 1.6kW. After introducing 
compensation the average back-bombardment power is 
reduced to 617W, about 37% of the baseline. 

   It should also be noted that while the harmonic field can 
mitigate the back-bombardment, improper tuning could 
increase it, which would greatly compound the cathode 
heating effects. 
 

CONCLUSIONS 
We have shown that the technique of using a harmonic 

field to reduce back-bombardment in thermionic guns can 
reduce the average back-bombardment power by about 
63%.  
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THE CONCEPTUAL DESIGN OF PXIE VACUUM SYSTEM 

A. Chen*, V. Lebedev, A. Shemyakin 

Fermilab#, Batavia, IL 60510, USA

Abstract 
The Project X Injector Experiment (PXIE) [1] will be a 

prototype of the Project X front end to validate the design 
concept and decrease technical risks.  It consists of  a 30 
kV, 5mA DC H- ion source (IS); Low Energy Beam 

Transport (LEBT); 2.1 MeV CW RFQ; Medium Energy 

Beam Transport (MEBT) that forms a desired bunch 
structure by removing ~80% of bunches; two SC 
cryomodules (CMs) accelerating the 1 mA beam to ~25 
MeV; and High Energy Beam Transport with a dump 

(HEBT). Its vacuum system design will also establish the 
design guidance for the entire vacuum system of Project 
X, especially the requirement of low particulate vacuum 
that is sufficient in practise and at the same time is cost 
efficient to ensure the performance of CMs. 

GAS LOADS AND LIMITATIONS 

The PXIE vacuum system consists of four regions that 

can be separated by vacuum gate valves for 

commissioning or repairs: IS-LEBT-RFQ, MEBT, 

Cryomodules, and HEBT-DUMP. Different regions have 

different gas load sources and different limitations.  

The main gas load in IS-LEBT-RFQ region is the gas 

flow from the IS, ~500 mTorr·l/s. Also, commissioning 
and machine tuning will be done in a pulse mode, when a 
chopper in the LEBT produces pulses of variable duration 
from 1 µs to 16 ms at 60 Hz repetition frequency. In this 
mode, almost all beam generated by the IS is absorbed in 
the chopper, and protons recombining inside the 
chopper’s absorber into hydrogen, create an additional 
load ~1 mTorr·l/s. Vacuum limitations in this region are 
two-fold. First, the beam loss resulting from H- stripping 
should be small, <5%. Second, the pressure in the RFQ 
and, consequently, gas flow from LEBT should be low to 
avoid discharges. From practical experience of other labs, 
pressure < 10-6 Torr should suffice. 

The gas load in the MEBT region is a combination of 
outgassing of vacuum surfaces and gaskets; a hydrogen 
flux from the MEBT absorber irradiated by ~4 mA of the 
chopped-out beam; and a load from the MEBT scraping 
system. In the MEBT, vacuum restrictions are related to 
proximity to SRF. In addition to a gas and microparticles 
incoming to CMs, which is discussed in the next section, 
a flow of neutral hydrogen atoms created by stripping of 
H-

 ions should be limited. Such atoms fly along the 

direction of the parent ions and can reach 2K surfaces of 

the cryomodules. To make irradiation of CMs by these 

atoms negligible (≤0.1 W of additional heat load), the 

vacuum integral over the MEBT length is limited to1×10
-6

Torr·m. Also, an aperture restriction after the MEBT 

absorber introduces differential pumping that dramatically 

improves pressure near the CM. Finally, scarpers installed 

at the end of MEBT additionally restrict the solid angle of 

penetration into the CMs.  

Operating vacuum in the CMs is determined by the 

cryo-pumping and doesn’t affect the beam directly. 
Vacuum limitations in the HEBT are determined mainly 

by the gas flow into SRF, and the main source of the gas 

is the beam dump.  

Note that one of the vacuum-related effects considered 

in the course of PXIE design is a possibility of blistering. 

If hydrogen diffusion in a surface exposed to 

bombardment by the main beam or its tails is low, 

protons, implanted by an H- ion impact, recombine in the 
bulk into hydrogen which is accumulated in dislocations 
until the built-up pressure breaks the overlaying material. 
Corresponding jump of local pressure can result in a beam 
loss.  The issue is expected to be addressed by a system of 
collimation in LEBT and MEBT and preferential use of 
molybdenum for surfaces that are likely to be exposed to 
the beam irradiation.  

THE SYSTEM DESIGN 

A concept of beam line vacuum system derived from 

the limitations described above can be divided into three 
levels of vacuum environment (Figure 1):  
1. Ultra High Vacuum and Low Particulate  

2. High Vacuum areas (HV) 

3. Transition areas  

 

Figure 1:  PXIE System Layout with classification of 

vacuum levels. HWR and SSR1 indicate location of two 

cryomodules.  

UHV and Low Particulate Areas 
 These areas include two cryomodules, HWR and 

SSR1. With the cryomodules operating at 2K, cryo-

pumping decreases the residual gas pressure below 10
-10

 

Torr, mainly driven by the operation temperature. The 

challenge for this region is to achieve low enough 

pressure (10
-7

 Torr) at the room temperature before 

cooling down. Bypass vacuum pipe is designed to 

alleviate the conductance restriction due to the small 

aperture and large length of the cavity strings. To 

guarantee a low particulate environment for SRF 

operation, all necessary measures as proper handling, 

 ___________________________________________  
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clean rooms, gas flow control during pumping and 

venting etc. are applied. Cold cathode (CC) gauges are 

used to minimize the heat load from gauging. 

HV Areas 
The areas from the H- ion source up to the beam 

absorber at MEBT and downstream of the transition area 

in HEBT, where the residual gas pressure is 10
-7

 Torr or 

above, are classified as HV. Turbo pumps are chosen for 

locations with the highest gas load: the ion source, LEBT 

chopper, RFQ, MEBT absorber, and the beam dump. 

Otherwise, pumping is provided by ion pumps. 

The DC ion source is continuously supplied with 

hydrogen gas. Inside the plasma chamber, the hydrogen 

pressure of 3·10  Torr is to be maintained while the 
-2

pressure downstream is 10
-6

 Torr in order to avoid large 

beam loss due to H
-
 stripping. The pressure gradient is 

achieved by a differential pumping scheme with two 1000 

l/s turbo pumps.  

Pressure ~10
-6

 Torr in LEBT is achieved by installing a 

300 l/s turbo pump at the chopper, where the large gas 

load is expected when the chopper intercepts major 

fraction of the beam, and by a 100 l/s ion pump in the 

middle of the beam line.  

In the RFQ, ~10
-7

 Torr vacuum required for reliable 

operation is provided by two 1000 l/s turbo pumps. 

Additional two vacuum ports can be used to increase the 

total pumping capacity if found necessary.  

The HV portion of the MEBT is from the RFQ to 

downstream of the absorber. The absorber, the largest 

source of the gas load in the MEBT, is pumped by two 

1000 l/s turbo pumps, while two upstream ion pumps 

compensate outgassing of vacuum surfaces. The beam 

optics downstream of the absorber is adjusted to decrease 

the beam size and allow placing a 10 mm ID, 200 mm 

length tube for differential pumping.   

The HEBT line consists of magnets and beam 

instrumentations at room temperature. Its portion starting 

~2m downstream of the SSR1 cryomodule is designated 

as HV. Pumping here is done with several ion pumps. 

Because a large amount of hydrogen is produced in the 

beam dump, 2000 l/s turbo pumping is applied. A 

differential pumping scheme is applied in the first 2m 

region in order to achieve UHV in the vicinity of SSR1. 

 Transition Areas 
The optimum design of areas providing transitions 

between UHV and HV will be one of the study goals for 

the PXIE experiments. These areas, the downstream 

portion of MEBT and upstream portion of HEBT, are 

used to minimize the risk of degrading SRF cryomodules 

due to migration of gas and microparticles from HV 

components. The gas flow to the cryomodules causes a 

gas deposition on cryogenic surfaces. While there are no 

exhaustive experiments or a cohesive theory on the 

subject, there are indications in the literature that such 

accumulation at the surface of cryogenic cavities degrades 

their performance. On the other hand, the closest 

analogue, a HWR in the Argonne National lab, 

successfully operates at the pressure of 5×10
-8

 Torr 

immediately upstream of the cryomodule, though with the 

residual gas composed primarily by water [2]. To be on a 

safe side, the pressure in the transition areas is specified 

to be ≤1×10
-9

 Torr (H2). In addition, the optics was 

designed so that the CM element closest to the room-

temperature elements is a solenoid, so that the cryo 

surfaces inside it could effectively shield the SRF 

cavities.   

 

Table 1: Summary of System Parameters [3][4][5] 

Pressure (torr) 10
-2 -

10
-6

10
-7

10
-7

10
-7

10
-7 

-
 
10

-10
10

-10
10

-10
10

-10 
-

 
10

-7
10

-6

Leak Check 

Sensitivity 

(mbar.l/s)

2x10
-9

2x10
-9

2x10
-10

2x10
-9

2x10
-10

2x10
-10

2x10
-10

2x10
-10

2x10
-9

Pumping Ion Pump Ion Pump
Turbo, Ion 

Pump

Vacuum Seals of 

Joints

Part Cleaning

Gauging

Low Particulate 

practice
no no no no Yes Yes Yes Yes no

controllers

cc gaugeIon gauge Ion Gauge

equipped with RS485 to communicate with control system ACNET via PLC

Turbo, Ion Pump Cryo Pumping

metal gaskets or elastomers;      CF 

or KF
CF only; metal gasket only

UHV procedures
 

 

A low particulate vacuum practices are applied to ~2m 

of immediate vicinity of the cryomodules. The 
roughing/venting ports are arranged in the way 
minimizing the particle migration towards CM, and the 

flow rate of roughing/venting is regulated to reduce the 

risk of particle migration. Note that specific of the PXIE 
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is a CW beam, which space charge may assist in transport 

of microparticles between different location during 

operation. We believe that such effect would manifest 

itself as degradation of properties of SRF cavities closest 

to the warm elements, and, if found, may require 

lengthening of the transition areas in the design of the 

Project X.  

The transition areas also include fast acting valves on 

both ends of the cryomodules to prevent catastrophic 

failures in a case of vacuum accidents in the room 

temperature parts.  

Vacuum requirements for various locations of the PXIE 

vacuum chamber are summarized in Table 1, and 

calculated pressure profiles are shown in Figures 2-4. 

Other Vacuum Systems  
 Besides the beam vacuum, there are two other vacuum 

systems in cryomodules.   

  The RF couplers in the HWR cryomodule have two 

ceramic windows which separate coupler vacuum from 

the beam vacuum and atmosphere. The power coupler 

vacuum systems are at ≤10
-6

 Torr. These small volumes 

of vacuum are maintained by ion pumps (one per 

coupler). This vacuum system has to be monitored in real 

time because the ceramic window isolate it from 

cryomodule beam vacuum is under high RF power and is 

very delicate. Classified as HV region. 

 Insulating Vacuum in HWR and SSR1 is required for 

cryo-isolation. The pressure shall be 10
-5

 Torr prior to 

cooldown. These systems will be pumped with turbo and 

roughing pumps. Pressure shall be maintained 10
-6

 Torr or 

better at cold. CC gauges shall be used. The pumps once 

used in this system shall not be used for UHV system 

because of contamination.  

 

 
Figure 2: The pressure profile in IS-LEBT-RFQ. The number 

in parentheses is pumping speed in l/s. The IS has 1000 

l/s turbo in its upstream chamber and 2000 l/s in down 

stream chamber. The flow rate of hydrogen is 0.5 

torr· l/s. the gas integration is in Torr·m. the equivalent 

aperture of devices is in mm. there is no gas flow at the 

downstream end of RFQ. 

 

Figure 3: The pressure profile in MEBT. There is no gas flow 

at the both ends. The number in parentheses is pumping 

speed in l/s. 

 

Figure 4: The pressure profile in HEBT-DUMP. The number 

in parentheses is pumping speed in l/s. there is no gas 

flow at the ends. 
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DEVELOPMENT OF A COMPACT PHOTO-INJECTOR WITH RF-
FOCUSING LENS FOR SHORT PULSE ELECTRON SOURCE 

APPLICATION 
1Alenxander Grabenhofer, 2Douglas W. Eaton, and 1, 3Young-Min Shin 

1Department of Physics, Northern Illinois University, Dekalb, IL, 60115, USA 
2ScandiNova Systems AB, Uppsala, Sweden 

3Fermi National Accelerator Laboratory (FNAL), Batavia, IL 60510, USA

Abstract 
For development of compact ultrafast electron source 

system, we are currently designing a short-pulse RF-gun 
with RF focusing structure by means of a series of 
comprehensive modeling analysis processes.  EM design 
of a 2.5 cell resonant cavity with input coupler, 
acceleration dynamics of photo-emitted electron bunch, 
EM design of RF-lens with input coupler, and phase-
space analysis of focused electron bunch are 
systematically examined with multi-physics simulators.  
All the features of the 2.856 GHz cavity geometry were 
precisely engineered for acceleration energies ranging 
from 100 keV to 500 keV (safety limited) to be powered 
by our 5 MW S-band klystron. The klystron (Thales 
TH2163) and modulator system (ScandiNova K1 turnkey 
system) were successfully installed and tested. 
Performance tests of the klystron system show peak 
output power > 5 MW, as per operation specifications. At 
the quasi-relativistic energies, the electron source is 
capable of generating 100fC – 1 pC electron bunch with 
pulse duration close to 30 fs – 1 ps and transverse size of 
a few hundred microns.  PIC simulations have shown that 
the electron bunch undergoes fast RF acceleration, rapidly 
reaching the desired energies, which can be controlled by 
tuning RF injection phase and input driving power. It has 
been shown that it is possible to also focus/compress the 
bunch longitudinally using a RF-lens, which would allow 
us to control the temporal resolution of the system as well.  
While our primary analysis has been performed on a 2.5 
cell design, we are also looking into half-cell (single 
cavity) design that is expected to provide the same range 
of beam energy with a simple configuration.  

INTRODUCTION 
The ultrafast electron diffraction (UED) source is one 

of the most powerful time-resolved spectroscopic/ 
microscopic tools capable of visualizing the sub-atomic 
world in a femto-second time frame. A successfully 
developed UED system will enable us to observe various 
ultrafast phenomena in chemical and biological 
substances of solid, gas and liquid phases. The instrument 
will be a useful tool for a wide range of scientific 
experiments in chemistry, biology, physics, radiolysis, 
and engineering on which accurate spatiotemporal 
analysis methodology is highly demanded. Ultrafast 
technology with sub-atomic resolution within the femto-
second range, while still immature, far exceeds the 
current technical capacity of commercially available 
electron microscopes. This technology is not achievable 

from any single unit or commercial product, as integral 
parts and their systematic integration are still under 
development. For spectroscopic application, the main 
advantage of electron diffraction is that the electrons 
scatter off all atoms and atom-atom pairs in the molecular 
sample. Thus, unlike spectroscopy wherein the probe is 
turned to specific transitions, the electron probe is 
sensitive to all species in its path and can hence uncover 
structures that spectroscopy may be blind to. This type of 
spectroscopic imaging technique can offer spatiotemporal 
information of transitional dynamics and chemical 
reaction in liquid and solid states that are of main interest 
in NIU, as described in the next section, and the proposed 
UED system is expected to secure sufficient spatial and 
temporal resolution with good spatial coherence for those 
kinds of studies. The UED technique employs time-
delayed ultrafast pulses – a laser pulse to initiate the 
reaction and an electron pulse to probe the ensuing 
structural change in the molecular sample. The resulting 
electron diffraction patterns are then recorded on a CCD 
camera. These processes can only produce femto-second 
electron diffraction when all the elements are properly 
orchestrated in harmony, which requires a sophisticated 
design process. In particular, as a key element of a UED 
system, a short pulse electron source must be capable of 
producing highly mono-energetic electron bunches of a 
few hundred keV to a few MeV to create dynamic 
scattering images with femto-second/sub-angstrom 
spatiotemporal resolution. Currently, we have a 5.5 MW 
S-band klystron driver for a photo-injector that has been 
designed with a 2.5 cell RF-gun to produce 100 ~ 500 
keV electron bunches.  

BACKGROUND AND OBJECTIVES  
Most of UED systems have employed the 

photocathode-based DC gun with an energy in the range 
of 30 ~ 100keV（Max. DC field = 10 ~ 12 MV/m）and 
400 ~ 600 fs at 103~104 e-/pulse. However, with the DC 
guns, bunch length and energy spread are increased 
during beam transport. The bunch length of a 30 keV e- 
beam is, for instance, increased from fs to a few ps and 
the energy spread (E/E) becomes ~ 3  10-3 to a distance 
of 40 cm. It is thus difficult to obtain a < 100 fs electron 
bunch with E/E < 10-3 using DC guns. Also, to reduce 
the space charge effect in low energy DC gun system, the 
distance between sample and cathode should be 
minimized (4 ~ 5 cm) and/or the number of electrons in 
bunch should be decreased to 103 e-/bunch with 400 fs. It 
is difficult to observe the ultrafast dynamics with single-
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shot measurement and the studies of low-energy UED are 
limited to the reversible processes. Recently, 
photocathode RF-guns with higher accelerating gradients 
and electron density are therefore widely investigated for 
femto-second UED system application, which is also 
considered in our approach. We plan to pursue mechanical 
design and manufacturing of a RF-gun and high vacuum 
chambers, including a cooling system. The machined 
parts will be inspected by the Engineering Department 
and our HP8510C VNA will be available for spectrum 
analysis of the manufactured RF cavity.   

SYSTEM CONFIGURATION  

Figure 1 is an engineering sketch of the proposed 
instrument that mainly consists of ultrafast laser system, a 
RF-gun, beam focusing devices, a 6-way cross sample 
chamber with a micrometer aligner, Yttrium aluminium 
garnet (YAG) screen with femto-second optoelectronic 
CCD camera, and electron beam dump with a bending 
section, if necessary. The electron bunch is photo-emitted 
by illuminating a photocathode with an ultra-short laser 
(that could eventually be spatiotemporally shaped). This 
pump-probe configuration, where the pump is a J laser 
pulse and the probe is the electron beam, could have 
enormous advantages in studying the dynamics of system 
in transient states with sub 100-fs (and eventually 
attosecond) time resolution. The short pulse electron 
source in the proposed UED unit mainly includes a femto-
second laser system, a RF-gun, and a buncher for pulsed 
operation with femto-second electron packets. The system 
will employ a regeneratively mode-locked laser that 
produces ultra-short pulses of up to 10 ~ 100 nJ at 800 nm 
with variable pulse width (100 fs to 10 ps) and repetition 
rate (~ 80 MHz). The output pulses pass through two 
successive nonlinear crystals to be frequency tripled (267 

nm). The harmonic is separated from the residual infrared 
radiation (IR) beam by dichroic mirrors, and the 
frequency-tripled pulses are introduced to the 
photocathode of the RF-gun for generating the electron 
pulse. The residual IR fundamental beam remains 
available to heat or excite samples and clock the time 
through a computer-controlled optical delay line for time-
resolved applications. In order to pursue electron 
diffraction spectroscopy with sufficiently high signal-to-
noise ratio, electron bunches need to contain > 106 
electrons per a pulse. A photocathode with a quantum 
efficiency of 10-6 will require 1012 UV photons per a pulse 
to provide the 106 electrons/pulse. 10% efficiency in the 
two harmonic generation steps from the near IR to the UV 
implies 1014 IR photons/pulse. For the ~ 1eV IR photon 
energy, one then arrives at an IR laser pulse energy of ~ 
10 J. A 10 J laser pulse energy is difficult to obtain 
from a fs laser oscillator directly as 0.1 – 1 J is about the 
limit with long cavity and/or cavity dumping techniques. 
A high QE (> ~ 10-4) photocathode may thus be needed in 
order to create > 106 electrons/pulse with the laser energy. 
The first approach under our consideration is to use a 
Magnesium (Mg) photocathode (work function: 3.66 eV) 
at 267nm that has demonstrated relative high QE (10-3) 
under modest vacuum condition [1].  

SIMULATION MODELING ANALYSIS  

As shown in Fig. 2, the acceleration performance of the 
design RF gun was examined with CST PIC solver. CST 
PIC code is the 3D particle-in-cell simulator based on 
finite-difference-time-domain (FDTD) algorithm that 
includes space charge effects of an electron bunch, 
represented by a collection of macro-particles, using real-
time field profiles and ambient energy losses. The macro-
particles are deposited on a grid and Poisson’s equation is 
solved in the rest frame of the electron bunch and the 
electrostatic fields are Lorentz-transformed to compute 
the total force experienced by each macro-particle in 
laboratory frame.  For the particle simulation, the electric 
and magnetic fields of 2.856 GHz, , TM010-mode, 
provided by CST Eigenmode solver, are imported into the 
cavity in particle-tracking and PIC simulation models. 
The initial laser distribution was taken to be an ultra-short 

 

Figure 1: (a) Conceptual sketch of ultrafast electron 
diffraction system (b) engineering drawing of the 
designed NIU UED system. The RF power source (S-
band klystron system) is already under installation with 
several other RF components (insets: designed 2.5 cell 
cavity and S-band photoinjector, courtesy of Radiabeam). 
See text for details.    

 

Figure 2: Optimally designed RF-gun parameters (table) 
and RF-launching phase and klystron power versus 
electron energy graphs obtained from tracking/PIC 
simulations with various cell-to-cell distances for beam-
wave synchronization (1 pC bunch charge and 100 fs 
pulse).   
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laser pulse and a perfect three dimensional ellipsoidal 
distribution. At quasi-relativistic energies the electron 
source is capable of generating 100fC ~ 1 pC electron 
bunch with pulse  

duration  close  to 30 fs ~ 1 ps  and  transverse size  of  few 
hundred microns. At lower energies similar performances 
can be achieved with lower (100 fC) bunch charge. The 
space charge effect appears more dominant at the lower 
energies in that transverse and longitudinal emittances are 
diluted in the phase-space. A preliminary design is 
examined with the RF-gun by particle-tracking and PIC 
simulations. The electron bunch emitted from the cathode 
is slightly blown up for Columbic space charge force and 
then rapidly decreases toward the gun exit, but once 
entering in the focusing field region, it is rapidly squeezed 
in the axial directions. The simulations show that the 
bunch has improved momentum linearization in phase-
space with spatial compression.  

A crucial component in the case of pump-probe 
experiment will be the precise measurement of the delay 
time between the laser pump and electron probe beams. 
Time stamping with 10 fs resolution will be achieved 
using an electro-optical modulator [2,3]. If the device 
does not offer fast enough response to distinct temporal 
evolution of diffracting patterns, it may be combined with 
streak camera to improve time resolution, which may also 
require a deflecting device. The time-resolution of the 
best optoelectronic streak cameras is around 100 femto-
seconds. Measurement of pulses shorter than this duration 
requires other techniques such as optical autocorrelation 
and frequency-resolved optical gating (FROG) [ 4 , 5 ]. 
Figure 3 shows prospective specification of our designed 
UED system that is assessed by analytic calculations [6]. 

One can see in Fig. 3 that the 100 ~ 500 keV, 
corresponding to 1.5 ~ 3.5 pm spatial resolution, leads to 
30 fs ~ 2 ps time resolution with ~ 104 ~ 106 electrons (~ 
10 fC ~ 1 pC). 

RF-TEST OF KLYSTRON SYSTEM  
As a part of plan of a short pulse electron beam source 

construction, we installed and commissioned the S-band 
klystron (Thales TH2163) and modulator system 
(ScandiNova K1 turnkey system), as shown in Fig. 4. The 
high power RF-test ended up successfully demonstrating 
a ~ 5.2 MW peak power with 4 s pulse width. The 
optical table and some waveguide components were 
added to the system, which will be used as a high power 
driver for the RF-gun once an accelerating mode cavity is 
added. 

CONCLUSION 
We have been developing a short pulse electron source 

for ultra-fast electron diffraction (UED) application at 
Northern Illinois University (NIU). The construction of 
the compact ultrafast electron source and associated 
detection equipment will be a great opportunity for the 
unique resource and technology in beam and laser physics, 
electrical engineering and other associated accelerator 
technologies, and support users from biology, chemistry, 
condensed matter physics, and medicine, among other 
fields.  
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Figure 3: (a) spatiotemporal resolution and (b) coherence 
length versus # of electrons and electron energy.   

 

Figure 4: (a) Assembled S-band klystron (Thales 
TH2163) and modulator system (inset: output power 
measured by a power-meter) (b) waveforms of pulsed 
power measured by an oscilloscope.    
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HIGH POWER TEST OF A 3.9 GHZ 5-CELL DEFLECTING-MODE 
CAVITY IN A CRYOGENIC OPERATION  
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1Department of Physics, Northern Illinois University, Dekalb, IL, 60115, USA 
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Abstract 
A 3.9 GHz deflecting mode ( , TM110) cavity has been 

long used for six-dimensional phase-space beam 
manipulation tests [1-5] at the A0 Photo-Injector Lab (16 
MeV) in Fermilab and their extended applications with 
vacuum cryomodules are currently planned at the 
Advanced Superconducting Test Accelerator (ASTA) 
user facility (> 50 MeV). Despite the successful test 
results, the cavity, however, demonstrated limited RF 
performance during liquid nitrogen (LN2) ambient 
operation that was inferior to theoretical prediction. We 
have been performing full analysis of the designed cavity 
by analytic calculation and comprehensive system 
simulation analysis to solve complex thermodynamics 
and mechanical stresses. The re-assembled cryomodule is 
currently under the test with a 50 kW klystron at the 
Fermilab A0 beamline, which will benchmark the 
modeling analysis. The test result will be used to design 
vacuum cryomodules for the 3.9 GHz deflecting mode 
cavity that will be employed at the ASTA facility for 
beam diagnostics and phase-space control.   

INTRODUCTION 
Over the past decade, a multi-cell deflecting (TM110) 

mode cavity has been employed for phase-space 
manipulation tests of high brightness beams [1-6] at the 
Fermilab A0 photoinjector (A0PI), and extended 
applications are currently scheduled at the ASTA user 
facility (> 50 MeV). Despite the past successful 
experimental results, the cavity demonstrated a limited 
RF performance during liquid nitrogen (LN2) operation, 
which did not reach the theoretically predicted gradient. 
The designed cavity has been fully examined with 
theoretical calculations, based on the Panofsky-Wenzel 
theorem, using an integrated modeling tool with a 
comprehensive system analysis capacity to solve complex 
thermodynamics and the mechanical stress of the multi-
cell. This paper discusses the cryogenic RF performance 
of the 5-cell deflecting mode cavity with numerical 
modeling analysis. It also presents up-to-date test 
simulation results of an integrated thermo-stress analysis 
modeling tool on the deflecting cavity vacuum-
cryomodule and low power RF-test results of warm 
(room-temp, 297 K) and cold (LN2-temp, 80K) cavities. 

SYSTEM DESCRIPTION  
At the Fermilab A0PI, the deflecting mode cavity has 

been used for various beam optics experiments. The 
cavity was designed with 5 cells to maximize kick 
strength and powered with a 50 kW (peak), S-band (3.9 

GHz) klystron. The RF power was coupled into the cavity 
through the high power TEM-mode coaxial coupler that 
was built in the liquid nitrogen (LN2) vessel. The coupler 
design includes a temperature gradient from cryogenic 
temperature (80K) of a LN2-ambient cavity to room 
temperature of an input waveguide. As the emittance 
exchange only requires modest fields and short pulse 
lengths, the TM110 mode cavity was constructed out of 
oxygen-free, high conductivity (OFHC) copper [7]. A 
higher Q0 was required than what was achievable at room 
temperature with the OFHC copper. We see that Q0 is 
proportional to the square root of the copper’s bulk 
conductivity. A Q0 2.4 times greater was achieved by 
simply incorporating a LN2 cryogenic jacket into the 
design.   

The system is designed with the LN2 vessel because the 
conductivity of normal conducting copper is increased 6 
times from 5.8  107 -1m-1 at room temperature to 3.5  
108 -1m-1 at 80 K, which doubles the cavity Q. The cryo-
vessel was designed with three frequency tuning screws, 
attached to the chamber-outside body at one end and the 
flange, brazed with the beam pipe at the other end, across 
the flexible bellows. The tuners push the flange against 
the body and the mechanical pressure is transferred to the 
cavity through the beam pipe so the structural distortion 
by the tuner induces frequency change. As this simple 
design did not include vacuum insulation, the LN2-
temperature (~ 80 K) was maintained by shielding the 
outer body with foam insulation. The coaxial input 
coupler was designed with the critical matching condition, 

 = Q0/Qe ~ 1, for maximum RF power coupling into the 
cavity. The original design includes many practical 
considerations in various technical aspects. However, a 
high-Q cavity sensitively responds to dimensional 
deviations and external perturbations, which could 
significantly limit the deflecting performance in a cryostat. 
In particular, structural variation of the input coupler can 
significantly influence RF coupling characteristics 
producing an unevenly distributed field profile. It is thus 
highly probable that the limited deflecting performance of 
the 5 cell can be attributed to an off-resonance RF 
coupling presumably owing to design error, fabrication 
error, and/or cryo-cooling contraction. In order to 
completely identify the operational constraints, we thus 
investigated the cavity design and estimated its 
performance with a theoretical assessment incorporated 
with numerical data of RF simulation modeling analysis.  

We conclude that the off-resonance coupling leads to a 
reduction in the kick strength because it more likely 
perturbs the field distribution, decreasing cell-to-cell field 
uniformity, rather than directly weakening the field 
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strength. The accelerating potential vs. radial position and 
the deflecting force versus the field deviation. Note that 
the increasing rate of the deflecting field amplitude along 
the radial distance is noticeably reduced with loss of field 
uniformity, which is reflected in the deflecting force: kick 
strength drops down to 2.9 from 3.95 with 40 % non-
uniformity (35.6 % reduction). Eventually, one can see 
that poorly coupled RF power, accompanying 
perturbation of the field distribution, possibly causes a 30 
~ 40 % deficiency of the deflecting strength.  

SIMULATION MODELING  
The frequency shift (TM110,  mode) due to the effective 

temperature declination from room temperature (300 K) 
to LN2 (80 K) is explained by the uniform change of the 
cavity volume.  The frequency is increased from 3.8725 
GHz at 300 K to 3.8870 GHz at 80 K, which corresponds 
to 68 kHz/K. The simulation analysis estimates that cryo-
cooling causes roughly a 24 MHz frequency deviation to 
the design cavity that would need to be considered in the 
process of determining cavity dimensions. This 
approximate analytic assessment is effective for 
quantifying an average deviation with the assumption that 
the entire cavity uniformly contracts with a decrease in 
temperature. However, it does not accurately predict local 
displacements due to RF-loading impacts over the 
structure, in particular on the system with fixed points. 
Moreover, it is limited in accurately implementing 
localized effects of critical heat sources such as RF 
loading and beam loading in the cryomodule analysis. 
Therefore, we extensively investigated RF-thermal 
characteristics of this 5-cell cryomodule with full 3D 
thermal and mechanical simulation modeling analysis. 
More details are discussed in the next section.  

Figure 1 depicts the recently designed vacuum-
cryomodule containing the 3.9 GHz 5-cell deflecting 
mode cavity that could be installed at the Fermilab ASTA 
user’s facility. It is designed with the vacuum insulator, 
instead of the foam insulator. Volumetric contraction and 
thermal fluctuation resulting from LN2 cooling is no 
longer a critical factor since the vacuum insulator tank is 
an excellent heat reservoir for the LN2 vessel, which 
linearly cools the ambient temperature down to 77 – 80 K 
and maintains it consistently. Instead, it is more critical to 
consider RF loading and beam loading for CW or high 
duty operation of high intensity or high power machines. 
The frequency tuner is similar to the original design 
except that it is mounted on the vacuum tank with an 
additional flexible bellows. In this design, the amount of 
liquid nitrogen is controlled by the N2 inlet and vent/relief 
and its level is monitored by the LN2 level probe. The 
temperature of the LN2 vessel remains constant by means 
of the vacuum insulation tank. However, even in the 
thermally insulated vacuum system energy of long pulse 
duration deposits a considerable amount of power on the 
cavity surfaces that can increase the ambient temperature 
so highly as to exceed the temperature threshold of bubble 
formation in the N2 fluid.  

 

Figure 1: Designed vacuum-cryostat with a 5 cell 
deflecting mode cavity (a) x-ray image and (b) cross-
sectional view    

If a deposited power density on the cavity surface 
exceeds 1 W/cm2 on average, it is highly probable that the 
ambient temperature exceeds the LN2 boiling point (~ 77 
– 80 K) so as to rapidly increase gap pressure and create 
N2 bubbles that may change the ambient pressure around 
the cavity in the LN2 vessel. The excessive fluctuation of 
vessel pressure could substantially impact cavity 
performance via frequency change, structural distortion, 
and even quench on the cavity. Therefore, we simply 
calculated average power densities deposited on the 
cavity surface with respect to pulse width and pulse 
repetition rate (PRR). For the calculation, it is assumed 
that the cavity receives 70 kW from the klystron and the 
surface area of the 5 cell is 97.96 cm2 outside and 89.36 
cm2 inside, respectively. A pulse condition is with less 
than 1 W/cm2 RF deposition on the outside and inside 
cavity surface. Although the calculation is based on the 
assumption that total RF power is deposited on the cavity 
surface, it appears that the RF pulse condition (1 ms/5 Hz) 
of 3.9 GHz deflecting mode cavity planned for the ASTA 
test facility surely exceeds 1 W/cm2, which is about 4 
W/cm2 inside and 3.5 W/cm2 outside. We examined the 
RF-loading characteristics with a full 3D simulation 
modeling analysis using an integrated multi-physics 
computational platform.  

Simulations show S11 spectra of the original and 
deformed 5 cell structures, obtained from frequency 
domain solvers before and after RF-loading of 1 ms pulse 
to the cavity. The displacement of thermal energy 
deposition causes 7.32 MHz frequency shift, 
accompanied with 2.82 dB amplitude change and 59 
degree phase deviation, on the TM110,  mode, which is 
beyond the FWHM (full-width-half-maximum) 
bandwidth of the input signal. The designed system has a 
thermal sensitivity of 1.32 MHz/K, corresponding to 0.51 
dB/K and 10.7 degree/K.  

HIGH POWER RF-TEST 
The 5 cell cavity in the cryo-vessel, after completely 

shielded by thermal insulation foams, was tested at room- 
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(297 K) and LN2-temperature (80 K). The cold cavity 
parameters were measured twice after 0 day and 20 days 
long cooling operations to observe temporal variation of 
thermal stability. Figure 2 shows S11 spectra (amplitude 
and phase) of the warm and cold cavities and thermal 
variations of a TM110-mode. It appears that the resonant 
frequency is up-shifted with ~ 12.1 MHz by the thermal 
transition from T = 297.2 K to T = 80 K, corresponding to 
55.74 kHz/K, under the condition that cavity frequency 
varies linearly with temperature. The resonant frequency 
further rose to 3.899922 GHz after 20 days cooling, 
corresponding to converged thermal frequency variation 
of ~ 57 kHz/K, which is close to the simulation result, 64 
kHz/K. The return loss remains steady at the initial 
cooling, while it is gradually increased to ~ - 10 dB, 
corresponding to 0.0137 dB/K. Even the reduction of 
coupling level will leave the system fairly operational as 
90 % of driving power is still coupled in the system. The 
instantaneous phase deviation is ~ 0.18 degree/K, but it is 
also gradually increased up to 0.447 degree/K after 20 
days cryo-operation. Therefore, the measurement implies 
that in the early stage of LN2-operating mode the system 
can operate with temporal change of < 5 K in terms of 
amplitude/phase deviation. However, as the vessel loses 
cooling efficiency with increasing time, acceptable 
temperature range for the system drops down to < 2 K, 
which might exceed ambient thermal fluctuation beyond 
controllable range of the foam-insulated system. For a 
better thermal management, a cryo-vessel should thus be 
designed with a vacuum-insulation, which is currently 
planned with the ASTA 5-cell deflecting mode cavities.  

 

Figure 2: Experimental S11-spectal data of the 5 cell test 
cavity measured at (a) room temperature (T = 297.2 K), 
and LN2-cooled temperature (T = 80 K) (b) 0-day and (c) 
20 days after cooling started.     

BEAM TEST 
A deflecting force of the LN2-cooled transverse 

deflecting cavity (TDC) is tested with a beam of p ~ 3.5 
MeV/c and bunch length ( z) ~ 5 ps. We scanned RF 
launching phases to extrapolate transverse kick strength, k 
= eV /E . Figure 3 is the phase-scanned beam position 

and envelope graphs. The drift distance of the beam 
monitor measuring a peak-to-peak deflection ~ 17 mm is 
~ 1.22 m from the TDC, which corresponds to the 
deflection voltage of ~ 24.4 kV.  The kick strength, k, 
from the data is calculated to be ~ 0.41 m-1.  We will 
continuously test the cavity to characterize a R65 term. 

 

Figure 3: Beam Test result (p ~ 3.5 MeV/c): phase scans 
of (a) beam center position and (b) envelope.      

CONCLUSION 
A normal conducting multi-cell deflecting mode cavity 

has been used for various beam control applications in an 
LN2-vessel at the Fermilab A0PI and currently it is 
planned to accommodate vacuum-cryomodules of either 
normal conducting or superconducting deflecting mode 
cavities in the ASTA beam line for higher energy beam 
tests. Despite successful test results of the previous 
experiments on 6D phase-space manipulation, the 5-cell 
cavity demonstrated limited performance. The 
preliminary high power RF-test and beam test were done 
and currently systematic optimization of the sensitivity 
modeling analysis on the deflecting mode vacuum-
cryomodule is under consideration in comparison with 
experimental data. 
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Abstract 

A linear electron accelerator is in the late stage of 
construction at the Advanced Superconducting Test 
Accelerator (ASTA) facility at Fermilab. The purpose of 
this accelerator is to operate, study and develop the 
superconducting cavities and associated systems to be 
used in future superconducting accelerators. ASTA 
incorporates an L-band radiofrequency (RF) gun with a 
coaxial RF input operation at 1.3GHz, based on 1+1/2 cell 
DESY-type gun, followed by two superconducting 
cavities. A temperature control system regulates the RF 
power transmission between 5MW Klystron and the RF 
Gun. Its role is to maintain the resonant frequency by 
exploiting the 16.5ppm/ºC thermal expansion of the 
copper. Temperature is regulated by mixing chilled low 
conductivity water (LCW) with circulating water between 
the cavity and gun skid located outside the radiation cave. 
A fine pneumatic actuated valve controls the chilled water 
flow and in turn is controlled by a feedforward/feedback 
regulation algorithm. This paper will describe the water 
temperature control system used to stabilize the tuning 
frequency of the RF Gun. 

INTRODUCTION  
Fermilab is constructing ASTA at the existing New 

Muon Lab (NML) building. ASTA is part of Fermilab 
new state-of-the-art superconducting radio frequency 
(SRF) test facility complex. ASTA facility [1] consists of 
a shielding cave which houses the accelerator, as well as 
areas for support equipment and systems required for 
operation. The accelerator consists of three distinct 
sections: the injector, SRF accelerator, and the test beam 
lines including space for a small storage ring. The injector 
is a 1.3GHz photocathode electron RF gun which 
generates electron bunches repeated at 3MHz within a 
macro pulse of nominal duration of 1ms [2, 3].  

The RF power to the gun is supplied by a 5MW, 
1.3GHz klystron. The temperature control loop stabilizes 
the temperature of the RF Gun when RF power is applied 
and also during no RF power cycles. 

The temperature control loop regulates the water 
temperature to ±0.18 ºC which, at a centre frequency of 
1.3GHz, keeps the frequency shift of the Gun, within 
5KHz (23KHz/ ºC). A 5KHz shift corresponds to a 
reflected power less than –22dB. 

SYSTEM DESCRIPTION 
The task of the cooling system is to mix the outgoing 

warm water with the supply LCW water regulating the 

desired temperature of the circulating water. Figure 1 
shows the piping schematic of the RF gun cooling system. 
The cooling skid is located outside the radiation shielding 
and water is pumped through approximately 80 feet of 
piping. A PLC is integrated into the cooling skid to read 
back the temperature and flow measured by the different 
sensors and to control the flow rate of the LCW. The 
temperature of the LCW supply is stabilized to 90±1ºF 
(~32.22 ±0.5ºC) by an external control system running on 
an independent PLC. The amount of the incoming supply 
LCW is controlled by a fine pneumatic valve that allows a 
flow rate between 0 and 15GPM. The position of the 
valve is controlled by a dedicated PID loop build into the 
valve controller. 

A heater is used to mix the LCW cold water and the 
warm water from the RF Gun and can supply between 0 
and 12KW of power. The mixed water flows to the gun at 
a fixed rate of 15 GPM through nine cooling channels, 
seven with 10mm ID and two with 6mm ID tubing 
connections, cooling  down the  cavity. The return water 
from the gun is split between the heater and a return 
connection to the main chiller system. 

 

 
Figure 1: RF gun cooling system overview. 

 ___________________________________________  
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SYSTEM MODELING 
An appropriate model of the system was first made. 

The RF Gun cooling can be divided into a combination of 
two subsystems: 

 Heater 
 RF Gun 

Heater 
The heater has a fixed volume tank completely filled 

with almost 1.5 gallons of water. The LCW (m1) is mixed 
with the return water from the gun (m3). The output water 
(m2) from the heater flows at constant rate to the gun and 
removes the necessary amount heat from the cavity. 

The water temperature from the heater to the Gun has 
to be stable; avoiding fluctuations in temperature reduces 
power reflections from the gun. 

The heater can be modeled as a mixing tank with two 
inputs and one output. The differential equations 
describing it are: 

HPWRcTmcTmcTmc
dt

dT
M pppp 062011023

02 , (1) 

 
321 mmm

dt
dV

, (2) 

 
where: 

 Mσ = volume of water of the heater (US GALLONS) 
 m1 = LCW water flow rate (GPM) 
 m2 = Return flow rate from the gun (GPM) 
 m3 = Output flow rate from the heater (GPM) 
 HPWR = Heater power (KW) 
 cp = Specific heat capacity of the water at constant 

pressure(J/g* ºC) 
 T02 = water temperature at the output of the heater  

(ºC) 
 T06 = return water temperature from the gun (ºC) 
 T02 = supply water temperature (ºC) 
 V = heater water volume (US GALLONS). 

 
The total water flow in the Gun is constant and the time 

constant of the system is:  

 3/ mM , (3) 

which is equal to 5.96 sec. The steady state point can be 
calculated using: 

 
33

2
06

3

1
0102 mc

HPWR
m
m

T
m
m

TT
p

 (4) 

RF Gun 
A cavity constructed of a single metal has as percent 

change in wavelength equals the percent change in linear 

dimension which is proportional to temperature. 
Frequency de-tuning of the cavity caused by expansion 
and deformation of the copper causes an increase of the 
reflected power and RF phase instability. If the frequency 
deviates from the drive frequency, the power reflected 
from the cavity will cause standing waves within the 
waveguide. 

The thermal expansion of the copper is about 
17.68ppm/ºC (1ppm/ºC more from the one expected) 
resulting in a 23KHz frequency shift per degree Celsius. 

As a first approximation the cavity can be considered as 
a tank with water flowing through it that maintains a 
constant volume [4]. Assuming that the inlet water 
instantaneously and completely mixes into the volume, 
the thermal mass C will be at the outlet temperature TOUT. 
The change in outlet temperature will be equal to the net 
power flowing into the volume divided by its thermal 
capacitance. 

The following differential equation describes the 
system: 

)(Pr
ToutTin

AC
F

Cdt
dTout f

. (5) 

The time constant is: 

 ACF / , (6) 

which depends on the set flow rate of the chilled water. 
The steady state point can be calculated: 

 
Tin

F
A

Tout
frP

, (7) 

where: 
 Prf = Average RF power injected to the gun (KW) 
 F = Flow rate of the chilled water (GPM) 
 C = Heat capacity of the water(KJ/ ºC) 
 A = Heat factor (ºC*GPM/KW) 

 
IMPLEMENTATION 

A combined feedforward/feedback control system has 
been implemented to improve performance over a simple 
feedback control (Figure 2).  

When a step in the RF power or in the temperature set-
point occurs, the feedforward algorithm calculates and 
sets the new LCW flow rate as a function of temperature 
variation of the cavity per unit of flow (ºC/GPM) and per 
unit of power (ºC/KW). The algorithm uses the initial 
conditions of the system (TCAV, TSET, TLCW, TIN, RFPower) 
and the final steady state point calculates the new flow 
set-point. The controller take into consideration the 
effects of pure time delay due to pipe lengths and also the 
changes taking place in the return water flow temperature.
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Figure 2: Feedforward/feedback block diagram. 

The chilled water takes almost 40 sec. to reach the cavity 
enclosure, then an additional 20 sec. is required to reach 
the cavity. 

The feedforward is an open loop response, therefore the 
controller needs to observe the effect of the feedforward 
loop on the gun temperature before closing the loop with 
the feedback loop. Once the steady state has been reached 
within ±0.24 ºC, the feedback suppresses the steady state 
error. 

The cavity feedback was implemented as a proportional 
and an integral controller with a closed loop bandwidth of 
ωCL=Kp(Tin- Tout)/AC ~0.005Hz. This makes the 
feedforward critical for improving the bandwidth of the 
controller. A conservative design has 45º phase margin. 

The Ki/Kp gain ratios in the cavity feedback loop were 
chosen in order to minimize the overshoot of the system 
and meet the target phase margin. The water travel time is 
a “pure delay” that adds 100º to the total phase shift and 
can be overcame by the feedforward. 

An inner feedback control loop has been added to the 
controller to stabilize the water temperature coming from 
the heater and it is still in the first stages of development.  

This inner feedback loop doesn’t have the pipe 
transport delay therefore its bandwidth is higher than the 
cavity loop. 

RESULTS 
The RF Gun is in final stages of conditioning and first 

electron beam has been produced.  
Figure 3 shows the temperature control obtained with a 

constant power applied to the RF Gun. The temperature 
set-point is 42.1ºC and the peak RF Power is 1.7MW with 
a pulse rate of 1Hz and a pulse width of 800μsec. The 
orange trace is the cavity temperature. The data collected 
shows that the cavity temperature can be stabilized in a 
range of 42.1 ±0.18 ºC.  

 
Figure 3: Cavity Temperature control with no RF power. 
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Abstract
The Idaho Accelerator Center (IAC) of Idaho State Uni-

versity has been operating a 44 MeV L-band linac for high
average power THz generation, various nuclear physic re-
lated applications, medical isotope generation, and Laser
Compton Scattering (LCS) based X-ray generation [1]. As
of August 2012, the IAC has been upgrading the 44 MeV
linac with a new computer based EPICS accelerator control
system to replace the old analog control system. So far,
this upgrade includes control of two GigE CCD cameras,
and several magnet power supplies with embedded IEEE
controllers [2]. However, the 44 MeV linac also has some
magnet power supplies which are controlled with external
RSTL controllers. This paper describes the development
of the EPICS accelerator control system to control Lambda
EMS and TCR magnet power supplies with these external
RSTL controllers.

INTRODUCTION
To improve the reproducibility and stability of the

44 MeV linac, the previous analog control system was
upgraded to a computer based control system. The con-
trol system chosen for this upgrade was the Experimen-
tal Physics and Industrial Control System (EPICS). As of
August 2012, this upgrade included a control system for
2 Prosilica GigE CCD cameras, 32 TDK-Lambda ZUP
power supplies, and 15 Lambda EMS power supplies with
embedded controllers [2]. However, the 44 MeV linac also
contains 3 Lambda EMS power supplies and one Lambda
TCR power supply with external RSTL controllers. Fig-
ure 1 shows half of the control system for the magnet
power supplies including Lambda EMS power supplies
with embedded controllers, Lambda EMS with the exter-
nal RSTL controllers, and a solitary Lambda TCR power
supply with an external RSTL controller [3,4]1. This paper
describes how the control of these magnet power supplies
with external RSTL controllers was accomplished. The
full description of the EPICS accelerator control system
for the 44 MeV linac will be published at another confer-
ence [5]. As shown in Fig. 1, the EMS power supplies and
TCR power supplies were connected to their own dedicated
MOXA terminal server with RS485-RS232 conversion in-

∗Mail: andranth@isu.edu
1For more information about the internally controlled EMS power sup-

plies see reference [2, 5]

Figure 1: Experimental setup of EPICS server and hard-
ware for the IAC 44 MeV linac.

terfaces [6]. Then, the terminal server was connected to
the EPICS server via an isolated network using an Ether-
net cable and a 3Com network switching hub. After that, a
means to communicate with the power supplies was devel-
oped by using two EPICS modules (ASYN and StreamDe-
vice) supplied with the synApps package [2]. Then, de-
vice support applications were manually programmed for
the power supplies, and the current was controlled by ma-
nipulating process variables (PVs) using MEDM Operator
Interface (OPI) panels.

HARDWARE CONFIGURATION
Before creating the PVs, the RSTL controllers had to

be configured to work with the Lambda EMS and Lambda
TCR power supplies. For the Lambda EMS power sup-
plies, it was just a matter of following the connection di-
agram for the RSTL to TB1 connector in the manual [7].
However, the interface from the RSTL to the Lambda TCR
power supply took some additional configuration for the
RSTL. Since the RSTL was rated for a 40 V power sup-
ply and the Lambda TCR was a 160 V power supply, the
first configuration detail was to add a couple resistors to the
RSTL board. This was done to create a voltage divider and
reduce the high voltage from the Lambda TCR to a level
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Figure 2: Connection diagram for cable going from RSTL
to TB2 connector on Lambda TCR power supply [8].

that would not damage the analog to digital converter chip
in the RSTL. After this, a 25 pin cable, which came with
the RSTL, had to be connected from the RSTL to the TB2
connector as shown in Fig. 2 [8]. There was a 200 kΩ re-
sistor added in series from the positive output busbar on the
Lambda TCR to pin 8 on the RSTL 25 pin connector. This
was done to reduce the voltage load on the 25 pin connector
to within it’s specifications. To complete the hardware con-
figuration, the Lambda TCR power supply had to be cali-
brated to ensure that the current readback would follow the
EPICS programmed current value as close as possible [7].

DEVICE SUPPORT APPLICATIONS
After the hardware configuration and calibration, the

next step was to turn off the “echo” setting of the external
RSTL controller. Then make a device support application
containing the files to create PVs. The device communica-
tion was accomplished by installing the synApps software
package including ASYN and StreamDevice [2].

Application Creation for Power Supplies
The creation of PVs for both types of power supplies was

almost the same because they both use external RSTL con-
trollers. To create the application, the following commands
were used [2]:

• makeSupport.pl -t streamSCPI TCR

• makeSupport.pl -t streamSCPI EMS

• makeBaseApp.pl -t ioc EMS and TCR

• makeBaseApp.pl -t ioc -i EMS and TCR

The first two commands create support directories for the
Lambda EMS and Lambda TCR power supplies. These
support directories contain the files to create PVs. The third
command creates a configure and an application directory.
The fourth command creates an iocBoot directory, which

contains the st.cmd file [2]. The “EMS and TCR” are arbi-
trary names for the application directory and the directory
under iocBoot containing the st.cmd file.

Protocol Files
The module StreamDevice uses protocol files to trans-

late commands that follow the SCPI (Standard Commands
for Programmable Instruments) standard into a format that
EPICS records can use [2]. For example, the SCPI com-
mand to measure the current (MC) from the RSTL manual
looks like this [7]:

• getC{out ”MC”; in ”%6f”; in ””;}
In this case, getC is a protocol, which sends the command
MC “out” to the device and gets a response “in” from the
device. The RSTL sends back two “in” responses, the first
is a number with six floating digits, and the second is just
a blank line that follows a command sent to and from the
RSTL. The blank line serves as a form of confirmation that
the RSTL received a command from the user. The other
key component for making a PV is a record in a database
file. 2

Database File
The database files are where the records are located.

The PVs are made by putting the protocol name (i.e. getC)
into the input or output fields in the record [2]. Here is an
example of a record to read the current:

record( ai, “$(P):90A BENDS:curr r”) {
field( DESC, “Readback Current”)
field( DTYP, “stream”)
field( INP, “@TCR.proto getC $(PORT19) $(A)”)
field( PREC, “3”)
field( EGU, “Amps”)
field( HOPR, “65”)
field( LOPR, “0”)}

In this case, the only difference between the Lambda EMS
and the Lambda TCR is the definition of the High Opera-
tional Range (HOPR) of the current. For the Lambda EMS
this is 30 A and for the Lambda TCR it’s 65 A. In the record
above, a field of particular interest is the INP field. This
field sends the command defined as the protocol “getC”
located in the protocol file “TCR.proto” to the port and ad-
dress of the device. The $(PORT19), $(A), and $(P) are all
defined in the st.cmd file.

st.cmd File
This is an executable file that creates a channel between

the RSTL and EPICS by using an IP address, a portName,
and an address. This file also loads all of the records that
are in the database files. An IP address is specified by
entering the following line in the st.cmd file:

2For more protocol file information and more on SCPI commands, see
reference [2].
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Figure 3: An MEDM OPI pannel to control and read the current of the magnet power supplies for the 44 MeV linac.

drvAsynIPPortConfigure(“P19”,“134.50.x.y:4019”,0,0,0)

Here P19 is a portName, which is an arbitrary identi-
fier used to define $(PORT19) from records as an IP
address (134.50.x.y) and a port (4019) on the MOXA
terminal server [2]. In this case, P19 was used because this
particular power supply was connected to the nineteenth
port of the MOXA terminal server. The rest (0,0,0)
specifies priority, noAutoConnect, and noProcessEos [2].
To specify a database in the st.cmd file, a line similar to the
following was used:

dbLoadRecords(“db/A.db”,“P=$(P),PORT19=P19,A=19”)

Here the A.db is the database file that contains all of the
needed records to control the power supply. The macro P
is used as a linac identifier, in this case P is 44MeV. The
PORT19 is the same as the portName. The address (A=19)
for this set-up ran from 1 - 32, because there were 32 ports
on each MOXA terminal server [2].

MEDM DISPLAY
Motif Editor and Display Manager (MEDM) is an

EPICS extension which provides a way to create simple
OPI’s like the one shown in Fig. 3. This display contains
a representation of the linac with the magnets being con-
trolled. The circled box controls the TCR power supply,
which controls all dipole magnets in this region of the linac.
The operator changes the set (Write) current PV by clicking
the black arrows or by typing a value manually. The actual
readback value from the power supply is displayed in the
box above write. Since all the power supplies are unipolar,
the direction of the current has to be changed with external
circuitry. The “Polarity” on the display gives the operator
an indication of the direction of the current.3

3The other control widgets on this display are for embedded controlled
power supplies, see reference [2].

CONCLUSION
The goal of this part of the 44 MeV control system up-

grade was to control old Lambda EMS and TCR mag-
net power supplies with external RSTL controllers us-
ing EPICS. This was accomplished by using ASYN and
StreamDevice to create a communication channel between
EPICS and the power supplies, and then convert SCPI com-
mands into PVs. Afterwards, MEDM OPIs were developed
to control and monitor those PVs. The addition of the con-
trol system for these older magnet power supplies almost
completes the EPICS upgrade for the 44 MeV linac, the
rest of the control system with save/restore functionality
will be described in the next conference paper [5].
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Abstract 

As part of the Los Alamos Neutron Science Center 
(LANSCE) the Ion Source Test Stand (ISTS) is a flexible, 
stand-alone facility used for H- ion beam source 
development and studies of low energy beam transport. It 
consists of a surface converter ion source with a multi-
cusp permanent-magnet plasma confinement structure, an 
80-kV high-voltage electrostatic extraction column, a 
low-energy ion beam transport line, and beam phase-
space diagnostics. After resolving several technical issues, 
the ISTS was successfully restarted during the summer of 
2012. Since then we have performed several long duration 
experiments. A development program is ongoing with the 
goals of improving source performance (e.g. reliability, 
availability, increased current, etc.) and beam transport 
efficiency (beam neutralization at low energy, beam 
dynamics with/without noble gas injection, etc.). Several 
enhancements to performance are being investigated in 
order to achieve a forthcoming upgrade requirement of 
LANSCE operations in 2014: beam current of 16-18 mA, 
120-Hz operation at a duty factor of 10% and a source 
lifetime of greater than 28 days. We present a short 
description of the ISTS apparatus, obtained results and 
forthcoming experiments. 

H- ION SOURCE TEST STAND 
The ion source test stand (ISTS) (Figure 1) was 

developed to perform H- beam research in support of 
operation of H- source of LANSCE user facility [1, 2]. It 
is a replica of the 80 keV injector in the H- dome of 
LANSCE which is used to accelerate beam to 750 keV 
using a Cockcroft-Walton high-voltage generator. The ion 
beam optics consists of a four electrode electrostatic 
accelerating column (Pierce electrode -80 kV, extraction 
electrode -67 kV, column electrode -27 kV and grounded 
electrode), two focusing solenoid magnets separated by a 
distance of 1.9 m, two emittance measurement stations 
(IDEM02 and IDEM03), an electrostatic beam deflector, 
and a 4° bending magnet to separate H- beam from 
electrons (see Fig 1). Beam current is measured by a 
calibrated current monitor and Faraday cup. The beam 
line is equipped with a residual gas analyzer (RGA) to 
characterize outgassing processes and a noble gas 
injection subsystem (Ar, Xe, etc.). 

The first long ISTS run (over four weeks) was 
successfully performed during August and September 
2012. The H- ion beam was extracted in the range of 10 to 
14 mA using a pulsed source gate of 835s with repetition 
rate of 120 Hz (or ion source duty factor of 0.102). 

 
Figure 1: Schematic layout of the H- ion source test stand. 
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Figure 2: Source of power losses in the H- ion source 
includes thermal dissipation of the two filaments, arc 
discharge and converter electrode loses at 120 Hz. 
 

0 5 10 15 20 25 30 35

0

2

4

6

8

10

12

14

16

18

20

R
1
/R

1
=7.82 %

R
2
/R

2
=8.29 %

Left filament
Right filament

R
re

l (
%

)

August-September 2012 (days)

power
outage

I
arc

=27 A

U
arc

= 184 V

I
1
=101.25 A

I
2
=101.29 A

 
Figure 3: Recorded filament relative differential 
resistances (R1 - right filament and R2 - left filament). 
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A set of standard operational parameters for the ISTS set 
were applied to achieve a nominal working regime for the 
ion source and beam transport at low energy of 80 KeV. 
The thermal power distribution is shown in Fig. 2. The 
total source power was less than 3 kW. The tungsten 
filament relative differential resistances were recorded 
during the entire run cycle as a diagnostic tool for the 
source lifetime. First preliminary data of the filament 
differential resistance of ~8.0% presented in Fig. 3 
indicates that the a typical LANSCE H- ion source will be 
able to last over 28 days at a high duty factor (0.102). In 
fact, the differential resistances of both filaments after 33 
days did not exceed an empirical criterion for catastrophic 
failure of 12 % total increase in filaments resistance for 
this type of H- surface converter ion source. 
Comprehensive tests of ion source reliability in 
“production like” operation conditions are underway. 
Detailed analysis of the source lifetime and filament 
differential resistance is described in Ref. [3]. The ISTS 
was used to produce a lower H- ion beam at 35 keV in 
order to study H- beam neutralization effects for the first 
time. Some recent results are described below. 

SPACE-CHARGE NEUTRALIZATION 
STUDY 

Beam emittance scans were performed using the 
IDEM02 and IDEM03 beam emittance stations. A typical 
emitance scan using the standard slit-and-collector 
emittance-measurement system is presented in Fig. 4. 
During beam measurements, the electrostatic deflector 
pulse was kept constant at a repetition rate of 4 Hz and 
pulse length of 625 s, while emittance measurements 
were sampled within a 50 s gate with variable delay of   
 = 10 - 580 s with respect to the beginning of the 
deflector pulse, reproducing different values of beam 
pulse at both stations. All measurements were performed 
at standard working vacuum pressure of 1.6 106  Torr. 
The H- beam intensity was 9.3 mA for beam energy of 80 
keV. The purpose of this experiment was to determine the 
level of beam space charge neutralization as a fuction of 
tme in the beam pelse. Figures 5 and 6 show the variation 
of beam parameters versus beam pulse. The beam 
parameter values of are stabilized after 100 - 150 μs.  

Determination of the level of compensated space 
charge was done through comparison of results of 
measurements and simulation. These results indicate that 
100% neutralization is achieved after 120 s for a beam 
energy of 80 keV, while the same level of neutralization is 
achieved after 200 s with a beam energy of 35 keV 
achieves. The beam neutralization results are described in 
detail in Ref. [4]. 

HIGH CONVERTER VOLTAGE 
EXPERIMENTS 

The extracted H- beam current was tuned by adjusting 
converter voltage in the range from 220 to 500 V for a 
discharge current of 26 A. For each point a corresponding 

cesium oven temperature (200 to 240 C) was allowed to 
stabilize over several hours (3-4 hours per point) to get  

 

 
Figure 4: Characteristic transverse phase space data (H- 
beam vertical emittance scan recorded using IDM03).  
 

  

  
Figure 5: Parameters of 80 keV beam at IDEM02: (blue) 
horizontal, (red) vertical. 
 

  

  
Figure 6: Parameters of 80 keV beam parameters at 
IDEM03: (blue) horizontal, (red) vertical. 
 
the maximum output current. Optimal converter voltage 
increases with increasing cesium oven temperature (see 
Fig. 7A). Similar temperature dependence was measured 
and discussed in the previous ISTS work described in Ref. 
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[5]. We have observed H- beam current increases up to 30 
% with elevated converter voltage (Fig. 7B). The new 
results are in agreement with theoretical models, but 
different from results recorded before at the ISTS [5]. 
Previous beam intensity measurements were independent 
of high converter voltage and emittance measurements 
were not taken. In our set of measurements we were able 
to record emittance scans using both EM stations. 
Transverse emittance dependence on elevated converter 
voltage is shown in Fig 8A. Total emittance values are 
constant over the converter voltage range of 250 to 450 V, 
except for IDEM02 scans in vertical direction. 7 to 11 π-
cm-mrad, 4-rms emittance increase in the vertical 
direction was measured on the second station. Beam 
brightness was constant for the whole range of high 
voltage (see Fig 8. B). We plan to repeat the same 
measurements with extracted beam over the beam current 
range of 16 -18 mA (production level for LANSCE) and 
converter voltages up to 600 V. We expect to see an 
increase of H- beam currents up to 21 - 23 mA. We hope 
that the new experiments will resolve disagreements 
between different experimental results and theoretical 
models for the formation of H- ions on the surface of 
negatively biased electrode (converter). 
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Figure 7: (A) The “peaked” converter voltage as a 
function of cesium oven temperature. (B) Beam currents 
measured using current monitor and Faraday cup as a 
function of converter voltage. 
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Figure 8: (A) Emittance measurements performed at 
IDEM02 and IDEM03 stations as a function of elevated 
converter voltage. (B) H- beam brightness as a function of 
converter voltage. 

ISTS DEVELOPMENTS PLAN 
The H- ion beam development plan for better 

performance consists of 28 different proposals. They are 
compatible with a previously described development plan 
for the ISTS [6]. The plan includes some of the following 
proposals: 
 Improvement by elevating source body temperature 

by reduction the water flow in the source body/ side 
plates cooling loops or increasing input water 
temperature. 

 Optimizing converter geometry and position. 
 Modification of the converter electrode water cooling 

channels for more uniform current density production 
over the electrode surface. 

 Addition of an inner hot liner (screen) for better 
control over Cs coverage of the converter and 
reduction in Cs dissipation. 

 Installation of a third filament for higher discharge 
currents, plasma density and enhanced production of 
H- beam. 

 Investigation of thicker filament diameters for 
increased electron emission area, higher discharge 
current and higher extraction of negative ion beams. 

 AC versus DC voltage driven filament heating for 
prolongation of source lifetime and higher extracted 
beam currents. 

 Continued space charge neutralization experiments: 
80 keV/35 keV H- beam transport at different values 
of beam pulse length, different vacuum pressures, and 
different residual gases (by injection of heavy noble 
gases Ar, Kr, Xe into transport beam line). 
These development efforts are expected to enhance 

performance of the LANSCE surface converter ion source 
in the long term. Upcoming, near-term ISTS experiments 
will focus on demonstrating reliable 120 HZ source 
operations for >28 days in support of 2014 LANSCE 
operation requirements. 
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A SPECIALIZED MEBT DESIGN FOR THE LANSCE H
+
 RFQ UPGRADE 

PROJECT* 

C. Fortgang
#
, Y. Batygin, R. Garnett, S. Kurennoy, L. Rybarcyk, LANL, Los Alamos, NM USA 

 

Abstract 
 

The LANSCE accelerator operates with both H
+
 and H

-
 

ions. Presently, each species has its own 750-keV 

Cockcroft-Walton (CW) and an initial transport line. The 

two transport lines merge into a common transport after 

which both species are injected into the 201.25-MHz 

DTL. The H
+
 CW will be replaced with a 4-rod RFQ that 

is now in final design. Because of the complication of 

accommodating two beam species, the MEBT for the 

RFQ beam is much longer than usual. The length of the 

MEBT for the H+ beam, and a requirement to merge it 

with the existing common transport, present new and 

unique challenges for the MEBT design. In particular, 

multiple ¼-wave bunchers in addition to the existing final 

buncher upstream of the DTL are necessary to minimize 

phase spread of the RFQ output beam for DTL injection. 

Estimates of emittance growth, matching into the DTL 

over a range of H
+
 beam currents, and simulations 

through the first two DTL tanks are presented. 

INTRODUCTION 

The LANSCE accelerator presently has 2 CWs for H
+
 

and H
-
 operation.  The plan is to replace the H

+
 CW with 

a 750-keV 4-rod RFQ being designed by IAP (Frankfurt) 

and Kress GmbH (with LANL input) and fabricated by 

Kress.  The design of the RFQ transport line is 

complicated by the fact that it has to merge with the H
-
 

transport line.  The RFQ specifications that are relevant to 

the MEBT design are: RF frequency = 201.25 MHz, beam 

energy = 750 keV, RFQ maximum output emittance (rms, 

norm.) = 0.023  cm-mrad, and maximum input current = 

35 mA. The goals for the MEBT physics design are to 

minimize beam loss and emittance growth while 

maintaining the longitudinal bunching produced by the 

RFQ, under the constraint that the common transport for 

the 2 species not be modified.  A discussion of the overall 

LANSCE RFQ project is given in [1]. 

PHYSICS DESIGN 

Figure 1 shows the beam envelope and phase spread for 

the 5rms beam from a TRACE-3D [2] simulation. 

 

 

Figure 1:  TRACE3D beam envelope for the 5rms beam  in the MEBT for ~34 mA. 

______________________                                                                                                                                      

*Work Supported by USDOE DE-AC52-06NA25396 

# cfortgang@lanl.gov 
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The total length of the MEBT, 4.15 m, is much longer 

than would normally be desired.  Figure 2 shows the 

present layout of the 2 transport lines and their merger 

before injection into the DTL. 

 

   
 

 Figure 2: Present H
+
/H

-
 CW injector layout. 

 

The input beam for the TRACE simulation uses the 

output beam Twiss parameters from a PARMTEQM [3] 

RFQ simulation. The beam current is 33.8 mA at 750 

keV. The rms normalized transverse emittance is 0.021  

cm-mrad and longitudinal rms emittance is 0.07  MeV-

deg.  The RFQ beam is transported to the existing 9
o
 

bending magnet (element 15 in Fig. 1) using 4 quads and 

2 quarter-wave bunching cavities [4].  We chose these 

cavities because they are compact. They require about 3 

kW of RF peak power for 25 kV of cavity voltage. The 9
o
 

bending magnet is where the 2 species merge.   

Everything downstream of the bending magnet currently 

exists and will not be physically modified. Part of the 

design process is to have the beam small in the main 

buncher (MB) cavity (element 20) to manage the 

emittance growth due to non-linear RF fields.  However, 

we found that if we insist on a waist in both transverse 

planes at the MB then there is too much beam loss due to 

scraping elsewhere in the MEBT.  The asymmetric 

position of the waists allows us to have an acceptable 

beam size in the MB and at the same time minimizes the 

maximum beam size elsewhere.  The first 4 quadrupole 

magnets are used to position the waists and the last 4 

quadrupole magnets match the beam transversely into the 

DTL.  Careful inspection of Fig. 1 shows that there is 

room for a 4
th

 buncher in the middle of the last 4 quads 

but it has been decided not to use that space for a buncher 

because of our constraint to leave the existing common 

transport unmodified.  The design as shown does not have 

a deflector for beam gating.  In order to save on space we 

decided to put the deflector in the LEBT, upstream of the 

RFQ.  The drift space just upstream of the bending 

magnet is not available for hardware because that is 

where the 2 merging beam lines come so close together 

that there is no available room transversely. 

Longitudinal matching of the RFQ beam into the DTL 

is more challenging than the transverse match.  The 

reasons are the long distant required to transport the beam 

and the limited allocation of beam line space for 

bunchers.  Without space charge the longitudinal 

envelope equation for a drift can be integrated twice for 

the beam size. The result is, 

 

  (z) = zo [(1+ zo’ z/zo)
2
 + (z  z / zo

2
)

2
 ] 

0.5   
360/()   (1)

 
 

 

where (z) is the beam size in degrees, zo and zo’ are the 
initial longitudinal beam size and divergence, z is 5 times 

the rms longitudinal emittance, =v/c, and  is the RF 

wavelength.  If we consider the drift following a buncher, 

then zo is the longitudinal beam size at the buncher and 

zo’ <0 is proportional to the buncher cavity voltage.  If we 

differentiate (1) and solve for the position of the waist 

following a buncher we obtain, 

 

          zwaist = |zo’| zo / (zo’2 
+ z

2
/zo

2
)                         (2) 

 

Examination of (2) shows that for a given zo and z there 

is a maximum value for zwaist with zo’ being an 
independent parameter.  This can also be seen in Figure 3 

where (1) is plotted for 6 different buncher focusing 

strengths.  The black line connects the waist positions 

(circles) for each case.  For this example the farthest 

distance from the buncher where the beam is at a 

longitudinal focus is ~550 mm (magenta waist). 

Figure 3: Bunch length downstream of a buncher cavity 

for 6 different focusing strengths.  There is a limit to how 

far downstream the waist can be positioned. 

 

 The drift between the MB and the DTL entrance is 

larger than the farthest possible waist position 

downstream from the MB.  Therefore, the beam cannot be 

focused to the proper size longitudinally at the DTL 

entrance using the MB and so the longitudinal match is 

less than ideal.  However, our design gets the best 

possible match under the constraints and still results in a 

better capture by the DTL than is achieved presently with 

the DC beam produced by the CW. 

Fig. 1 represents a point design for one particular 

current and emittance.  We have checked that for lower 

currents and higher emittances we can still transversely 

match the beam into the DTL.  However, a complication 

exists for dual species matching due to the common 

transport downstream of the 9
o
 bending magnet where a 
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compromise must be found to match both beams using the 

final 4 quads.  Ideally, one can set the quads nearest the 

DTL for matching the H
+
 beam and then use H

-
 quads 

(upstream of the merge point) to match the H
-
 beam into 

the DTL.
 

PARTICLE SIMULATION RESULTS 

After doing a preliminary design with TRACE 3D we 

check and optimize the design with the multi-particle 

beam dynamics code PARMILA [5].  The PARMILA 

simulations start at the entrance to the MEBT and end 

after the 2
nd

 DTL tank where the beam energy is 40 MeV.  

Table 1 shows the results of the particle simulations for 2 

different RFQ input beam currents and an input emittance 

of n,rms = 0.02 -cm-mrad. 

 

Table 1:  PARMILA simulation results for 2 different 

beam currents.  The quantities in the last row are the 

transmission through the RFQ, MEBT, and DTL 

respectively. 

 

The estimated beam loss, emittance growth, and 

transmission shown in Table 1 meets our requirements.  In 

particular, the capture of 91.5% by the DTL for the 24-

mA case is better than the ~80% capture presently 

achieved during routine LANSCE operation with lower 

beam current (~10.5 mA).   

The PARMILA phase space plots at the exit of the 

MEBT for the case of 33.8 mA out of the RFQ (1
st
 

column of Table 1) are shown in Figure 4.  Note the large 

longitudinal phase spread due to the long drifts without 

buncher cavities. 

 

 
 

Figure 4: Beam phase space and x-y plots at the end of 

the MEBT for the case of 33.8 mA beam out of the RFQ. 

 

SUMMARY 

Design of a MEBT for the LANSCE H
+
 RFQ project 

has been presented.  Complications of the MEBT design 

because of the need to transport 2 species to the DTL has 

been discussed and addressed.  A design using TRACE3D 

has been verified with particle simulations.  The 

simulations predict good capture and transmission 

through the first 2 tanks of the DTL up to 40 MeV. 
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DESIGN OF A DUOPLASMATRON EXTRACTION GEOMETRY AND 

LEBT FOR THE LANSCE H
+
 RFQ PROJECT * 

C. Fortgang
#
, Y. Batygin, I. Draganic, R. Garnett, R. McCrady, L. Rybarcyk, LANL, Los Alamos, 

NM USA 

Abstract 
The 750-keV H

+
 Cockcroft-Walton at LANSCE will be 

replaced with a 4-rod RFQ with injection energy of 35 

keV. The existing duoplasmatron source extraction optics 

need to be modified to produce up to 35 mA of H
+
 current 

with an emittance <0.02 pi-cm-mrad (rms,norm) for 

injection into the RFQ. In addition to source 

modifications we need a new LEBT for transport and 

matching into the RFQ. The LEBT uses 2 magnetic 

solenoids with enough drift space between them to 

accommodate diagnostics and a beam deflector. The 

LEBT is designed to work over a range of space-charge 

neutralized currents and emittances. The LEBT is 

optimized in the sense that it minimizes the beam size in 

both solenoids for a point design of a given neutralized 

current and emittance. Special attention has been given to 

estimating emittance growth due to solenoid aberrations. 

Examples of source-to-RFQ matching and emittance 

growth (due to both non-linear space charge and solenoid 

aberrations) are presented over a range of currents and 

emittances about the design point. A preliminary 

mechanical layout drawing will also be presented. 

INTRODUCTION 

The LANSCE accelerator presently has 2 CWs for H
+
 

and H
-
 operation.  The plan is to replace the H

+
 CW with 

a 750-keV 4-rod RFQ being designed by IAP (Frankfurt) 

and Kress GmbH (with LANL input) and fabricated by 

Kress.  The input  energy of the RFQ is 35 keV at a 

maximum beam current of 35 mA.  The design  emittance 

for the RFQ input beam is 0.02 π-cm-mrad, rms-

normalized.  Presently the LANSCE users of H
+
 require 

about 18 mA of extracted beam.  The current H
+
 

duoplasmatron source is very reliable and has been used 

for decades at LANSCE.  We will use the existing 

duoplasmatron source with a newly designed extraction 

system and LEBT for beam injection into the RFQ.  For 

the LEBT a magnetic focusing system was chosen.  

Careful attention has been paid to the solenoid design so 

that emittance growth due to non-linear focusing terms is 

made negligible. 

SOURCE EXTRACTION DESIGN 

Figure 1 shows the extraction geometry for the 35 keV 

source.  The source design was done using the finite 

element code TRAK [1]. The relevant parameters are:  

Pierce, extractor, electron suppressor and ground     

____________________________ 

*Work Supported by USDOE DE-AC52-06NA25396 

# cfortgang@lanl.gov 

electrode apertures equal 5 mm, 6 mm, 8 mm and 16 mm, 

respectively.  The gap between the Pierce aperture and the 

extractor is 12 mm.  The Pierce and electron suppressor 

electrodes are held at 35 kV and -2 kV.  The extractor 

voltage is varied to minimize the emittance for each 

extracted beam current, mainly determined by the source 

plasma density and Te (proportional to source arc current).  

In Fig. 1 the extractor gap voltage (∆V) is 22.6 kV and 

the extracted current is 18 mA.  The maximum electric    

 
Figure 1:  Electrode geometry and beam extraction for a 

35 keV, 18 mA H
+
 beam.  Grid spacing is 10 mm/div. 

 

field is 3.44 kV/cm.  For 35 mA of extracted current the 

extractor gap voltage is 35 kV and the maximum electric 

field is 5.3 kV/cm which is still below our goal of Epeak 

< 7 kV/cm.  A cutaway view of the source design is 

shown in Fig. 2. 

 

 
Figure 2:  Duoplasmatron source is on the right.  

Extraction electrodes are in the center and the 1
st
 LEBT 

solenoid is on the left. Pumps are above and below 

electrodes. 
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The TRAK code was used to adjust the electrode shapes 

to produce a uniform and laminar beam to minimize 

emittance growth due to nonlinear space charge fields and 

geometric optic aberrations in the first few centimeters 

downstream of the source aperture. Presently at 

LANSCE, with ≈15 mA of H
+
 current at 750 keV the 

measured beam emittance is ≈ 0.004 π-cm-mrad, rms-

normalized (Fig. 3). The second beam seen in the figure is 

H2
+
.  The measured ratio εtotal/εrms = 5.6 is indicative of a 

waterbag distribution (εtotal/εrms = 6.0).  For our LEBT 

design with 35 mA of extracted current we assume an 

emittance of 0.0075 π-cm-mrad. 

 

 
Figure 3:  Measured H

+
 transverse phase space at 750 keV 

for the LANSCE duoplasmatron source.  H2
+
 beam is also 

observed. 

LEBT DESIGN 

A TRACE2D envelope simulation of the 4εrms beam is 

shown in Fig. 4.  

 

 
Figure 4: TRACE 2D envelope simulation with LEBT 

design variables defined.  The source aperture is 50 mm 

upstream of the simulation starting point on the left. 

 

A magnetic LEBT was selected instead of an 

electrostatic design so as to have a high degree of space 

charge neutralization via ionization of the background 

neutral gas.  With less effective current, emittance growth 

due to the nonlinear space-charge force is reduced to a 

tolerable level.  In addition, for the same focal length 

magnetostatic lenses have smaller aberrations than 

electrostatic lenses [2].  An electrostatic deflector (for 

beam gating), emittance diagnostic, steering magnet and 

valve (not shown) will be located in the drift between the 

2 solenoids.  Our design is an optimized point design [3] 

in the following sense:  for a given drift distance L 

between solenoids, a beam waist at the center (R’m=0), a 

given effective (partially neutralized) beam current, and a 

given beam emittance, there is one value for the beam 

size at the waist (Rm) that minimizes the beam size (R1out 

= R2in) in both solenoids.  This is desirable to minimize 

emittance growth due to nonlinear solenoid focusing.  

Once the beam size at the waist, Rm, is determined then 

R1out, R1’out, R2in and R2’in are determined.  With that 

information the beam is matched backwards to the source 

with d1 and the strength of the 1
st
 solenoid (B1) as 

matching variables.  Similarly, the beam is matched to the 

RFQ input with d2 and B2 as matching variables.  If the 

beam current or emittance are different from the 

optimized point design parameters, the beam can still be 

matched to the RFQ using different solenoid strengths but 

the symmetry of the design is broken.  The beam size in 

the solenoids will grow if either the emittance or current 

is larger than the point design. Table 1 gives the LEBT 

parameters. 

 

Table 1:  LEBT Parameters 

ε initial  rms- normalized 0.0075 π cm-mrad 

Source to d1 50 mm 

d1 204 mm 

L 1800 mm 

d2 346 mm 

Solenoids effective length 176 mm 

R max in solenoids 24.5 mm 

R waist between solenoids 11 mm 

R final 1.38 mm 

R’ final - 31.4 mrad 

B1 max 2758 Gauss 

B2 max 2536 Gauss 

SOLENOID DESIGN  

An important aspect of the LEBT design is to minimize 

emittance growth.  If the beam size in the solenoids is not 

small compared to the solenoid aperture then there will be 

emittance growth due to non-linear effects.  To second 

order the deflection of an ion after traversing a solenoid 

is, 

 

∆r’ = - e
2 
/ (4 (m γ vz)

2
 )     x 

           ∫ [ Bz
2 
(0,z) r - ½  r

3
  Bz(0,z) ∂2

/∂z
2
 (Bz(0,z)) ] dz . 

 

The first term in brackets is the usual linear focusing.  

The second term in brackets is non-linear.  Smaller beams 

have less aberration because of the r
3
 dependence.  
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Longer solenoids that result in the same deflection as 

shorter solenoids will also have less aberration.  This 

comes from the ∂2
/∂z

2
 (Bz(0,z)) factor which makes less 

of a contribution to the line integral if the magnetic field 

profile is flat and sharp (long solenoids) as opposed to 

peaked and rounded (short solenoids).  The integrated 

second derivative term is <0 so the overall effect of the 

second term is >0 and thus larger radii particles are over 

focused.  It is more practical to make a solenoid longer 

than it is to make the aperture larger.  After iterating on 

solenoid designs and particle simulations, we settled on 

an iron yoke design with the following specifications:  

solenoid physical length = 250 mm, effective length = 

176.3 mm, aperture = 54 mm, and coil current density ≈ 

4.1 Amps/mm
2
.  A solenoid of these dimensions causes a 

small but acceptable amount of emittance growth. 

PARTICLE SIMULATIONS 

To simulate the effects of both solenoid aberrations and 

nonlinear space charge on emittance growth in the LEBT 

we use the particle tracking code BEAMPATH [4].  

Figure 5 shows particle tracks through the LEBT for a 

waterbag distribution.  This distribution was selected 

based on the emittance measurement results previously 

discussed.  Based upon measurement and calculations we 

expect the level of space charge neutralization to be ~ 

90%.  Therefore, the effective beam current is 3.5 mA.  

Qualitatively the beam is mostly laminar though some ray 

crossing is observed. 

 
Figure 5:  BEAMPATH simulation of matched beam in 

the LEBT.  A waterbag distribution is assumed. 

 

Figure 6 shows the emittance growth along the LEBT, 

again starting with a waterbag distribution and an 

effective current of 3.5 mA.  The dashed line is the 

emittance growth with nonlinear space charge included 

but with the nonlinear solenoid focusing term turned off.  

The solid line includes the solenoid nonlinear focusing. 

The emittance growth due to solenoid aberrations is 

relatively small for the reasons given above. The 

simulated normalized rms emittance at the RFQ match 

point is comfortably below our requirement of 0.02 π cm-

mrad. 

 

 
 

Figure 6:  Emittance growth along the LEBT with (solid 

line) and without (dashed line) nonlinear solenoid 

focusing included. 

SUMMARY 

A new 35-keV extraction system for the H
+
 

duoplasmatron source and an optimized point design of a 

LEBT for matching into the H
+
 RFQ has been presented.  

The physics design of the extraction system has been 

incorporated into a solid model.  The LEBT design is 

optimized to minimize the beam size in the solenoids for 

the expected emittance, neutralized beam current, and 

desired drift space between the solenoids.  Careful 

attention has been given to the solenoid design so that 

emittance growth due to nonlinear focusing is at an 

acceptable level.  The physics design of the source 

extraction system and LEBT is complete and mechanical 

design will start this coming year. 
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APPLICATION AND CALIBRATION ASPECTS OF A  
NEW HIGH-PERFORMANCE BEAM-DYNAMICS SIMULATOR  

FOR THE LANSCE LINAC * 

L. J. Rybarcyk# and X. Pang, Los Alamos National Laboratory, Los Alamos, NM, 87545, USA

Abstract 
The Los Alamos Neutron Science Center utilizes a 

linear accelerator (linac) consisting of two 750-keV 
injectors, a 100-MeV drift tube linac and an 800-MeV 
coupled cavity linac to provide both H- and H+ beams to 
several user facilities. We are presently developing a 
graphics processing unit (GPU)-based high-performance 
multiparticle beam-dynamics simulator to aid in tune-up 
and operation of the linac. Our primary goal is to create 
an on-line tool that will act as a virtual beam diagnostic 
and in pseudo real-time provide accelerator operators and 
physicists with insight into the evolution of the beam 
throughout the linac. This paper will discuss potential 
applications of this tool and aspects of the various 
calibrations that are a prerequisite to using the model. 

INTRODUCTION 
High power linacs, such as the Los Alamos Neutron 

Science Center (LANSCE) 800-MeV accelerator, use a 
combination of well defined physics-model based tune-up 
procedures and empirical optimization to establish low-
loss operation under high-power beam conditions. 
Although the low beam power tune-up is typically 
performed with an array of beam diagnostics, the 
subsequent adjustments under high beam power 
conditions are performed with little or no direct beam 
information and focus mainly on reducing beam spill as 
measured with radiation monitors located along the linac 
and beam lines. A better situation would be one where 
tuning activities are guided by more detailed information 
about the beam properties along the linac. Although one 
possible option would be to install numerous beam 
diagnostic devices all along the accelerator, this is rather 
impractical due to cost considerations and the interceptive 
nature of many of the desired devices. Another possible 
option is to utilize a beam dynamics model along with a 
realistic beam distribution to predict the beam 
characteristics along the linac. The beam dynamics model 
would need to contain enough physics to predict with 
reasonable accuracy the properties of the beam along the 
linac, but also be fast enough to provide near real-time 
feedback, as an actual beam diagnostics device would. At 
LANSCE we are pursuing the latter approach as a means 
to provide additional information and insight into the 
evolution of the beam along the linac. Besides serving as 
a virtual beam diagnostic during tune-up and operation, 
this model can also serve other functions as will be 
discussed. 

THE SIMULATOR 
The new high-performance, multi-particle, beam-

dynamics simulator is based upon the widely used ion 
linac design and simulation code PARMILA [1], but 
rewritten in C++ and NVIDIA’s CUDA C [2] to enable a 
modern code architecture that can utilize the power of the 
Graphics Processing Unit (GPU) technology for 
tremendous performance improvements [3]. PARMILA 
was chosen as it incorporates essential physics required to 
simulate a realistic beam distribution in various ion linac 
structures and beam line components, algorithms that 
have been tested and benchmarked and approximations 
that enable faster execution without sacrificing significant 
accuracy. 

The physics model for the linac is based upon design 
and as-built information regarding the linac geometry and 
accelerating fields and is stored in an SQL database. 
When the simulator is used in an “on-line” mode, a data 
server reads in real-time the linac parameters from the 
EPICS control system and pipes the data into the SQL 
database, where they are converted into physics model 
quantities. Alternatively, in the “off-line” mode, the user 
may chose to modify the stored values of linac 
parameters, which are subsequently converted to physics 
model quantities. In either case, the simulator reads the 
database at the beginning of the simulation. This SQL 
database also contains the conversions and calibration 
constants that relate the data system set points to the 
corresponding physics model quantities. Specific 
procedures are performed to establish the correct value for 
each of the calibration constant required by the model. 

APPLICATIONS 
Although originally developed to serve as an online 

model for tune-up and operation of the linac, it has 
become clear that the high-performance, multi-particle, 
beam-dynamics simulator can also be used in other 
valuable ways. Many of the following activities could be 
performed with a standard off-line, “slow”, beam 
dynamics code. However, the benefit for many of these 
applications is that the simulator response is rapid, i.e. 
pseudo real-time, and the connection to the accelerator 
control system conveys the sense of operating a real 
machine, not just a model, which facilitates these 
activities. 

Virtual Beam Diagnostic 
The main goal of the simulator development is to 

provide operations personnel with pseudo real-time 
information about the beam evolution along the linac to 

 ____________________________________________  
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aid in the tune-up and subsequent empirical fine-tuning of 
machine parameters. In this case the simulator is 
configured to run in an online mode, continuously 
updating the model with the latest operational set points 
and then looping through the beam dynamics simulation 
before updating the graphical output of various quantities 
along the linac. An example of the simulator running H-

beam through the LANSCE drift tube linac (DTL) is 
shown in Figure 1. As various DTL parameters are 
adjusted via EPICS controls the simulator continually 
updates the display in pseudo real-time with beam 
information, such as profiles, emittances, losses and 
phase-space distributions. 

 

Training 
In an off-line mode the simulator can be used to help 

train operators and physicists regarding the nuances of 
operating a high-power linac. Along this vein it can be 
used to develop better insight and understanding into the 
effect that various accelerator parameter changes have 
upon the beam along the linac.  

Troubleshooting 
Troubleshooting linac performance often occurs during 

the start-up phase when measurements do not meet 
expectation. The simulator can be invaluable here to help 
diagnosis and debug particular problems with the linac. 

During the most recent start-up of the LANSCE linac, 
we observed characteristically different phase scans in the 
last tank of our DTL. About the same time we observed 
unexpected changes in the cavity field phase in the first 
DTL tank. Using the simulator we were able to reproduce 
similar phase scan results when a significant phase shift 
was introduced into the first tank. This led us to find and 
fix a problem with the signal path from the RF reference 
line to DTL tank 1 LLRF controls. 

Test Bed 
Another valuable use for the simulator is as a 

development and test facility for various feedback and 
control schemes. These are schemes that would normally 

require access to the linac control parameters via the 
EPICS control system. Recently, this was done using the 
simulator and was aimed at testing a model-independent 
optimization approach for establishing control set points 
in the linac. [4]   

Optimization  
Since the simulator is meant to provide detailed 

information about the beam along the linac, it can also be 
used to find a more optimal way to operate the 
accelerator. Over many years of high power beam 
operation at LANSCE, the operations staff has found 
lower beam loss solutions that require operating the 
machine away from design values. This can also be 
explored with the simulator. Evolutionary optimization 
approaches such as the multi-objective genetic algorithm 
(MOGA) and multi-objective particle swarm optimization 
(MOPSO) are being investigated as a way to help find 
stable, low beam-loss solutions that better define and 
quantify the beam conditions along the linac [5]. 

CALIBRATIONS 
Before using the simulator to provide meaningful 

information about the beam evolution along the linac it 
must be calibrated. That is, the transformations associated 
with the control system set points to physics model 
parameters must be established. These calibrations 
include focusing magnet strengths, RF field phase and 
amplitude for the bunching and accelerating structures, 
and space-charge compensation in the low-energy beam 
transports.  Some of the calibrations are done offline and 
some are beam-based. 

The magnet calibrations relate power supply current to 
field. These are done offline and based upon fitting 
excitation curve data of field vs. current. 

Depending upon the type of cavity, the RF bunchers 
and accelerating tanks utilize both offline and beam based 
approaches. The single-gap buncher cavities that are used 
in the 750-keV beam transports utilize an offline 
calibration. An EM-field calculation of the cavity was 
performed using SUPERFISH [6] to extract the 
theoretical EoTL, Qu and Pcav. In addition, measurements 
were made of the cavity Q along with each buncher cavity 
amplifiers output power vs. amplitude set point. These 
results were combined to produce the effective gap 
voltage vs. amplitude set point. The phase set point is 
calibrated with a beam-based measurement known as a 
phase scan and is described below. 

The accelerating sections of the linac require beam-
based measurements to establish the RF calibrations. For 
each section driven by one RF amplifier there is a 
separate phase offset and amplitude scale factor that must 
be determined to properly tie the control setting to the 
physics model. For the DTL these are calibrated using a 
standard phase scan method. The phase scan measures the 
beam current above an energy threshold as a function of 
the phase setting of the tank being scanned. The size and 
location of the current distribution is related to the 

 

Figure 1: EPICS control sliders (left) and simulation 
output that includes profile, phase space, centroid, size, 
emittance and loss plots. 
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amplitude and phase of the accelerating field in the tank. 
Figure 2 shows two measured phase scans of DTL tank 1 
along with the fits produced by the simulator. The phase  
scans represent the cases with the first of two LEBT 
bunchers off and on, respectively. Tank 1 amplitude scale 
factor and the two buncher cavity phase offsets were 
extracted from the fits to these data. 

The coupled cavity linac (CCL) is just now being 
incorporated into the simulator and therefore has not yet 
been include in LANSCE linac model. However, the 
calibration of the phase offset and amplitude scale factor 
for each CCL accelerating module will be performed by 
fitting measured phase scans similar to what has been 
done elsewhere [7]. 

An additional factor that we have chosen to include in 
the model is the space-charge compensation of the beam, 
which is the result of interactions with residual gas in the 
nominally evacuated beam line. Measurements in the low-
energy beam transports (LEBT) where space-charge 

forces are significant showed different degrees of 
compensation present [8]. This space charge 
compensation factor is derived from a comparison of 
measured beam emittances and model predictions. 

SUMMARY 
A high-performance, multi-particle beam dynamics 

simulator is being developed for the LANSCE linac and 
will serve as a virtual beam diagnostic by providing staff 
with additional information about the beam along the 
linac during tune-up and operation of the facility. In 
addition it can also function as a tool for training linac 
operations personnel, troubleshooting issues associated 
with beam operations, as a test-bed for new control 
schemes and for optimization of the linac operation. The 
simulator requires the calibration of various constants that 
relate linac control system parameters to various physics 
model values. These are done using a combination of 
offline and beam-based procedures. The beam-based 
approach extracts calibration constants from fits to 
various tune-up measurements. 
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Figure 2: Measured (blue dots) and simulated (red line) 
phase scan data for Tank 1 of the DTL. Upper (lower) 
panel is for the case when the first of two LEBT buncher 
cavities is off (on).  

TUPSM19 Proceedings of PAC2013, Pasadena, CA USA

678C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

06 Accelerator Systems

T04 - Accelerator/Storage Ring Control Systems



INTEGRATION BETWEEN THE FRIB LINAC MECHANICAL CAD 
MODEL GEOMETRY AND THE ACCELERATOR PHYSICS LATTICE 

DATABASE* 

M. Johnson#, N. Bultman, I. Grender, M. Leitner, G. Morgan, O. Yair, Q. Zhao 
Facility for Rare Isotope Beams (FRIB), Michigan State University, E. Lansing, MI 48824, USA

Abstract 
This paper will summarize the systems engineering 

techniques utilized to translate the FRIB accelerator 
physics lattice file to actual three-dimensional CAD 
geometry for linac components. An automated approach 
of using the accelerator physics lattice database used for 
optics and particle simulation has been implemented to 
generate data points used to position the technical 3- 
dimensional CAD geometry. This coordinated method 
ensures consistency between the technical and scientific 
design domains throughout the project design phases. The 
FRIB configuration management used to control lattice 
and CAD model revisions is also discussed. In addition, 
the paper discusses fiducialization plans and tolerance 
stack up analysis to meet positional requirements for 
FRIB cryomodules, diagnostics, and the beam delivery 
magnet systems. 

DATA MANAGEMENT 
The layout of the FRIB accelerator physics lattice file is 

composed of the basic element layouts of the driver linac.  
This layout is accomplished using spreadsheet file to 
define the undeveloped geometry of ion sources, focusing 
and steering magnets, accelerating cryomodules, radio 
frequency quadrupole (RFQ), The alignment placement 
requirements of the accelerator components are 
summarized in [1,2].  An automated script imports the 
lattice points into our mechanical CAD software 
generating local coordinates for the centers of each 
component, called a skeleton file.   The three-dimensional 
design geometry is then located to each coordinate in the 
skeleton file making up the complete linac geometry. The 
Survey and Alignment Group will develop and maintain a 
proprietal data handling system composed of a relational 
database and a workable simplified wireframe graphics 

model [3]. This system will be integrated with the FRIB 
project database currently under development within the 
Controls and Computing Group.  All components 
requiring alignment will have associated fiducials. The 
fiducials are placed on the wireframe component model 
and these in turn are placed at the correct location in the 
design lattice based upon the data gathered during the 
fiducialization process. The wireframe graphical model is 
a single graphical representation of every point that the 
Survey and Alignment Group is given as a design 
location.  The relational database provides functionality 
for archiving and retrieving data from various epochs of 
the project’s evolution in order to keep abreast of 
revisions and network re-observation campaigns. In 
addition to coordinate data and associated uncertainties 
the database will hold information regarding 
nomenclature, instrumentation, tooling, fiducialization, 
and ideal component design lattice positions. 

General Layout 
As shown in Figure 1, the driver accelerator consists of 

Electron Cyclotron Resonance (ECR) ion sources, a low 
energy beam transport containing a pre-buncher and 
electrostatic deflectors for machine protection, a 
Radiofrequency Quadrupole (RFQ) linac, linac segment 1 
(with Quarter-wave Resonators (QWR) of β=0.041 and 
0.085) accelerating the beam up to 20 MeV/u where the 
beam is stripped to higher charge states, linac segments 2 
and 3 (with Half-wave Resonators (HWR) of β=0.29 and 
0.53) accelerating the beam above 200 MeV/u, folding 
segments to confine the footprint and facilitate beam 
collimation, and a beam delivery system to transport to 
the target a tightly focused beam. 

 

 
Figure 1:  The FRIB accelerator layout at the tunnel level. 

 ____________________________________________  
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ALIGNMENT NETWORK 
At present the core processes are in the project-specific 

refinement phase.  The FRIB global coordinate system 
(GCS) is the single cartesian site-wide reference system 
used by the Survey and Alignment Group to integrate the 
spatial information and placement requirements of the 
Accelerator Systems Division (ASD), the Experimental 
Facilities Division (ESD), the Conventional Facilities 
Division (CFD), and the civil construction effort. The 
network is an array of monuments permanently affixed in 
the floor and to walls to realize coordinate system. The Z-
axis of the coordinate system is oriented to gravity at all 
locations, as the effect of earth curvature is to be regarded 
as insignificant with regard to project requirements.  The 
floor monuments holes will be drilled and the monument 
bodies grouted in place when the concrete substrate is 
sufficiently cured, allowing the maximum time to elapse 
before the first network campaign begins. The monument 
body accepts a 1-1/2” spherically mounted retroreflector 
(SMR) the center of which is considered a geometric 
point and conceptually defines the monument location. 
The Spallation Neutron Source (SNS) floor monument 
design is to be adopted for FRIB. The SNS design 
requires no intermediate fixture for placing the SMR into 
the monument body. The wall monument design has yet 
to be chosen but several designs are under consideration 
with the main criteria being the method by which they are 
affixed and cost. Measurements are made to the SMR 
primarily by laser trackers and total station instruments. 
Digital level measurements are also made, but in that case 
the SMR is replaced by a solid sphere of the same 
dimension and measurements made to the sphere’s 
uppermost point utilizing a bar-coded invar rod that are 
reduced to the sphere’s center by its nominal radius. 

Network observations are made to the monuments from 
a series of instrument stations. The series of instrument 
stations and observations through the front end, linac 
tunnel, target area and existing NSCL constitutes a 
network observation campaign. The objective of a 
network observation campaign will be the production of a 
triad of X, Y and Z coordinate values with the GCS. 

The uncertainties associated with the monument 
locations represent an upper limit on the achievable global 
precision of alignment.  The component-to-component 
tolerances are found in the FRIB Driver Linac Element 
Placement Requirements document and the Experimental 
Systems Alignment Requirements document. 

The network path begins at the ECR ion source in the 
front end the beam transitions to the linac floor through a 
13 m vertical drop. Monuments affixed to the walls 
through the vertical drop provide for the placement of 
instruments near the 6 m mark as well as above and 
below. In similar fashion, the nearby equipment hatch will 
also be utilized. Employing differential leveling 
techniques through narrow vertical passages is 
particularly difficult and special fixtures and aids will be 

needed. The linac is a folded design so there is no single 
corridor from which instruments may have lines of sight 
to all components within any particular cross section of 
the tunnel.  Two corridors of linac floor allow for the 
necessary lines of sight. Along the length of the tunnel 
there will be monuments placed in 4 rows spaced 5 meters 
apart.  Where available wall space will be utilized for 
monument placements. The rows will be spaced at 5 
meter intervals along the beam path, resulting in an 
approximate total of 150 monuments. 

COMPONENT ALIGNMENT SCHEMES 

Vertical Drop Alignment 
FRIB will write individual fiducialization procedure 

documents for each species of component in which 
unique or special considerations are addressed. The 
adjustment process should be fairly straighforward for 
many components, especially those spanning the linac 
floor. The vertical drop from the ECR to the linac floor 
offer significant challenges for the alignment process. The 
design makes use of two spaceframes, shown in figure 2, 
to which the individual components are affixed. In this 
region, the beamline components consists of 2 sets of 3 
electrostatic quadrupoles residing in a common vacuum 
housing, vacuum pumps, profile monitor diagnostics.  The 
individual components are mounted and aligned within 
the space frame in a horizontal orientation. Subsequently 
the individual component fiducial locations are verified 
and transferred to spaceframe fiducials. Alignment 
mounts are then placed in the drop and the spaceframe is 
installed and aligned. Using this method reduces 
alignment in the vertical drop to just two components. 

 
Figure 2:  Vertical beamline transport section. (a) Radio 
Frequency Quadrupole, (b) RT solenoid, (c) vertical 
spaceframe, (d) SC ion source, (e) bunching resonator, (f 
and g) RT dipole magnet. 
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Cryomodule Alignment 
Resonator and solenoid alignment of the cryomodule is 

accomplished using a mechanical axis line established 
from the entrance and exit 3-3/8” gate valves.   The gate 
valves are part of weldments that are assembled with 
dowel pins to the vacuum vessel bottom plate which 
doubles as a strong back with external fuducials visible 
for tunnel placement.   The bottom plate also supports the 
superconducting resonators attached to cold rail structures 
via G-10 thermal insulating support posts. 

During assembly the inside of the resonator’s niobium 
beam tubes are fuducialized to temporary SMR nests on 
the helium vessel.  Once assembled to the bottom plate 
the vessels locations are logged with respect to the bottom 
plate fuducials in order to transform the local 
fiducialization coordinates into design lattice coordinates 
to be used for alignment in the GCS.  The bottom plate 
fuducials are then used to place the mechanical beam axis 
orientation into the design lattice.  

 
Figure 3: Cryomodule cold mass alignment setup. 

Diagnostics Alignment 
Beamline diagnostics located between cryomodules are 

integrated into the linac vacuum system boxes, shown in 
figure 4.  These vacuum boxes and diagnostics assemblies 
consist of beam profile, beam current, beam position and 
the ability to house beam loss monitors. 

 
Figure 4:  Integrated beam diagnostics, orthogonal 
adjustment and vacuum system. 

Fidulization is performed during assembly and recorded 
into the alignment database.  The diagnostic components 
are aligned via the vacuum box’s external SMR nests. To 
do this efficiently the use of a coordinate measuring 
machine (CMM) arm may be used.  The vacuum box is 

positioned to the tunnel network via the external SMR 
nests. 

Magnet Alignment 
The driver linac portion of the accelerator consist of 

room temperature (RT) X-Y correcting magnets, RT 
quadrupoles, super conducting (SC) dipole magnets, RT 
dipole magnets.   

Magnetic field mapping is done with respect to 6.35 
mm [.250”] holes in the pole tip steel, which are then 
fuducialed to SMR nests visible at tunnel installation.  
The SC dipole is shown in figure 5. 

 
Figure 5: Folding segment 2 superconducting dipole 
magnet. 

SYSTEMS ENGINEERING 
The lattice file and corresponding 3D mechanical CAD 

geometry is stored in a read-only database after drafting 
checking and stakeholder approvals.  The database is 
controlled using a commercial engineering software 
package [4].   Subsequent changes follow a formal 
engineering change order process that records the design 
history, requirements and subsequent specifications. 
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IMPROVING EFFICIENCY OF IONS PRODUCTION IN ION SOURCE 
 WITH SADDLE ANTENNA*  

V. Dudnikov#, R. Johnson, Muons, Inc., Batavia, IL 60510, USA, S. Murrey,  
T. Pinnisi, C. Piller, M. Santana, M. Stockli, R. Welton, ORNL, Oak Ridge, TN 37831, 

USA 
 

Abstract  
Extraction of positive and negative ions from a saddle 

antenna radio-frequency surface plasma source (SA RF 
SPS)  is considered. Several versions of new plasma 
generators with different antennas and magnetic field 
configurations were tested in the small Test Stand. The 
efficiency of positive ion generation in plasma has been 
improved up to 80 times from 2.5 mA/cm2 kW to ~0.2 
A/cm2 per 1 kW. For cesiation was used a heating of the 
cesium chromate cartridges. A small oven for cesium 
compounds and alloys decomposition by heating was 
developed and tested. After cesiation a current of 
negative ions to the collector was increased from ~1 mA 
to 10 mA with RF power ~ 1.5 kW in the plasma and 
longitudinal magnetic field Bl~250 Gauss. A specific 
efficiency of H- production was increased up to ~ 20 mA/ 
cm2 kW from previous ~2.5 mA/ cm2 kW. 

INTRODUCTION 
Development of the saddle antenna RF surface plasma 

source (SA RF SPS) was proposed for improve efficiency 
of H- ion production and improve SPS reliability and 
availability [1-4]. Now RF SPS for accelerators with 
emission aperture 7 mm have the efficiency of H- ion 
generation ~1 mA/kW and RF power ~ 50 kW is needed 
for 50 mA beam current production [5]. With this 
efficiency delivered current is enough for 1 MW proton 
beam production but the high RF power required for the 
sources can create problems for very long term  operation 
at higher beam power. This efficiency is too low for CW 
operation with current ~10 mA necessary for Project X 
and for cyclotrons injection.  

In tested version of SA RF SPS the specific efficiency 
of positive ion generation was increased to ~0.2 A/ cm2 
kW and a specific efficiency of H- production was 
increased up to ~ 20 mA/cm2 kW from previous ~2.5 
mA/ cm2 kW. 

The  total efficiency of the surface plasma produced 
fraction of the H- beam is a product of the probability of 
secondary emission of H- caused by plasma bombardment 
of the collar surface around the emission aperture, the 
probability of extraction of emitted H-,  and the rate of 
bombarding plasma flux [6,7]. 

The coefficient of secondary emission of H- is 
determined by surface properties (proper cesiation) and 
the spectrum of the plasma particles bombarding the 
collar/emitter surface around the emission aperture. The 

cesiation was improved recently [5] and appears to be 
nearly optimal. The probability of extraction of H- 
emitted from the collar surface is dependent on the 
surface collar shape [4-7], which was optimized recently 
to improve H- emission. The problem of efficient plasma 
generation is being addressed by the development of new 
RF plasma generators with higher plasma generation 
efficiency and better concentration of useful plasma flux 
onto the internal surfaces of the collar around the 
emission aperture for lower RF power [1-4].  In this 
project, we use the saddle antenna, which has its RF 
magnetic field transverse to the source axis, combined 
with an axial DC magnetic field, to concentrate the 
plasma on the collar where the negative ions are formed 
by secondary emission [1-4,6,7]. 

SA SPS DESIGN 
The schematic of a large RF  SA SPS with the AlN 

ceramic discharge chamber, saddle antenna, and DC 
solenoid is shown in Fig. 1. The chamber has an ID=68 
mm. The saddle antenna in this SPS with inductance 
L=3.5 μH is made from water cooled copper tube. RF 
assisted triggering plasma gun (TPG) is attached to 
discharge chamber from left. An extraction system is 
attached from right side. 

 

 
Figure 1: A schematic of the SA SPS with an extraction 
system and a collector. 

 
Design of the extraction system is shown in Fig. 2. The 

strong transverse magnetic field (up to 1 kG) is created in 
the collar (4) by permanent magnets (7) inserted into 
water cooled extractor (6) attached to the plasma plate (1) 
through ceramic insulators (5). SA SPS was tested with 
emission and extractor’s apertures of 6 mm diameters.  
A Cesium vapor can be delivered to the emitter cone (2) 

 ___________________________________________  

 *Work supported by Contract DE-AC05-00OR22725 and by STTR 
 grant DE-SC0002690.  
#Vadim@muonsinc.com
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from Cs chromate cartridges (4) heated by plasma or 
from a resistive heated Cs oven (3). 

Schematic of ion beam formation is shown in Fig. 3. 
Ions are extracted from the cone by extraction voltage 
Uex between the cone and the extractor  and accelerated 
by voltage in the second gape. Co-extracted electrons are 
well collected to the extractor along magnetic field lines 
without drift in crossed ExB field. 

 

Figure 2: Extraction system of the RF SA SPS. 1- plasma 
electrode; 2-emitter/converter cone; 3-Cesium oven; 4- 
Cs cartridges; 5-ceramic insulators; 6- extraction 
electrode; 7- permanent magnet; 8-cooling tubes. 

 
Figure 3: A schematic of ion beam formation (emission 
aperture is 6 mm diameter). 
 

The strong transverse magnetic field Bt suppress 
electron collection by collector and the secondary 
emission is suppressed by magnet attached to the 
collector.  

The RF discharge in the TPG was excited by RF  
(13.56 MHz) generator with power up to 0.6 kW. For the 
SA discharge excitation was used RF (13.56 MHz) 
generator with power up to 2.5 kW. The RF power loss in 
SA and matching network was ~1 kW and up to ~1.5 kW 
can be used for plasma generation.  

The plasma electrode with Cs collar/cone was 
grounded. Extractor, accelerator electrode and collector 
were biased by high voltages Uex up to 15 kV and Uc up 
to 15 kV. Pulsed currents to these electrodes were 
registered by Pearson transformers with sensitivity 1 
V/A. 

 

 
 

Figure 4: SA SPS with extractor and collector. 
 
A photo of assembled SA SPS with extractor is shown 

in Fig. 4.  

The magnetic field Bl  up to 250 G is created by 
solenoid exited by current Im up to 70 A with voltage Um 
up to 8 V. A hydrogen gas flow was controlled by MKS 
mass flow controller. 

EXPERIMENTAL RESULTS 
Several versions of plasma generators with different 

antennas and magnetic field configurations were 
fabricated and tested in the test stand.  A pulsed RF 
(13.56 MHz) discharges with duration 1-2 ms, up to 60Hz 
and power up to 1.5 kW in the  plasma were tested. 
Produced positive ion emission current density 
distribution along the radius R  is shown in Fig. 5. 

 

       
                        a                                   b 
Figure 5: a) Ion emission current density Ji (A/cm2) 
(plasma density) along the radius R (cm) at high magnetic 
field (blue) and at low magnetic field (brown) with RF 
power 1.5 kW in the plasma (observed by small 
collectors) without transverse magnetic field Bt. b) Trace 
of plasma flux on the collar converter wall with 
transverse magnetic field Bt~1 kG concentrated up to 8 
mm of diameter. 

 
Figure 6: Traces of positive ion current to the collector 
with and without transverse magnetic field. 
 

 Up to 100 mA of positive ion was extracted with 
emission aperture 6 mm at RF power ~1.5 kW in plasma 
as shown in Fig. 6.  
After cesiaion the negative ion current to the collector Ic 
was increased from 1 mA to 10 mA and electron current 
to the extractor Iex was reduced from 0.15 A to 0.1 A. 

Examples of  Ic and Iex signals are shown in Fig. 7.  
Dependences of Ic on RF power in the plasma Prf  is 

shown in Fig. 8 (upper scale). Dependences of Ic on the 
solenoid voltage Um is shown in Fig. 9. Dependences of 
Ic on the extraction voltage is shown in Fig. 10. The 
collector current  Ic increases by a factor of 7 as the 
longitudinal magnetic field Bl increases from 0 to 250 G. 
and increases with the extraction voltage.  The extraction 
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electrode was biased up to Uex~15 kV and collector was 
biased up to Uc~15 kV. SA SPS can operate at the gas 
flow decreased down to Q=8.3 sccm (standard 
cm3/minute), while the H- current increased up to 10 mA 
at Prf=1.5 kW (H- generation efficiency was up to Ic/Prf = 
6 mA/kW with cesiation).  

 

          
 

Figure 7: Signals from extractor Iex=0.1A (electron 
current, red) left scale and signal from collector Ic=10mA 
(negative ion current, blue) right scale. Signal slope 
connected with a low inductance of the Pearson 
transformer. 

  
Figure 8: Dependence of Ic on RF power in the plasma 
Prf (upper scale) and from generator (bottom scale). 

The longitudinal magnetic field from the solenoid at 
the emission aperture is below 50 G and does not change 
the suppression and deflection of co-extracted electrons 
by the transverse magnetic field Bt~1 kG.. However, the 
optimal cesiation was not reached because the extractor 
current Iex is high. Most efficient and stable cesiation 
was produced with a dark (carbon) film deposition on the 
emitter cone (2) in Fig.2. 

 

               

Figure 9: Dependence of  Ic on the solenoid voltage Um.  

              
Figure 10: Dependence of the collector current Ic on the 
extraction voltage Uex. RF power in the plasma Prf=1.5 
kW, the solenoid voltage Um=8.3 V. Gas flow Q=8.6 
sccm. 
 

Extraction current has  a significant level of noise with 
frequencies fn~1-2 MHz. Ion beam shape is indicated by 
sputtering traces on the Molybdenum plate of  the 
extractor electrode, on the accelerating electrode and on 
the collector as shown in Fig. 11. 
 

 
 
Figure 11: Accelerating electrode and a collector with a 
trace of sputtering by negative ion beams. 
 

With demonstrated efficiency ~20 mA/cm2 kW it is 
enough ~10 kW of RF power for 60 mA of H- 
production, necessary for SNS operation with beam 
power 1.4 MW. RF SPS for CW operation with beam 
current ~10-15 mA can be developed with manageable 
RF power ~ 2 kW. 
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CATHODE IN A L-BAND RF GUN
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Abstract
We report on the operation of a field-emission dia-

mond cathode in a L-band RF-gun (1.3 GHz) at Fermi-
lab’s HBESL facility. The diamond cathode consists of
an array of a million sub-micrometric pyramidal diamond
tips.Beam currents in excess of 10 mA were observed and
the cathode did not show appreciable signs of degradation
after days of operation. Measured Fowler-Nordheim char-
acteristics and transverse beam densities are also reported.

INTRODUCTION
Over the past years, field-emission (FE) electron sources

have been the subject of intense researches due to several
advantages they offer over photoemission and thermionic
sources. The main advantages of FE sources stem from
their ability to produce very low-emittance bunched
beams, their capability to generate high-average current
beams, and the absence of requirement for an auxiliary
laser system. A single-tip FE emits electrons from a very
small transverse area and can therefore produce beams
with extremely small, quantum-degenerate, transverse
emittances [1, 2]. When arranged as large arrays, field-
emission-array (FEA) cathodes can provide substantial
average currents [3] to the detriment of emittance which
then scales linearly with the FEA macroscopic radius [4, 5].

Pulsed field-emission occurs when a FE cathode experi-
ences a time-dependent field, e.g., when located in a reso-
nant radiofrequency (RF) cavity and the root-mean-square
(rms) duration of the bunch is σt ' ω−1[βeE0/B(φ)]−1/2

where ω ≡ 2πf where E0 and f refer to the field ampli-
tude and frequency. The latter pulse duration is obtained
by taking the current density, B(φ) is a function of the
workfunction φ associated to the cathode material and βe
is a field-enhancement factor [6, 7]. Nominally, the bunch
rms duration is a significant fraction of the RF field period
typically resulting in beams with large energy spread. This
limitation can however be circumvented by exposing the
FE cathode to superimposed electromagnetic fields [8].

In this paper we report on the first operation of a dia-
mond FEA (DFEA) cathode in a conventional L-band RF
gun nominally operated with a Cesium Telluride (Cs2Te)
photocathode. The DFEA is composed of ungated diamond
pyramids which have proven to be rugged. Depending on
the size and pitch of the pyramids, tests under DC voltages
have showed field emission to begin at macroscopic fields
E0 ' 5 MV/m, and current density as high as 30 A.m−2

has been obtained [9].

EXPERIMENTAL SETUP
The geometry of the DFEA cathode used for the exper-

iment reported below appears in Fig. 1(a,b). It consists of
an array of ∼ 1000 × 1000 pyramidal diamond tips with
their extremities separated by ∼ 10 µm. The typical pyra-
mid base is ∼ 4 µm and the radius of curvature of the tip
is on the order of 10 nm. Electrostatic simulations per-
formed with the finite-difference element program POIS-
SON [10], indicate that local fields in excess of∼ 0.9 GV/m
are achieved at the tip when subjected to a macroscopic
field E0 = 30 MV/m (corresponding to βe ∼ 30).

Figure 1: Electron-microscope photographs of the DFEA
pattern (a) and close up of one pyramidal tip (b).

The cathode pattern was formed using a mold-transfer
process whereby chemical vapor deposited (CVD) dia-
mond is grown in sharpened silicon molds [11]. Using
various techniques, DFEAs can be produced with single,
double, or quadtip emitters. A variety of growth recipes
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are used to achieve a desired combination of sp2 and sp3

carbon, dopant concentration, and nitrogen content. The
DFEA are brazed on a Molybdenum substrate.

Figure 2: Experimental setup used to carry field-emission
studies (a) . The legend is as follows: ”FC”: Faraday cup,
”IG” ion gauge, ”X1”: scintillating screen for transverse
beam density measurement.The insets are photograph of
the DFEA cathode in its final position in the RF gun (b),
and of the cathode holder with diamond coating on its font
surface before insertion in the RF gun (c).

The DFEA cathode was located on the back plate of a
1.625-cell RF gun operating on the TM010 π mode at f =
1.3-GHz. The RF gun is powered by a ≤ 3-MW peak-
power klystron pulsed at 1 Hz [12].

For the measurement presented below the RF
macropulse width was set to 35 µs. The RF gun is
surrounded by three solenoidal lenses that control the
beam’s transverse size. The charge and transverse dis-
tribution of the emitted electron beam can be measured
with respectively a Faraday cup (FC) and scintillating
screen (X1); see Fig. 2. Both diagnostics are located at
z = 0.63 m from the cathode and are remotely insertable.
The X1 screen is imaged on a charged-coupled-device
(CCD) optical camera. A variable iris and neutral-density
filters are used to attenuate the emitted optical radiation
and mitigate saturation of the CCD. The optical resolution
of the imaging system is ∼ 100 µm. A ion gauge (IG)
located 0.5 m from the gun monitors the vacuum level
in the section composed of the gun and diagnostics.
Typical vacuum pressure levels in this beamline section are
∼ 1 × 10−9 Torr. The forward RF power, P , injected in
the RF gun cavity is measured using a calibrated RF diode
detecting the low power from -30-dB directional coupler
installed on the RF waveguide. The measured forward
power can be used to infer the peak electric field at the cath-
ode surface viaE0[MV/m] ' 2.234×102

√
P [MW] where

the RF-gun quality factor is taken to be Q ' 2.3× 104 and
the cathode is assumed to be flushed with the RF-gun back
plate.

The DFEA’s substrate was brazed on a Molybdenum
cathode holder compatible with the load-lock insertion
mechanism used in the RF gun; see Fig. 3. The cathode

holder was inserted in the RF gun and its position was ad-
justed to insure the gun resonant frequency remains at 1.3
GHz (as monitored with a spectrum analyzer). To insure
electrical contact between the cathode holder and RF-gun-
cavity walls, a Cu-Be spring is used. This spring is also
found to be a source of spurious negligible field-emission
current.

Figure 3: Photograph of the DFEA cathode (dark-blue
area) inserted in the RF gun (copper back plate shown) (a).
Cross-section sketch of the cathode insertion mechanism
showing the RF gun back-plate (red) with cathode holder
(yellow) (b). Photograph of the cathode holder (c).

MEASUREMENTS
A sample of F-N characteristics recorded over several

days of operations appear in Fig. 4. The curves all have
similar slopes at high fields [ν ≡ B(φ)/βe = 129.5± 6.2]
for the cathode in its nominal position (with its emitting
surface flushed with the RF gun backplate). A somewhat
different slope is observed (ν′ = 213.2 ± 0.5) when the
cathode is retracted by a ∼ 2 mm. For these measurement
the solenoids were turned off.

During the running period, the vacuum level
was monitored and did not appreciably deteriorate
(≤ 1.2 × 10−9 Torr). The current was also recorded
for long period of time (typically up to one to two
hours). An apparent current drift was observed by tracked
back to klystron power drift over the time. Accounting
for the E-field drift by computing an “instantaneous”
F-N slope as µ ≡ E0 × ln(I/E2

0) indicates that the
emission is stable with typical relative rms variation

〈[(δµ)/µ]2〉
1/2
' 0.37%. In practice correlated changes

due to klystron-power drifts can easily be mitigated using
a slow feedback loop.

The beam densities at X1 measured for a sample of oper-
ating conditions appear in Fig. 5. The beam sizes increase
with field strength (due to larger emitting area) but can be
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Figure 4: F-N plots (a) for the nominal (green, blue, black
traces) and retracted (red) cathode position. For the nomi-
nal cases, the black and blue traces were respectively taken
10 and 59 days later than the black trace). The inset (b)
displays the current evolution versus macroscopic field am-
plitude.

focused to a 1-mm (rms) spot size with the solenoids; see
Fig. 5(d).

Figure 5: Transverse beam density measured at X1 for
three cases of forward power Ê0 ' 23.5 (a), 25.5 (b) and
31 MV/m (c) with solenoids off and for a focused beam
and Ê0 = 31 MV/m (d).

CONCLUSION
In summary we successfully demonstrated the operation

of a DFEA cathode in a conventional L-band RF gun
nominally design to operate using photocathodes. These
results represent a significant step toward the realization
of robust laser-free compact light sources for industrial,
medical, and defense applications. Further tests will focus
on characterizing the emittance of the beams generated
from smaller-area FEA cathodes along with producing

short bunch using gated DFEA cathodes currently under
development [13].

We are indebted to M. Church, E. Harms , E. Lopez,
J. Santucci, and V. Shiltsev for their support. This work
is supported by the DARPA Axis contract AXIS N66001-
11-1-4196 with Vanderbilt University, DOE Contracts No.
DE-AC02-07CH11359 with the Fermi Research Alliance,
LLC. and No. DE-FG02-08ER41532 with the Northern
Illinois University.
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MULTIPHOTON EMISSION FROM CESIUM TELLURIDE 
PHOTOCATHODES 

H. Panuganti , C. Prokop, Department of Physics, Northern Illinois University, DeKalb, IL, USA†  
P. Piot, Fermi National Accelerator Laboratory, Batavia, IL, USA

Abstract 
   The High-Brightness Electron Source Lab (HBESL) at 
Fermilab operates an L-band RF gun (1.3-GHz) that 
incorporates a Cesium Telluride (Cs2Te) photocathode 
illuminated by an ultra-short (sub-100 fs) laser pulses. In 
this contribution we report recent studies on exploring the 
electron beam emission using 800 nm laser pulses (instead 
of the 266 nm nominal wavelength used for linear 
photoemission). 

INTRODUCTION 
Photocathodes are excellent sources for production of 

short electron bunches [1]. Production of short bunches is 
possible due to the advancements in the drive laser pulse 
times combined with availability of fast-response 
photocathodes. Photoemission allows generating higher 
charges compared to field- and thermionic emission, and 
also with small beam transverse emittance. One good 
parameter to characterize the performance of a 
photocathode is quantum efficiency (QE), which is 
defined as the number of electrons emitted for a unit 
photon. Cesium Telluride is considered to be an 
exceptionally high QE (up to 20 %) semiconductor 
photocathode [2]. The work function of Cs2Te 4.6 eV 
corresponds to the laser wavelength of 266 nm falling in 
the ultraviolet (UV) region. Since most of the 
commercially available lasers include lasing media with 
high gain in the infrared (IR), frequency up-conversion to 
the UV is generally done for linear photoemission from 
metallic and some semiconductor cathodes. For titanium 
sapphire based laser systems ( ~800 nm), UV pulses for 
photoemission are obtained from frequency tripling of IR 
pulses using a two-stage process consisting of a second 
harmonic generation (SHG) stage followed by a sum 
frequency generation (SFG). In order to preserve the short 
pulse duration during the up-conversion process, both 
stages generally use thin BBO crystals which results in 
low IR-to-UV conversion efficiency typically < 10%. In 
this paper we present preliminary results toward 
attempting to generate electron bunches with 
commensurate charge directly using the amplifier IR 
pulse. We specifically report on the observation of two-
photon emission from Cs2Te.  

PHOTOCATHODE THEORY 
Spicer developed the first model in 1958 to explain 

photoemission in semiconductors, which is commonly 
referred to as the Three Step Model, which models the 
photoemission mechanism as a bulk effect [3]. In the first 
step, an electron absorbs a photon and gets excited from 
the valence band to the conduction band. In the second 

step, the excited electron transports to the surface. In the 
third step, the electron escapes to the vacuum level 
resulting in emission. The QE equation for a semi-infinite 
photocathode slab is given by [3] 

  

    Where  is the reflectivity of the material;  is the 
intensity attenuation coefficient of the photocathode 
material;  represents the coefficient of absorption for 
the vacuum level, or the number of electrons that are 
excited to the vacuum level that can possibly photoemit 
per unit laser intensity available;  is called the escape 
length which represents the strength of the electron 
scattering;  is the probability that an electron at the 
surface with sufficient energy to escape, escapes. Here all 
the parameters are functions of . Fowler-Dubridge 
model is derived for photoemission for metallic 
photocathodes based on similar approach.  It is the first 
step (photo-absorption and excitation) that distinguishes 
between single-photon emission from multiphoton 
emission. Once the electrons get excited, the rest of the 
processes viz. electron transport to the surface and 
electron escape remain the same. In single photon 
emission the intensity dependence of QE goes away. But 
in multi-photon emission  additionally depends on the 
intensity of the light (temporal) besides , as the non-
linear “simultaneous” absorption of multiple photons (of 
lower energy) has to occur to excite an electron to the 
vacuum level. Hence shorter laser pulses are required for 
higher order photoemission. 

EXPERIMENT 
   The experiment reported in this paper was carried at the 
high brightness electron source laboratory (HBESL). The 
HBESL facility consists of a 1.5 cell L-band 1.3 GHz RF 
gun powered by a 3 MW klystron. The photocathode 
drive laser consists of a broadband (200 nm) Octavius 
oscillator followed by a SpectraPhysics regenerative 
amplifier. The amplified IR pulse typically has 100 fs 
duration. The IR-to-UV SHG and SFG conversion 
processes incorporate respectively a 0.300 and 0.150 mm 
BBO crystals. The crystal thicknesses were optimized 
with SNLO and short UV pulse (130 fs), and were 
measured using a polarizing-gating UV FROG. The 
produced pulses were short enough to enable the 
production of uniformly charged ellipsoidal bunches using 
the blow-out regime [4]. A schematic of the experimental 
setup used for our experiment appears in Fig. 1. A 4 mJ 
amplified laser pulse is sent to the HBESL accelerator 
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vault where it is converted to UV. The laser energy can 
also be measured prior to the injection into the accelerator 
beamline using an energy meter and a calibrated diode. A 
virtual cathode – a one-to-one optical image of the 
photocathode, located outside of the vacuum – enables the 
measurement of the laser transverse distribution on the 
photocathode. The laser hits the Cs2Te photocathode 
under normal incidence angle. The charge emitted from 
the photocathode can be collected by a Faraday cup (FC) 
located immediately downstream of the gun; see Fig. 1. 
The FC was calibrated with an integrated current 
transformer (ICT) at high charge (nC) values and is used 
to measure the low charge values associated with the 
bunches produced via multiphoton emission.   

Figure 1: Overview of the HBESL electron source area. 
The IR pulse is injected through the laser injection port. 
The legend is FC: Faraday cup, IG: ion gauge, YAG: 
Yttrium Aluminum Garnet scintillating screen.  

  

   The produced bunch charge downstream of the RF gun 
strongly depends on the relative phase between the laser 
and the gun’s RF field. Figure 2 shows the measured charge 
as a function of the launch phase referred with respect to 
the RF master oscillator. For this measurement the 
amplified IR laser pulse was directly sent to the cathode. 
The three traces correspond to three different laser 
transverse spot sizes of 3, 5 and 7 mm.  

Figure 2: Charge dependence on laser phase relative to the 
gun (with an arbitrary phase offset). The blue, green, and 

red traces correspond respectively to laser spot diameter 
of 3, 5 and 7 mm on the photocathode. 

The shape of the phase scan traces confirms that the 
charge emitted is from photoemission. Figure 3 shows 
the charge yield in the Faraday cup as a function of the 
laser energy for the same three different laser spot sizes.

Figure 3: Charge variation as a function of laser energy 
for the three laser spot sizes considered in Fig.  2. 

   The stronger nonlinear dependence of the charge on the 
laser energy for the smaller spot size indicates that higher 
energy flux (J/m2) produces higher charge in 
photoemission from the IR laser.  Taking the laser’s 
transverse density to follow a Gaussian distribution, 
smaller spot sizes obtained by clipping a larger spot 
impinges a higher laser flux for a given total  laser energy 
and hence produces higher charge. The nonlinear 
signature of the charge–energy traces reported in Fig. 3 
hint to a nonlinear photoemission process. To further 
quantify the dependence of the charge on the laser energy, 
we plot Fig. 3 on a log-log scale; see Fig. 4. The overall 
linear regression of the data confirms that the charge 
scales as  (where  is the laser intensity) suggesting 
that two-photon emission is the dominant process rather 
than the anticipated three-photon emission [5]. Some data 
points at lower charge/energy values with possible higher 
contribution from background noise (represented by ‘+’) 
were omitted for linear curve fitting.  

   Photoemission is an independent process from charge 
acceleration, but the charge yield out of the RF gun which 
has a practical importance depends on the accelerating 
gradient in the gun due to the different electron beam 
dynamics. Figure 5 shows the log-log plots of charge vs. 
laser energy for different accelerating gradients (AD 
values) for the medium laser spot size. For a given 
logarithmic curve , the coefficient  of 

 can be calculated by using the relation 
 In our case,  and  is the quadratic 
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coefficient. The inset in Fig. 5 shows the variation in the 
quadratic coefficient with the accelerating gradient.  

Figure 4: Logarithmic plots corresponding to the data 
presented in Fig. 3. 

Figure 5: The effect of the accelerating gradient on the 
charge yield. Inset: The variation of the quadratic 
coefficient with the accelerating gradient. 

   Experimentally, we calculate the QE of a photocathode 
based on the correlation between the charge emitted  by 
the given photocathode and the corresponding drive laser 
energy  as follows 

e
hc

E
Q

hc
E

e
Q

pn
enQE

1)(
)(

Where  is the number of electrons emitted,  is 
the number of photons impinged,  is the wavelength of 
the drive laser, e  is the electronic charge,  is the 
wavelength of the laser,  is the Plank’s constant,  is the 
velocity of light. Rewriting the above equation in more 

convenient units of charge and energy for the two 
wavelengths (of drive laser) of interest viz. 800 nm (IR) 
and 266 nm (UV) we get  

][
][107.4 6-

JE
pCQQEUV

                  

][
][1056.1)( 6-

JE
pCQEQEIR

           
         

    Figure 6 shows the charge vs. UV laser energy for the 
single photon emission from Cs2Te. 

Figure 6: Charge vs. UV laser energy for Cs2Te (single 
photon emission). 

Typically, the QE is not defined for multiphoton 
emission as the ratio  is not a constant like in the case of 
single photon emission. Or in other words  increases with 
the laser energy, which possibly makes multiphoton 
emission preferable to obtain higher charge values at 
higher drive laser energy values, when compared to single 
photon emission. But we can define IRQE as a function of 

 as in the previous equation and compare with that of 
UV. 
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ANDROID APPLICATION FOR MONITORING THE STATUS OF THE

ADVANCED PHOTON SOURCE

M. Borland , Westmont, IL, USA  
∗

Abstract

Smartphones and tablets are nearly ubiquitous and have

the ability to quickly access and display data from network

sources. This suggests their suitability for remote moni-

toring of a facility such as the Advanced Photon Source

(APS). While one possibility is to access data using a web

browser running on the device, native applications offer at-

tractive features, such as improved display and background

execution. We report on development of an Android appli-

cation for monitoring the status of the APS. In addition to

displaying data, the application can issue alerts when beam

is lost or restored. Home screen widgets of various sizes

are also provided. We describe not only the features of

the application, but also give details of the implementation.

The application is free of advertising and is available free

of charge on the Google Play store.

INTRODUCTION

Like many synchrotron radiation facilities, the Advanced

Photon Source (APS) operates thousands of hours per year.

During operating periods, it is expected to provide beam

24 hours a day, seven days a week. Getting information

about status to accelerator staff, beamline staff, and beam-

line users is thus very important. The ubiquity of smart-

phones and tablets provides a way to do this.

These devices are internet-enabled, so it is of course pos-

sible to get information via a web browser. However, using

a native Android application provides several advantages.

One can provide high-level status on the notification bar,

which is visible without unlocking the phone or opening

the application. One can provide a home-screen widget that

provides more information than will fit on the notification

bar. The notification and widget can both be used to launch

the full application. Another advantage of the native appli-

cation over browser-based information delivery is that the

native application can run in the background and provide

audible alerts of significant events.

Inspired by these ideas, we developed an Android ap-

plication that provides both high-level and detailed status

data about the APS. The Android platform was chosen for

its open-source nature and the low cost of entry for devices

and development. Also, the Android home-screen widget

feature provides a superior way to display very high level

data without opening the application. Unlike other smart-

phone platforms, the Android Software Development Kit

(SDK) is free and available for essentially all platforms,

which allowed using Linux for development.

The application is called APSStatus and available free

∗

michael.d.borland@gmail.com

of charge on the Google Play store. The application is also

free of advertising.

FEATURES AND CAPABILITIES

The APSStatus package includes a main application and

three home-screen widgets. The main application is orga-

nized into a series of pages or tabs, each of which displays

information of a certain type. Presently there are tabs for

overall status, status messages, 24-hour and 1-week his-

tory plots, superconducting undulator status, power supply

summary status, power supply detailed status, vacuum sys-

tem status, rf system status, personnel safety system status,

and front-end equipment protection system status. Figure

1 shows the main status screen. This is typical of the status

screens, in that it features a heading with a prominent date

and time stamp, which allows the user to easily ascertain if

the data is fresh. Data is updated at 1 minute intervals.

Since not all of the selections of data will be of interest

to all users, the application menu’s “Tab Settings” selection

allows the user to determine which tabs will be displayed.

Most of the tabs supply snapshots of data without any

history. One exception is the status messages display,

which displays the history of recent status updates issued

by control room staff. Two other exceptions are the 24-hour

and 1-week history tabs, which provide plots of beam cur-

rent, beam lifetime, rms beam motion, number of shutters

open, horizontal emittance, and vertical emittance. Figure

3 shows an example of the 1-week history display. Touch-

ing a plot will bring up a zoomed-in version with pinch-to-

zoom and scrolling features.

In addition to the main application, the user can add one

or more of the three home-screen widgets to their home

screen. These display small selections of data and require

less than 300 bytes per update, i.e., less than 0.4 MB per

day. Hence, these can be left running and provide the most

essential information at a glance.

The largest of these widgets, which has some special fea-

tures, is shown in Figure 4. It shows the beam current

color-coded by status, the number of bunches, the beam

lifetime, the number of operating beamlines, the horizon-

tal and vertical emittance, and the injection efficiency on

the last top-up shot. Unlike the other widgets, this widget

also posts the beam current to the notification bar, where

it can be seen from any home screen and even when the

screen is locked. The beam current notification is color-

coded to indicate whether it is within the expected range

for the present machine mode or not.

Another special feature of this widget is that it can pro-

vide audible alerts when beam is lost or restored. The alerts

are configured from the main application’s menu. The user
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can elect to be alerted when beam is lost, when it is absent

for an extended time, and when it is restored. The user can

also set a quiet-time preference to avoid being disturbed

while sleeping, for example.

SOFTWARE DESIGN

Those who are uninterested in software design may wish

to skip this section, as it has little to do with how the appli-

cation is used or what it can do. This section also assumes

some familiarity with Android development.

We used the Eclipse Integrated Development Environ-

ment (IDE), which is advantageous in that it helps one

quickly learn both the Java language and the specific meth-

ods provided by Android. The web contains many re-

sources, such as Android tutorials and user forums (e.g.,

StackExchange).

The main application is organized into a series of Frag-

ment objects, which are grouped together as a single ap-

plication. Each Fragment displays a screen with data of

a particular type, e.g., power supplies or vacuum. The

interface is built using Peter Kuterna’s SwipeyTabs class

and SwipeyTabsSampleActivity, which is an extension of

the FragmentActivity class. SwipeyTabs provides a conve-

nient mechanism for switching between related activities

by clicking on a tab at the top of the screen or swiping the

screen left or right.

SwipeyTabs keeps three Fragments active at any time.

These are the Fragment presently being viewed, plus the

Fragments to the left and right. If the user swipes or tabs to

the Fragment on the right, say, the new Fragment is gener-

ally displayed instantaneously because it is already active.

Meanwhile, the next Fragment is triggered so it is more

likely to be ready when the user swipes again. (If the user

swipes too quickly, this may not be the case.)

The data that is displayed by APSStatus and its various

widgets is provided by the APS web server from files writ-

ten by a node that has read access to EPICS process vari-

ables and write access to the web server’s file space. A

common choice for sharing data on the web is XML (eX-

tensible Markup Language) files and APSStatus was origi-

nally written to use such files. However, XML has a well-

deserved reputation for verbosity, resulting in a very poor

ratio of data delivered to bandwidth used. Since excessive

use of bandwidth is highly undesirable for mobile devices,

we switched to gzipped SDDS (Self-Describing Data Sets)

files. These have the additional advantage that they are

easily created using the SDDS tools [1, 2] that are already

part of the APS control system. There is also a convenient

SDDS library for Java that reads from a URL directly [3].

Fragments are at present divided into three types: (1)

those that read and display data from an SDDS file. (2)

those that retrieve and display bitmap images. (3) those that

retrieve and display text from the server. Most Fragments

are of Type 1.

Each Type 1 Fragment has a corresponding SDDS file

on the server that provides its data. This is done in part be-

cause Fragments do not share data, so there is no point in

reading data from a common source. Also, reading from a

common source would invariably mean using more band-

width than needed. Hence, each Fragment is supplied with

a minimalist data file containing only the relevant informa-

tion. Each file contains a time-stamp, which is prominently

displayed along with the other data. This ensures that the

user will be able to tell if the data is stale for some reason.

The update interval of the data is 1 minute. Updates for

each active Fragment are handled by separate threads.

The displays for Type 1 Fragments require only stock

Android widgets. In order to accommodate various screen

sizes, the root widget is a ScrollView, which permits verti-

cal scrolling. Inside the ScrollView are TextView widgets,

often packed into TableLayout widgets.

The Type 2 Fragments display a series of small bitmaps

that are provided directly by the server, i.e., they do not

retain or plot the history data themselves. When a small

bitmap is pressed by the user, a larger bitmap of the same

data is retrieved and displayed. This reduces use of band-

width and memory by not transmitting and storing large

bitmaps that may be of no interest.

In addition to the main application, there are three home-

screen widgets that provide various selections of very high-

level information. The home-screen widgets are imple-

mented using the AppWidgetProvider class and run inde-

pendently of the main application. As with the main ap-

plication, the home-screen widgets have a 1 minute update

interval. Touching any of these widgets will open the main

application.

Of the three home-screen widgets, one is larger and pro-

vides more information. It also provides an alarm service,

which is configured from the main application, and places

information in the notification bar. The alarm settings are

communicated from the main application to this widget us-

ing the SharedPreferences facility.

On the server side, a cron job runs at 1 minute intervals to

make the various SDDS data files. For each data file, there

is generally a separate request file that is used in an invoca-

tion of sddscasr to create a snapshot. The snapshots are

processed to, in particular, convert status and floating point

data to a uniform format. This simplifies coding on the

application side and also reduces the size of the data trans-

mitted. Small data files just for the home-screen widgets

help minimize use of bandwidth.

Other cron jobs run at intervals to create the bitmaps

needed by the history displays. These jobs used pre-

existing scripts that invoke the program sddsplot.

CONCLUSIONS

We have created an Android application that provides

status information about the Advanced Photon Source, in-

cluding history graphs and detailed status of major subsys-

tems. The application includes home-screen widgets, noti-

fication bar posts, and optional audible alerts of beam loss

or restoration. Bandwidth use is minimized in part through

use of gzipped SDDS files. The application is available free

of cost on the Google Play store, and is free of advertising.
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Figure 1: The main status tab of the APSStatus application.

Figure 2: The power-supply detail tab of the APSStatus

application.

REFERENCES
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Figure 3: The one-week history tab of the APSStatus appli-

cation. Scrolling vertically reveals additional plots, while

pressing on a plot brings up a magnified view that can be

zoomed and scrolled.

Figure 4: 2x1 APSstatus widget showing high-level APS

information. Touching the widget brings up the full appli-

cation. For clarity, we’ve removed most other widgets and

apps from this screen. Note that the beam current also ap-

pears in the notification bar (top left).
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HIGH-POWER TESTS AND INITIAL ELECTRON BEAM 
MEASUREMENTS OF THE NEW HIGH-GRADIENT NORMAL 

CONDUCTING RF PHOTOINJECTOR SYSTEM FOR THE SINCROTRONE 
TRIESTE 

L. Faillace#, R. Agustsson, P. Frigola, A. Verma, Radiabeam Technologies LLC, CA, USA 
H. Badakov, A. Fukasawa, J. Rosenzweig, A. Yakub, Department of Physics and Astronomy, 

UCLA CA, USA 
F. Cianciosi, P. Craievich, M. Trovo’, Sincrotrone Trieste, Italy 

Abstract 
Radiabeam Technologies, in collaboration with UCLA, 

presents the development of a high gradient normal 
conducting radio frequency (NCRF) 1.6 cell photoinjector 
system, termed the Fermi Gun II, for the Sincrotrone 
Trieste (ST) facility. Designed to operate with a 
120MV/m accelerating gradient, this single feed, fat 
lipped racetrack coupler design is modeled after the LCLS 
photoinjector with a novel demountable cathode which 
permits cost effective cathode exchange. Full overview of 
the project to date, installation, high-power RF 
conditioning and initial electron beam emittance 
measurements at Sincrotrone Trieste will be discussed 
along with basic design, engineering and manufacturing. 

INTRODUCTION 
Radiabeam is currently involved in the development of 

new technology aimed at high average power operation 
for a NCRF electron gun system, the FERMI II RF Gun, 
for the Sincrotrone Trieste facility operating at the 
frequency of 2.99801GHz with a repetition rate >50Hz. 

The gun design was originally based on the UCLA-
University of Roma-INFN-LNF [1] high repetition rate 
photoinjector for SPARX project, which borrowed the 
main features from the LCLS gun [2,3]. Nevertheless, the 
basic design was re-optimized by request of ST with two 
main changes: 1) an exchangeable cathode plate for easy 
exchange of different material samples; 2) single-feed for 
a cost-effective and more compact device. 

RF GUN DESIGN 
 The RF design of the Gun has been performed by using 

the codes SuperFish [4] and HFSS [5]. Figure 1 shows 
half structure of the RF gun with surface electric field 
distribution calculated by HFSS. The RF power is fed 
through one waveguide only (top one); the symmetrical 
waveguide, acting as a dummy waveguide, forbids the 
propagation of the electromagnetic field that is below its 
cutoff value (i.e. the dummy waveguide has a width much 
smaller than the input one). The main purpose of the 
second waveguide is to cancel the field dipole component. 

Cell Design 

Figure 1: 3D model used for HFSS simulation. Surface 
electric field is shown.  

The RF cavity shape, as proposed, has several 
innovative electromagnetic features, including Z-coupling 
and enhanced cell-to-cell coupling to produce higher 
mode separation, elliptical irises to reduce surface electric 
field, symmetric couplers for dipole mode minimization, 
racetrack geometry to minimize quadrupole field 
components. In contrast to the LCLS gun, which has these 
features, it is externally fed only by one side, avoiding the 
need of a power splitter and making the whole assembly 
much more compact, easier to handle and cost efficient. 

In order to calculate the maximum surface electric field, 
we normalize the on-axis field to 120 MV/m at the 
cathode.  The peak field on the iris is found to be 102 
MV/m, below the breakdown safety threshold. 

Per usual procedure, a first pass on the RF design was 
made with SUPERFISH and then HFSS was used to 
provide a complete picture of the RF performance, 
including mode frequencies, field balance, quality factor 
Q, shunt impedance and external coupling.  

The design parameters achieved in simulation through 
this process are summarized below in Table 1. 

 
 

#faillace@radiabeam.com 
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Table 1: Main RF Parameters 
 

Parameter Simulated value 
π-mode frequency 2.998 GHz 
0-π mode separation 14.2 MHz 
Quality factor Q0 13,750 
External coupling β 1.8 
Shunt Impedance RShunt 60.8 MΩ/m 
Peak Surface E 
(120 MV/m @cathode) 

102 MV/m 

Input power P <10 MW 

Dipole and Quadrupole Component 
The dipole and quadrupole components of the RF field 

have been evaluated using HFSS. The symmetry of the Z-
coupling structure guarantees cancellation of the RF 
dipole component, apart from a negligible (in high-Q 
standing wave devices) transient from the single-side RF 
feed. The quadrupole field, on the other hand, is managed 
by adjusting the “race-track” spacing. 

GUN FABRICATION, TUNING AND 
LOW-POWER MEASUREMENTS  

The RF Gun was machined in-house and all the brazing 
cycles at SLAC, followed by final tuning. The Gun after 
the final brazing step is shown in Figure 2. 

 

 
Figure 2: 

In order to check the simulated parameters, we 
performed low-power measurements by using a Vector 
Network Analyzer (VNA). The comparison is given in 

 
Table 2: Comparison between imulations and easure-
ments of the ain RF arameters  

 Measurement HFSS 
Frequency 2.99801 GHz 

(19 C, 40% humidity) 
2.998GHz 

Mode 
Separation 

14.5 MHz 14.2 MHz 

Q0 13,350 13,750 
Coupling 
beta 

1.85 1.8 

The reflection coefficient at the input RF waveguide is 
shown in Fig. 3. The tuning frequency was set to 2.99801, 
at 19°C and 40% humidity (assuming an operating 
temperature of 38°C). 

 

 
Figure 3: Reflection coefficient. Data (red dots) and fit 
(blue line). 
 

The balance of the electric field profile was measured 
by means of the bead-drop procedure and using a 2mm 
dielectric spherical bead. The good agreement between 
data and fit is given in Fig. 4. 
 

 
Figure 4: On-axis electric field profile. Data (red dots) 
and fit (blue line). 

 
INSTALLATION AND HIGH-POWER 

RF CONDITIONING 

 
Figure 5: Installation of the Fermi II Gun inside the 
tunnel at Sincrotrone Trieste. 

Picture of the Fermi II Gun after final brazing. 

Table 2, showing good agreement. 
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4  2013 (Figure 5). The gun was brought under vacuum th

in a test area to check if any leaks were present as well as 
the frequency shift that resulted to be about 800 kHz, as 
expected.  

A dedicated area for high-power gun testing is located 
behind the current RF gun station. The Fermi II gun was 
installed in this area to start high-power conditioning. The 
input power was raised up to 11MW and a repetition rate 
of 50Hz. The conditioning between 10Hz and 50Hz, 
given in the chart in Fig. 6, required a temperature 
variation of only -2°C. The vacuum base level was 2.4E-9 
mbars. 

 
Figure 6: Monitoring of the high-power conditioning 
and vacuum levels. 

 
The first electron beams were generated by using the 

laser profile shown in Figure 7. 
 

   
Figure 7: eft, laser spot transverse profile; right, pulse 
length profile.  

 
The output energy was 5.1 MeV for 8MW of input RF 

power. Although the laser spot was not optimized yet, the 
quantum efficiency showed a good value of about 
QE=3.3E-5, see Figure 8. 

 

 
Figure 8: Charge yield as function of laser energy. 

 
The first emittance measurement was performed with a 

500 pC beam at 100 MeV, by using the quadrupole scan 
technique. In Figure 9, we show the result for the 
measured transverse normalized emittance on the vertical 
plane with a promising value of 0.67 microns. 

 

 
Figure 9: Initial emittance measurement of a 500pC 
beam. 

CONCLUSIONS 
We have presented the RF design, fabrication, high-

power RF conditioning and initial beam measurements of 
the new Fermi II RF Gun. Innovative features to the class 
of RF Guns, such as elliptical irises and an exchangeable 
cathode system, improve the performance of this gun in 
terms of power handling and robustness. The removable 
cathode assembly showed good thermal performance even 
at 50Hz. The initial measurements of the beam 
normalized emittance are very promising. 
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   The Fermi II Gun Installation started in Trieste on January 
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INNOVATIVE LOW-ENERGY ULTRA-FAST ELECTRON DIFFRACTION 
(UED) SYSTEM* 

E. Threlkeld, L. Faillace#, S. Boucher, RadiaBeam Technologies, Santa Monica, CA 90404, USA 
P. Musumeci, University of California, Los Angeles, CA 90095, USA 

Abstract 
RadiaBeam, in collaboration with UCLA, is developing 

an innovative, inexpensive, low-energy ultra-fast electron 
diffraction (UED) system which allows us to reconstruct a 
single ultrafast event with a single pulse of electrons. 
Time resolved measurement of atomic motion is one of 
the frontiers of modern science, and advancements in this 
area will greatly improve our understanding of the basic 
processes in materials science, chemistry and biology. 
The high-frequency (GHz), high voltage, phase-locked 
RF field in the deflector allows temporal resolution as fine 
as sub-100 fs. In this paper, we show the complete design 
of the UED system based on this concept, including initial 
beam measurements. 

INTRODUCTION 
Time resolved measurement of atomic motion is one of 

the frontiers of modern science, and advancements in this 
area will greatly improve our understanding of the basic 
processes in materials science, chemistry and biology. 
One technique under active development in this area is 
ultrafast electron diffraction (UED), which has several 
distinct advantages over X-ray diffraction for certain 
applications. UED utilizes a less expensive source; the 
electrons are less damaging to the specimen (at 
comparable energies); the scattering length of electrons 
better matches the penetration depth of the probe laser; 
UED is more suitable for gas phase samples; and it allows 
direct measurement of atomic positions, since the electron 
scatter mostly from nuclei. UED has already been used to 
study solid-state phase transitions [1, 2], gas phase 
reactions [3, 4], strongly coupled systems [5, 6] and 
surface dynamics [7]. In light of these results, researchers 
are demanding ever-shorter electron bunches in order to 
improve the resolution of their UED measurements. 
However producing intense sub-ps pulses of electrons in 
the desired energy range (30 - 100 kV) is challenging, due 
to space-charged induced longitudinal spreading. To date, 
efforts in this area have concentrated on either minimizing 
the bunch charge, which reduces the signal-to-noise ratio 
(SNR), or on using higher-energy electron beams, which 
reduces the diffraction angle and increases the size and 
the cost of the system. RadiaBeam, in collaboration with 
UCLA, is developing an innovative, inexpensive, low to 
moderate energy UED system which allows to reconstruct 
a single ultrafast event with a single pulse of moderate 
energy electrons (100 keV). By implementing a fast 
Radio-Frequency (RF) deflecting cavity immediately after 

the sample, the diffracted electron beam can be 
“streaked,” transforming the temporal evolution of the 
diffraction pattern into a transverse image (see Figure 1). 
The high-frequency (GHz), high voltage, phase-locked 
RF field in the deflector allows temporal resolution as fine 
as 100-fs and below, while the probe electron beam can 
remain comparatively long (10’s of ps), and contain a 
large number of electrons (~108). 
 

 Figure 1: “streaked”- Ultra Electron Diffraction System. 

ENGINEERING OF THE UED SYSTEM 
The current setup of the UED system:  

Figure 2: Current setup of the UED system. 

The cathode location is set as z=0m. The solenoid is 
positioned at about z=6cm allowing a beam focusing point 
anywhere between the MCP (z=1m) and z=70cm. The 
sample is located at z=74cm and there is room for a 
second solenoid at z=40cm. Eventually the deflector can 
be put at z=50cm, just after the sample chamber to match 
previous resolution calculations.  

PHOTOELECTRON GUN 
The design of the 100 kV photocathode electron gun 

has been carried out by means of the 2D RF/Static 
simulation code SuperFish and the 2D gun design code 

_____________________  
*Work supported by US DOE grant # DE-SC0006274    
# faillace@radiabeam.com                
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EGUN2. As a starting point, we chose the 100 kV 
electron gun developed at Eindhoven University of 
Technology [8]. 

The main issue, when dealing with high DC field 
values, is represented by the transition between air and 
vacuum (vacuum feed-through) as well as the vacuum 
level inside the gun vessel. Both issues, addressed in the 
present section, can be the cause of overvoltage and high 
risk of breakdowns. 

Special attention must be put on the feed-through 
design. A safe configuration would be to lay a high-
insulating material around the inner conductor that will be 
electrically attached to the aluminum cathode holder. Also 
the interface geometry (such as an exponential cup filled 
with a dielectric) will be necessary. 

The 2D profile used in simulations is given in Figure 3. 
The cathode is a flat disc with a 1 cm diameter. The 
holder, a hollow cylinder, allows for both back and front 
illumination and replaceability of the cathode piece itself. 
In the same figure, the axial electric field distribution is 
also shown. The field value at the cathode is about 9.8 
MV/m. The maximum value is located at the round edge 
of the holder (11.8 MV/m). The above mentioned values 
of electric field are safe as far as breakdown is concerned, 
according to experimental results [9], showing that a high 
voltage of 250 kV is considered the safety threshold value 
inside a gap (cathode-anode) of about 1cm. 

 

 
Figure 3: Left, 2D model from SuperFish (equipotential 
lines and field arrows are also shown); the cathode area is 
flat (1 cm dia.). Right, axial electric field (9.8 MV/m at 
the cathode). 

 
Figure 4: SolidWorks 3D model of the 100kV photo-gun. 

A 3D mechanical model of the photo-gun, from 
SolidWorks, is shown in Figure 4. The replaceable 
cathode sample is made out of copper. The hollow 

cylindrical body that holds the cathode is made out of 
aluminum while the vacuum vessel, that the anode 
electrode is attached to, is stainless steel. In order to 
obtain very high vacuum level inside the gun (up to 10-14 

mbar), a TMP pump will be used. The high-voltage feed-
through and the TMP pump are attached to the vessel. The 
isolation between cathode and the anode is realized by 
using an insulating cone made out of Macor® (see: light 
grey conical piece in Figure 4). 

PHOTOCATHODE DRIVE LASER 
  The laser used for this device is a Titanium-Sapphire 
800nm 2GW (50fs pulse) source that goes through two 
BBO crystals (the first crystal is second harmonic 
generation while the second crystal is third harmonic 
generation) and gets converted to 266nm UV beam.  This 
beam is sent to the photocathode using front illumination. 
A beam splitter is used to create a virtual cathode plane to 
enable measurement of the laser spot size with a CCD 
camera. A lens (f=50cm) is used to image onto the 
cathode an iris that can be used to adjust the spot size (see 
Figure 5). 
 

 
Figure 5: The optics just before the chamber including the 
imaging lens, beam splitter and virtual cathode.  
 

BEAM CONTROL 

     
Figure 6: Plot of solenoid field at the center as a function 
of z.  
  Once the beam has been accelerated, it travels through 
the solenoid for focusing.  See Figure 6 for the B vs Z of 
the solenoid. After, there are two 2-axis steering magnets 
for aiming and fine-tuning the position of the beam. 
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DETECTOR SYSTEM 
The micro channel plate (MCP) detector that will be 

used to image the beam is shown in Figure 7. The MCP 
basically works as an electron amplifier in which the 
incoming electrons generate secondary electrons. In this 
case, the incoming electrons enter channels in which they 
are accelerated by an electric field and generate the 
secondary electrons. 

 
Figure 7: Multi Channel Plate Detector 

The MCP is equipped with a phosphor screen that is 
imaged 1:1 onto the CCD camera, allowing a spatial 
resolution of 50 μm. The relation between the bunch 
duration and the length of the streak on the phosphor 
screen is obtained by integrating the Lorentz force that is 
acting on the electron bunch during its travel along the 
axis through the deflecting cavity. The MCP is located at 
the focusing point of the solenoid, in order to obtain a 
sharper diffraction pattern.  

 
MEASUREMENTS 

 

 
Figure 8:  Beam images at  different  solenoid  currents in 
order from top left to bottom right: 2.373A, 2.486A, 
2.566A, 2.738A.  The recurring white spots are dead 
pixels in the CCD camera.  

 
In order to commission the system a solenoid scan was 

performed to compare the results with simulation and 
obtain first estimates on the beam parameters. We show in 
Fig. 8 a few representative images from the solenoid scan 
(Fig. 9). The minimum spot size at the MCP plane is 
obtained for a current of 2.566A. For these measurements 
the gun voltage was set at 40kV.  

 Figure 9:  Measured  Sigma X on  the  MCP  as  a  function 
of solenoid current.  

CONCLUSIONS 
The UED technique has already been used to produce 

groundbreaking results in a number of areas of materials 
science and chemistry. It has been described as providing 
the capability to “make a movie” of events occurring on 
the atomic scale. Clearly, such a technology has the 
potential to enable new discoveries. The SUED system we 
are developing, with improved resolution and SNR, would 
enable even further breakthroughs in the understanding of 
ultrafast phenomena, stimulating new innovations in 
material science, chemistry and biology.  
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MODELING THE DEVELOPMENT AND MITIGATION OF CHARGE
ACCUMULATION FOR PHOTO EMISSION ELECTRON GUNS∗

C. Nieter† , D.A. Dimitrov, Y. Choi, Tech-X Corporation, Boulder, CO 80234, USA

Abstract

One potential problem with the operation of photo emis-

sion electron guns is the potential for charge to accumulate

on the emission surface depending on how the biasing volt-

age is applied to the gun. If the voltage is applied away

from the emission surface there is the potential for charge

to accumulate on the emission surface since not all elec-

trons will necessarily be emitted. This charge accumulation

may affect the gun operation by reducing the accelerating

field in the gun. We report on simulations that demonstrate

this potential issue as well as simulations that test a poten-

tial solution where a secondary voltage is applied periodi-

cally to clear the accumulated charge.

INTRODUCTION

New design for photoinjectors has been proposed that

will address the need for high current, high brightness

beams for future particle accelerators [1, 2]. The design

takes a primary electron beam from a conventional photo-

cathode which is accelerated to a diamond window. The

diamond window consists of a layer of diamond followed

by a high-vacuum gap with an applied voltage across the

window. The primary electrons scatter in the diamond gen-

erating cascade of secondary electrons. The electrons drift

across the diamond where most of them are emitted into

the vacuum gap and then into the accelerating cavity of the

gun.

Since not all of the electrons are emitted from the dia-

mond surface charge can build up at the diamond/vacuum

interface. If enough charge builds up the field in the dia-

mond can be shorted out preventing further electrons from

drifting across the diamond. Experimental studies have

shown for a primary electron beam whose pulse length is

long enough there is a drop in the emission gain for the

cathode [3]. It is believed that this drop off is due to elec-

trons accumulating at the surface of the diamond reducing

the electric field in the diamond.

We ran a series of simulations with the Vorpal multi-

physics code [4] to study the process of charge accumu-

lation in the diamond window from first principles. These

simulations can be challenging due to the relative long time

scales of the primary electron pulse length relative to the

electron scattering rates in diamond. However, we were

able to demonstrate the build up of charge at the surface

and look at possible ways to clear the charge with a second

voltage applied after the primary electron pulse has passed.

∗Work supported by by DOE SBIR grant DE-SC0007577
† nieter@txcorp.com

SIMULATIONS
We use the parameters given for the diamond window

from Ref. [3] as a starting point for our simulations. To be

able to complete the simulations in a reasonable amount of

time the physical size was scaled down by a factor of 100

giving us a diamond thickness of 3 microns and the thick-

ness of the full window (diamond plus vacuum gap) of 5.5

microns. Similarly the beam radius was reduced by a simi-

lar amount to 4 microns. We reduce the applied voltage by

the same factor of 100 to keep the same electric field mag-

nitude giving us a voltage of 30 volts across the diamond

window.

We performed 3D simulations of the diamond window.

The simulation domain was 5.5 microns in the direction

of beam propagation and 10 microns in the transverse di-

rection. We used Vorpal’s electrostatic solver to solve for

the electric field generated by the various applied volt-

ages as well as the fields generated by the electrons them-

selves. The electrons are represented using the particle-in-

cell (PIC) method with the addition of recently developed

scattering models for electron propagation in diamond [5].

Since the time scales needed to cover the pulse width

from from Ref. [3] are very long compared to the time

scale needed to resolve the highest scattering rate for di-

amond we increased the beam current so the charge will

accumulate faster in the simulations. We also apply a fully

reflecting boundary condition for the particles at the di-

amond/vacuum interface effectively setting the emission

probably at the surface to be zero. We run the simulation

for the twice the pulse width so we can study the accumula-

tion of the charge while the pulse is on and the dissipation

of the charge after the pulse has passed.

Charge Accumulation Simulations
In the first simulation we maintain the voltage across the

diamond window while the beam pulse is on. Once the

beam pulse has passed we shut off the voltage across the di-

amond window. Figure 1 shows a scatter plot of the macro-

particle positions projected into a plane with one direction

along the direction of beam propagation in the simulation

shortly before the voltage is shut off. This plot shows the

charge accumulating at the diamond/vacuum interface.

In Figure 2 the electric field perpendicular to the dia-

mond surface at the diamond/vacuum interface is plotted

versus time. The magnitude of the electric field drops as

more charge is introduced to the diamond and begins to

accumulate at the diamond/vacuum interface. Eventually

the field drops to zero as enough charge has accumulated

to short out the field. Once the pulse has passed and the

voltage across the diamond window is shut off the electric
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Figure 1: Macro-particles just before voltage across dia-

mond window is shut off.

field changes sign as it is now the space charge of the elec-

trons that dominates the electric field. The electrons that

have now accumulated on the diamond surface are pushed

back off by space charge forces. As the electrons leave the

surface the magnitude of the electric field drops again but

it begins to level off before reaching zero. This implies that

a steady state may be reached or the rate of decrease could

be slow enough that the charge accumulated may not be

cleared before the next beam pulse hits the window nega-

tively impacting the operation of the amplifier.
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Figure 2: Electric field at diamond surface versus time.

Charge Clearing Simulations
A second simulation was run where after the beam

pulsed as passed and the voltage across the diamond win-

dow is shut off a new voltage of the same magnitude is now

applied parallel to the diamond surface. This produces an

electric field parallel to the diamond surface that speeds up

the clearing of the accumulated charge. This causes the

charge transport to move parallel with the diamond surface

and extract the electrons from the transverse sides of simu-

lation. Figure 3 shows the number of macro-particles ver-

sus time for the original simulation (in green) and the new

charge clearing simulation (in blue). The initial charge ac-

cumulation is the same for both simulations but the charge

dissipates faster with the clearing voltage applied.
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Figure 3: Number of macro-particles versus time for simu-

lations with and without clearing voltage.

CONCLUSIONS
We have qualitatively shown that simulations can be

used to study the process of charge accumulation in dia-

mond amplifier designs proposed as part of new designs

for photoinjectors. Both the build up and dissipation of the

charge can be modeled and potential solutions to the charge

accumulation can be studied.

Future plans include the addition of models for surface

emission at the diamond/vacuum interface. This will better

model both the process of charge accumulation and the pro-

cess of charge dissipation after the voltage has been shut off

since charges can now escape though the diamond/vacuum

interface. Development work will be done to provide fur-

ther flexibility in the particle boundaries so the clearing

voltages can be applied directly to the diamond/vacuum in-

terface.

Efforts will also be pursued to bring the simulation pa-

rameters closer to those found in a realistic device. These

will include making use of HPC resources to allow for

larger simulation sizes. Initial tests have shown that the di-

amond scattering may not require fully resolving the scat-

tering rates since multiple scatter events can happen in a

time step.
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RESULTS* 
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#
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Karen Schroeder, Yuko Shiroyanagi, Denise Skiadopoulos, Martin Smith, Emil Trakhtenberg,           

Aimin Xiao, Alexander Zholents, Efim Gluskin, ANL, Argonne, IL 60439, USA

Abstract 
The first test superconducting undulator (SCU0) was 

successfully installed and commissioned at the Advanced 

Photon Source (APS) and is delivering 80- to 100-keV 

photons for user science. All the requirements before 

operating the SCU0 in the storage ring were satisfied 

during a short but detailed beam commissioning. The 

cryogenic system performed very well in the presence of 

the beam. The total beam-induced heat load on the SCU0 

agreed well with the predictions, and the SCU0 is 

protected from excessive heat loads through a 

combination of orbit control and SCU0 alignment. When 

powered, the field integral measured with the beam 

agreed well with the magnet measurements. An induced 

quench caused very little beam motion and did not cause 

loss of the beam. The device was found to quench during 

unintentional beam dumps, but quench recovery is 

transparent to storage ring operation. There were no beam 

chamber vacuum pressure issues and no negative effect 

observed on the beam. Finally, the SCU0 was operated 

well beyond its design requirements, and no significant 

issues were identified. The beam commissioning results 

are described in this paper. 

INTRODUCTION 

Superconducting technology was used to build a fully 

functioning short-period test undulator (SCU0) at APS [1, 

2]. Superconducting undulators allow a higher peak 

magnetic field compared to conventional devices, which 

can greatly benefit the light source community [3]. The 

SCU0 was designed and developed at APS in 

collaboration with Budker Institute of Nuclear Physics 

(BINP), Fermi National Accelerator Laboratory (FNAL), 

and U. Wisconsin, Madison. The SCU0 has a period 

length of 16 mm, magnetic gap of 9.5 mm, magnetic 

length of 0.34 m, and operates with photon energy in the 

first harmonic of 20-25 keV. The design operating current 

is 500 A, giving a design field of 0.64 T. The SCU0 

incorporates several unique features, including an out-of-

vacuum design, a beam chamber that is thermally isolated 

from the magnet cores, and a cryocooler cooling system. 

The SCU0, with a 2-m-long cryostat, was installed in the 

APS storage ring in Dec. 2012 (see Fig. 1).  

SCU0 commissioning was completed over approx. 110 

hr during an extended machine start-up period, and the 

device was released for user operation on Jan. 29, 2013. 

 

Figure 1: SCU0 installed in the APS storage ring. 

COMMISSIONING PLAN 

Prior to installing the SCU0, a test chamber with 

virtually the same length, aperture, and transitions as the 

SCU0 was installed in the storage ring. Beam-induced 

heat loads on the test chamber and transitions were tested, 

and key design improvements were implemented for the 

SCU0; in particular, a standard-aperture bellows, rf liner, 

and gate valve replaced a 7.2-mm-aperture assembly on 

the chamber transition upstream of the SCU0. 

A detailed beam commissioning plan was carried out, 

and all the requirements were satisfied: (a) unpowered 

SCU0 is transparent to normal user operation; i.e., does 

not measurably increase storage ring impedance, nor 

decrease injection efficiency or lifetime; (b) powered 

SCU0 only perturbs the beam within the specifications; 

and (c) SCU0 is sufficiently protected from beam-induced 

heat loads. There were several commissioning goals, 

including assessment of thermal and vacuum monitoring, 

alignment procedures, cryogenic performance, beam orbit 

stability, quench response, field correction, x-ray 

performance, and operation procedures.  

SCU0 EFFECT ON THE BEAM 

An unpowered SCU0 is transparent to the beam if its 

contribution to the storage ring impedance and/or local 

vacuum pressure neither decreases the beam lifetime or 

injection efficiency nor lowers the beam instability 

threshold. As expected from the successful test chamber 

results, the SCU0 chamber was also transparent: the 

single bunch limit of 16 mA was preserved, and 100 mA 

could be stored in all three user bunch patterns. The 

measured betatron tune shift with current, which is a 

measure of the transverse impedance, did not change 

within the expected experimental error. The beam lifetime 

and injection efficiency were both in the normal range 

after the standard startup procedures were carried out. 

 ___________________________________________  

* Work supported by U. S. Department of Energy, Office of Science, 

under Contract No. DE-AC02-06CH11357. 
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Vacuum System 

There were no beam chamber vacuum pressure issues 

and no negative effect observed on the beam. The beam 

chamber was cleaned using standard UHV techniques, but 

was necessarily exposed to air during the magnetic 

measurements. After the components were installed in the 

storage ring, the system was roughed down to the 2×10
-7

 

Torr range on a cold cathode gauge (CCG) located in the 

downstream transition. A 24-hr, 130ºC bakeout was 

performed on the transitions upstream and downstream of 

the SCU0. The CCG pressure after the bakeout and before 

the SCU0 was activated was 3 nTorr. After cooldown and 

prior to injecting beam, the vacuum pressure was 

measured as 0.4 nTorr. The first 100-mA beam caused 

pressure transients in the 10-nTorr range, but after about 

four days of cold beam operation (10 Amp-hr), the 

pressure stabilized at ~3 nTorr. After 200 Amp-hr, the 

pressure was ~0.8 nTorr. 

Mechanical Vibration 

The cryocooler vibration was measured at three 

different locations: on the SCU0 support girder, on the 

SCU0 vacuum vessel near the beam level, and on the 

beam chamber about 0.4 m upstream of the SCU0. The 

cryocooler vibration power spectrum has a resonant 

frequency of 8.4 Hz. On the chamber, the integrated 

vibrational spectra power density (in the frequency range 

of 2-100 Hz) increased from 0.38 μm rms with the 
cryocoolers off to 0.68 μm rms with the cryocoolers on, 
less than a factor of two increase. The cryocooler 

vibration was not observed to adversely affect the beam 

motion. 

Powered SCU0 

The requirements on the SCU0 field-error tolerance are 

the same as that for the other planar IDs installed in APS 

[4]. The field-integral error tolerance was specified using 

simulations that include full-time orbit correction and 

real-time orbit feedback.  Both an absolute limit as well as 

a rate-of-change requirement [5] were specified. Magnet 

measurements show that the SCU0 meets the 

specifications for all design parameters except the skew 

quadrupole component; the specification was 50 G and 

the measured value was 120 G at 500 A [6]. The skew 

component is due to the geometry of the coil winding 

opposite the pole face (a new coil winding scheme will be 

used for the next device.) The skew quadrupole error 

produced a 10% change in beam coupling over a 700-A 

range, but this effect was easily corrected by implemen-

ting feed-forward using the adjacent skew quadupoles. 

The first field integral was determined using the beam by 

measuring the corrector effort while scanning the SCU0 

current. The agreement between the beam and magnet 

measurements is within 10%, as shown in Fig. 2. 

Quenches may produce a field disturbance on a time 

scale that is too fast for the real-time orbit feedback to 

correct. If the perturbation is very large, the resulting 

beam trajectory displacement could exceed the beam 

position limit detector (BPLD) limits and cause a beam 

dump. The specification was given as a tolerance on the 

quantity ��12 + (�22 ��2⁄ ), where I1 and I2 are the first- and 

second-field integrals, respectively, and βU is the average 

beta function at the undulator ends. The magnet 

measurements show that the SCU0 meets this 

specification during a heater-induced quench. Beam tests 

were performed with fast and slow orbit feedbacks in 

open loop to better observe the effect of a quench. An 

induced quench caused very little beam motion, ~60 μm, 
and did not cause loss of the beam. In Fig. 3, slow orbit 

recovery occurs over about 0.5 sec after the quench. 

 

Figure 2: Field integral variation measured with beam. 

 

Figure 3: Effect of induced quench on the beam. 

BEAM EFFECT ON THE SCU0  

The total beam-induced heat load on the SCU0 agrees 

well with predictions (see Table 1), and the SCU0 is 

protected from excessive fault-induced heat loads through 

beam orbit control and SCU0 alignment. The cryogenic 

system performed very well in the presence of the beam, 

where magnet temperatures were maintained near 4 K 

while the beam chamber center temperatures were ≤13 K.  

Beam-based Alignment 

Precise alignment of the beam vacuum chamber with 

respect to both the electron beam orbit as well as 

synchrotron radiation generated in the upstream dipole 

magnet is extremely important. The beam vacuum 

chamber is instrumented with nine thermal sensors along 

its length [7]. Using the sensors and steering the beam, 

the chamber alignment was determined with 100-micron 

precision (see Fig. 4) [7]. This precision is more than 10 

times better than what is achieved in a standard aperture 

scan. Other advantages of the thermal sensor beam-based 

alignment method include isolating the SCU0 alignment 

from other vacuum components in the orbit bump and 

providing good longitudinal spatial resolution.  

Quench 
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Figure 4: SCU0 chamber vertical alignment history 

(partial in-tunnel realignment shown in red). 

Beam-induced Heat Load 

Heat load predictions for standard 100-mA user 

operation were benchmarked using thermal sensors that 

measure temperatures at various locations in the SCU0 

cryostat and along the electron beam chamber. Thermal 

analysis using the predicted electron beam heat loads, 

using three independent methods, agrees well with the 

observed measurements. Results are summarized in Table 

1 for all three standard user bunch modes. For simplicity, 

the calculated values include only the dominant, image-

current heating. In the chamber heater calibration, the 

predicted heat loads from Table 1 were converted to 

chamber temperatures by interpolating the heater data [8]. 

Using ANSYS, the heat load was modeled as a Gaussian 

image-current distribution. Agreement is excellent for 

both the central, Al part of the chamber as well as the SS 

warm-to-cold transitions [9]. Finally, the total 20-K heat 

load was measured using the bottom cryocooler 2
nd

-stage 

temperatures, fit to a model using vendor-supplied load 

map data [8]. There was no anomalous heat source; the 

agreement is remarkably within 1 K or 2 W. 

Table 1: Predicted vs. Measured Center Chamber 

Temperatures and 20-K Heat Loads at 100 mA 

No. of 

bunch-

es 

Chamb 

heater 

calib. (K) 

ANSYS 

model 

(K) 

Msrd.  

temp. 

(K) 

Calc. 

heat load 

(W) 

Msrd. 

heat load 

(W) 

24 13.6 13.4 12.8 16.0 14.3 

324 7.9 8.2 8.3 2.0 3.4 

1+56 11.8 11.5 11.9 11.1 11.5 

 

The device was found to quench due to beam losses 

during unintentional beam dumps. The SCU0 is powered 

off prior to intentional beam dumps. Over an 8-month 

operating period, only two quenches occurred with user-

stored beam. These quenches did not cause any beam 

loss, and the cause is under investigation. Quench 

recovery is transparent to storage ring operation, and the 

impact of all quenches on SCU0 operation has been 

minimal due to rapid recovery. 

PERFORMANCE  

The SCU0 was operated at 650-700 A over 50% of the 

time, well beyond its 500-A design requirement. The 

SCU0 is routinely operated with 100-mA stored beam 

continuously near 650 A without a trip. The SCU0 was 

also operated at 150 mA, higher beam current than it was 

designed for, with no significant issues. Finally, no loss of 

He was observed over an 8-month operating period.  

The x-ray source properties of the SCU0 were charac-

terized by measuring the photon flux passing through a 

bent-Laue monochromator and comparing the SCU0 

photon flux with that from an in-line 3.3-cm-period length 

permanent magnet hybrid undulator (U33). At 85 keV, 

the 0.34-m-long SCU0 produced ~45% higher photon 

flux than the 2.3-m-long U33. Figure 5 shows the 

simulated and measured photon flux at 85 keV for SCU0, 

and the measured photon flux for U33 (inset). 

    

 

 

 

 

 

 

 

Figure 5: Photon flux comparisons at 85 keV. Main: 

Simulated and measured SCU0 photon flux. Inset: 

Measured photon flux of in-line U33. 

SUMMARY 

An almost decade-long R&D program on the 

development of superconducting undulators at the APS 

was successfully completed in 2012 with the installation 

into the APS storage ring of the first test undulator, 

SCU0. Beam commissioning was highly successful. The 

device has been in user operation since January 2013, del-

ivering enhanced photon flux at energies above 50 keV.  
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LOW EMITTANCE IN THE CORNELL ERL INJECTOR PROTOTYPE∗

C. Gulliford, A. C. Bartnik, I. V. Bazarov, B. M. Dunham, for the Cornell ERL Team
CLASSE, Cornell University, Ithaca NY 14853 USA

Abstract
We present a detailed study of the six-dimensional phase

space of the electron beam produced by the Cornell Energy
Recovery Linac Photoinjector, a high-brightness, high rep-
etition rate (1.3 GHz) DC photoemission source designed
to drive a hard x-ray energy recovery linac (ERL). A com-
plete simulation model of the injector has been constructed,
verified by measurement, and optimized. Both the hor-
izontal and vertical 2D transverse phase spaces, as well
as the time-resolved (sliced) horizontal phase space, were
simulated and directly measured at the end of the injector
for 19 pC and 77 pC bunches at roughly 8 MeV. The re-
sulting 90% normalized transverse emittances for 19 (77)
pC/bunch were 0.23±0.02 (0.51±0.04) µm in the horizon-
tal plane, and 0.14±0.01 (0.29±0.02) µm in the vertical
plane, respectively. These emittances were measured with
a corresponding bunch length of 2.1±0.1 (3.0±0.2) ps, re-
spectively. In each case, the rms momentum spread was
determined to be on the order of 10−3. Excellent overall
agreement between measurement and simulation has been
demonstrated.

INTRODUCTION
Cornell University has recently designed, built, and com-

missioned a high repetition rate DC gun based photoinjec-
tor. One major goal for this project was the demonstra-
tion of low emittance at the end of the injector merger sec-
tion. The results in this work demonstrate that it is possible
to produce and transport beams from a DC source which
have emittances at the point of injection approaching the
diffraction limit for hard x-rays, and which have a bunch
length and an energy spread within the parameter space re-
quired by the specifications of a full hard x-ray ERL. Ta-
ble 1 shows these parameters for the Cornell Injector.

Table 1: List of Injector Design Specifications and Target
Parameters

Parameter Specification
Beam energy 5-15 MeV

Normalized emittance εn ≤ 0.3 µm
RMS bunch length σt ≤ 3 ps

Bunch Charge 77 (19) pC
Average Current 100 (25) mA

One fundamental limit to achieving low emittance (high
brightness) in a photoinjector occurs when the amount of

∗Supported by NSF award DMR-0807731

charge extracted from the cathode nears the virtual cathode
instability limit. A rough calculation shows that the low-
est achievable emittance in this limit is proportional to the
square root of the bunch charge q [1]:

εn ∝
√
q · MTE

Ecath
(1)

Here MTE and Ecath are the mean transverse energy of
the cathode and the accelerating field at the cathode, re-
spectively. Detailed simulations of well optimized DC gun
photoinjectors support this square root dependence on the
bunch charge and the cathode’s MTE [2, 3]. In this paper,
we show that the final measured emittance also scales in
accordance with Eq. (1).

EXPERIMENTAL SET-UP
The injector features a high voltage DC gun operated at

350 kV, followed by emittance compensation solenoids and
a buncher cavity. The beam is accelerated to 5-15 MeV
using five superconducting srf cavities. The beamline sec-
tion most relevant to this work is the B1 merger shown in
detail in Fig. 1. The injector merger section is comprised
of a conventional three-dipole achromat, a design chosen
for its simplicity, and due to the limited space available for
the injector experiment. The emittance measurement sys-
tem (EMS) used for projected phase space measurements
is the same two-slit system used in previous work [4]. For
projected phase space measurements, the beamlet passed
through the slits is collected using the Faraday cup at the
end of the merger section. For time-resolved horizontal
phase space measurements, the beamlet is passed through a
horizontal deflecting cavity [5] in order to resolve the time
axis of the beam on the viewscreen at the end of the merger
[6]. The cathode used for this study was a GaAs wafer with
a 4% quantum efficiency, and a MTE of 90 meV. The laser
system used is a 50 MHz system, whose individual pulses
have comparable pulse energy and duration to the our 1.3
GHz laser [7]. The final laser pulse train is chopped us-
ing a Pockells cell, and shaped using our temporal shaping
system [8].

To arrive at the final optics used for these experiments,
optimizations of a complete General Particle Tracer [9]
model of the injector were carried out using a multi-
objective genetic algorithm [2, 3]. For all optimizations,
the gun voltage was fixed at 350 kV, and the beam energy
was constrained to be ≤ 8 MeV to reduce neutron pro-
duction from the tungsten slits in the EMS. The simulated
temporal laser distribution was fixed to be roughly a flat-top
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Figure 1: Top view of the B1 injector merger section showing the emittance measurement system.

with 8 ps rms length. Two settings, for 19 pC and 77 pC per
bunch respectively, were derived from one optimization so-
lution for 50 pC bunch charge, as this particular optics set-
ting kept the beam sizes reasonably small through the entire
injector. The final settings were loaded into the injector and
the measured projected emittance was minimized by scan-
ning both solenoid currents and adjusting the intensity cut
off value in the measured transverse laser profile.

MEASUREMENTS
Data sets for 19 pC per bunch and 77 pC per bunch, cor-

responding to 25 mA and 100 mA average current when
operating with the full 1.3 GHz repetition rate, were taken.
Each data set consists of a measurement of the projected
horizontal and vertical phase spaces, the time-resolved hor-
izontal phase space, and the energy spread distribution. All
data was taken at the end of the merger section except
the energy spread data, which was measured near the en-
trance to the merger. From the projected phase spaces, the
horizontal and vertical emittances as a function of beam
fraction were computed. Similarly, from the time-resolved
phase space data, the slice emittance was computed as a
function of beam fraction, as well as the current profile
along the bunch.

Tables 2 and 3 give the measured and simulated pro-
jected horizontal and vertical emittances for 19 (77) pC per
bunch, respectively. The measured 19 (77) pC/bunch hori-
zontal and vertical projected 100% emittances agreed with
the GPT model to within 6 (5) % and 25 (8) %, respec-
tively. Similarly, the measured horizontal and vertical 90%
emittances agreed with GPT to within 21 (16) % and 27
(16) %, respectively. We point out that the measured hor-
izontal and vertical 100%, 90%, and core emittances obey
the expected scaling law εn ∝

√
q. Also of note is the fact

the horizontal core emittance for 77 pC meets the injector
design specification for an ERL. In the vertical plane, both
the 90% and core emittance meet this specification.

In order to satisfy the injector design requirements, it
was important to verify that the emittance values were mea-

Table 4: Simulated and Measured RMS Energy Spread as
a Function of Bunch Charge

Data Type GPT Simulation Measurement
19 pC/bunch, A4 0.16% 0.14± 0.01%
19 pC/bunch, B1 0.12% N/A
77 pC/bunch, A4 0.27% 0.26± 0.01%
77 pC/bunch, B1 0.21% N/A

sured with an acceptable bunch length (σt ≤ 3 ps). The rms
bunch length was computed from the instantaneous cur-
rent of each bunch measured with the time-resolved merger
EMS. The rms bunch lengths for the 19 (77) pC per bunch
settings were measured to be 2.1±0.1 (3.0±0.2) ps, respec-
tively, while GPT gave bunch lengths of 2.2 (3.1) ps, re-
spectively. The agreement between measurement and GPT
was within 5% in both cases.

The last quantity measured was the rms energy spread.
To do so, the beam was sent through the A4 straight section,
followed by a single dipole and viewscreen in the C2 sec-
tion. Table 4 shows the simulated and measured rms energy
spread in the straight section, as well as simulated values in
the B1 merger. While the energy spread was not directly in
the merger section, the agreement found between measure-
ment and simulation for emittance and bunch length lead us
to conclude that the values measured in the straight section
at least provide an upper bound on the energy spread in the
merger, following the same trend found in the simulation
data.

CONCLUSION AND DISCUSSION
The projected and time-resolved phase spaces at the end

of the Cornell ERL injector merger have been measured
and simulated using the space charge code GPT for 19 pC
and 77 pC bunch charges. In addition, the energy spread
was measured in the straight section of the machine. Over-
all, we found excellent agreement between measurement
and simulation. For both bunch charges, the agreement be-
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Table 2: Measured and Simulated Projected Horizontal Emittances

19 pC Measurement Type εn,x(100%) εn,x(90%) εn,x(core) fcore εn,x(core)/fcore
Projected EMS 0.33± 0.02 µm 0.23± 0.02 µm 0.14± 0.01 µm 67% 0.21± 0.01 µm

Time-resolved EMS 0.28± 0.02 µm 0.21± 0.01 µm 0.14± 0.01 µm 72% 0.19± 0.01 µm
GPT Simulation 0.31 µm 0.19 µm 0.07± µm 59% 0.12 µm

77 pC Measurement Type εn,x(100%) εn,x(90%) εn,x(core) fcore εn,x(core)/fcore
Projected EMS 0.69± 0.05 µm 0.51± 0.04 µm 0.28± 0.2 µm 64% 0.44± 0.03 µm

Time-resolved EMS 0.66± 0.05 µm 0.48± 0.04 µm 0.29± 0.2 µm 67% 0.43± 0.03 µm
GPT Simulation 0.72 µm 0.44 µm 0.17 µm 51% 0.33 µm

Table 3: Measured and Simulated Projected Vertical Emittances

19 pC Measurement Type εn,y(100%) εn,y(90%) εn,y(core) fcore εn,y(core)/fcore
Projected EMS 0.20± 0.01 µm 0.14± 0.01 µm 0.09± 0.01 µm 70% 0.13± 0.01 µm
GPT Simulation 0.16 µm 0.11 µm 0.06 µm 64% 0.09 µm

77 pC Measurement Type εn,y(100%) εn,y(90%) εn,y(core) fcore εn,y(core)/fcore
Projected EMS 0.40± 0.03 µm 0.29± 0.02 µm 0.19± 0.01 µm 70% 0.27± 0.01 µm
GPT Simulation 0.37 µm 0.25 µm 0.11 µm 59% 0.19 µm

tween the measured projected 100 and 90% emittance val-
ues was within 30% of the simulated values in both trans-
verse planes. We point out that for 77 pC/bunch, the mea-
sured 90% emittance in vertical plane, as well as the core
emittance in both planes, meets the ERL design specifica-
tion of εn ≤ 0.3 µm. The projected emittance in both trans-
verse planes demonstrates the correct scaling with bunch
charge shown in Eq. (1). The measured rms bunch length
for both bunch charges was at or below the 3 ps specifi-
cation, and agreed with simulation to within 5%. Finally,
an estimation of the energy spread of the beam in merger
was found by measuring the energy spread in the straight
section. Agreement between the measured and simulated
rms energy spread was within 13% for both bunch charges.
These results represent a significant advancement in high-
brightness photoinjectors.

In looking to further reduce emittance, simulations in-
dicate that lower emittances and shorter bunch lengths at
the end of the merger are possible at higher beam energies
(roughly 12 MeV) [10, 11]. Eq. (1) shows two more direc-
tions for further improvement. The emittance in this equa-
tion can be reduced by lowering photocathode MTE, or by
increasing the accelerating field at the cathode. Currently,
there is an active cathode research program at Cornell Uni-
versity dedicated to improving cathode performance [12].
In parallel, Cornell is developing an improved DC gun, in
order to overcome the current voltage limitation. Lastly,
improved laser shaping will aid in creating bunches with
more linear space charge fields. According to Eq. (1), as
well as more detailed calculations reported in [3, 11], these
improvements are expected to reduce the emittance in the
photoinjector by roughly a factor of 3, resulting in a beam
brightness roughly 10 times higher than reported here.
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RECENT RESULTS FROM THE APEX PROJECT AT LBNL* 
F. Sannibale, D. Filippetto, C. Cork, J. A. Doyle, G. Harris, T. Kramasz, S. Kwiatkoswski, 

R. E. Lellinger, V. Moroz, W. E. Norum, C. F. Papadopoulos, G. Portmann, H. Qian,  J. Staples, 
R. Wells, K. Baptiste, J. Corlett, S. De Santis, L. Doolittle, G. Huang, R. Huang, M. Vinco, and 

M. Zolotorev, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Abstract 
The commissioning at the Lawrence Berkeley National 

Laboratory (LBNL) of a high-brightness high-repetition 
rate (MHz-class) photo-gun, based on a normal 
conducting 186 MHz (VHF-band) RF cavity operating in 
CW mode, is now completed. The gun has been designed 
to satisfy the requirements for operating high-repetition 
rate 4th generation light sources. Test of high quantum 
efficiency photocathodes with bunches of hundreds pC at 
MHz repetition rate are now underway. They include, 
Cs2Te cathodes developed in collaboration with INFN-
LASA and multialkali antimonides (CsK2Sb), prepared by 
a collaborating group at LBNL. The present experimental 
results and the plan for future activities are presented. 

INTRODUCTION 
This paper describes the recent progress and 

experimental results obtained by the Advanced Photo-
injector EXperiment (APEX) at the Lawrence Berkeley 
National Laboratory (LBNL).  

 
Figure 1: The VHF Gun cross sections. 

 
The project main goal consists in the development and 

test of a new concept high-repetition rate high-brightness 
electron injector capable to operate in high-repetition rate 
free electron laser (FEL) and energy recovery linac (ERL) 
applications. The successful development of such an 
injector will critically impact the performance of future 
4th generation light sources when high-repetition rates (> 
10 kHz) are required, and of high repetition rate ultrafast 
electron diffraction (UED) and inverse Compton 
scattering (ICS) applications.  

The core of the system is represented by a normal-
conducting (NC) continuous wave (CW) RF gun [1, 2] 
(see Fig. 1) where the electrons are generated by laser-
induced photo-emission on high quantum efficiency (QE) 
photo-cathodes and accelerated by the cavity fields (~20 
MV/m) to up to ~750 keV energy. The gun cavity has 
been designed to resonate at about 186 MHz (7th 
subharmonic of 1.3 GHz) in the VHF frequency region. 
The low frequency choice makes the resonator size large 
enough to lower the power density on the structure walls 
at a level that conventional cooling techniques can be 
used when the cavity is run in CW mode.  

 
Figure 2: APEX Phase 0 CAD view. 

 
A second advantage of the low frequency is the 

relatively long wavelength that allows for large apertures 
on the cavity walls with negligible distortion of the 
electromagnetic fields. Such apertures create the proper 
high-vacuum conductance path paving the way for the 
achievement of the very low pressures required by high-
QE semiconductor cathodes (minimizing contamination 
and damage and hence ensuring longer QE lifetimes).  

 
 

Figure 3: APEX Phase I CAD view. 

 

 ____________________________________________  

*Work supported by the Director of the Office of Science of the US 
Department of Energy under Contract no. DEAC02-05CH11231 
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A last advantage of the VHF scheme is that it is based 
on mature and reliable RF and mechanical technology, a 
very important characteristic to achieve the reliability 
required to operate in a user facility. 

 
Figure 4: APEX Phase II CAD view. 

 
 The APEX project is organized in 3 main stages: 

Phases 0, I and II. Phase 0, shown in Fig. 2, is dedicated 
to the development and characterization performance of 
the gun, and to the testing and characterization of 
different types of cathodes. In Phase I, visible in Fig. 3, a 
complete suite of diagnostics [3] allows for the full 6D 
phase-space characterization of the electron beam at the 
gun energy. Beams of several hundreds of pC per bunch 
at MHz repetition rate will be characterized and compared 
with expected results from simulations. In Phase II, 
shown in Fig. 4, three pulsed NC 1.3 GHz accelerating 
sections  [4] (a modified version of the AWA cavities at 
Argonne National Laboratory) and one 1.3 GHz buncher 
cavity are added to accelerate the beam up to about 30 
MeV and compress it to the required lengths. Phase II 
configuration allows to reduce space charge forces at the 
level necessary to perform meaningful emittance 
measurements and be able to demonstrate the brightness 
performance of the gun. Due to cost and shielding 
limitations, Phase II operates in pulsed mode with 10 Hz 
repetition rate. Testing of different photocathodes will 
continue also during Phases I and II. 

STATUS OF THE INSTALLATION 
Phase 0 has been completely installed, and Figure 5 

shows a picture of it inside the Beam Test Facility (BTF) 
at LBNL where the APEX project is located.  

The vacuum loadlock system, which allows replacing 
cathodes without breaking the vacuum, is a clone of the 
system developed by INFN-LASA for PITZ and FLASH 
in Germany. The system is fully installed and successfully 
commissioned. The geometry of the extractable 
molybdenum cathode “plug”, which supports the photo-
emitting material, has been modified to allow for a 
smoother insertion in the gun and for minimizing the 
stress on the RF contact spring (see Fig. 6). 

A vacuum leak in one of the two gun RF magnetic loop 
type couplers, revealed a design weakness in the part. The 
electrical contact between the coupler inner conductor and 
the loop cap, both copper parts, was ensured by the 
mechanical pressure created by two titanium screws. Due 

to the thermal stress generated when the cavity is 
switched on and off, the two copper parts gradually lost 
contact and all the current associated with the RF fields 
started to flow through the titanium screw creating 
overheating of the parts (see left part of Fig. 7). 

 

 
Figure 5: APEX Phase 0 installed in the BTF at LBNL. 

 

 
Figure 6: Comparison between the geometry of the 
previous (red) and new (gold color) cathode plugs. 

 
The issue was serious enough that it was decided to 

completely redesign the couplers. The new design 
removed the screws, the copper parts were electron-beam 
welded together, and the copper cooling line cross section 
was enlarged for an increased flow of water.  

 

  
 

Figure 7: Left: 1st generation gun RF coupler. Right: the 
newly fabricated 2nd generation coupler being assembled. 
 

The new design also addressed the presence of 
multipacting in the in vacuum coaxial line between the 
coupler loop and the RF window. The vacuum part of the 
coaxial was significantly shortened and all couplers 
components were coated with titanium nitride. In mid-

WEYA1 Proceedings of PAC2013, Pasadena, CA USA

710C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

06 Accelerator Systems

T02 - Electron Sources and Injectors



February 2013, the two new couplers were installed and 
smoothly RF conditioned at full power in a few days. No 
evidence of multipacting was detected. Since then, the 
couplers have been reliably working at the nominal 
power. 

The installation of the diagnostics suite components of 
Phase I is undergoing (in parallel with cathode tests) and 
systems as the double-slit emittance meter (based on a 
Cornell design), and the spectrometer are in advanced 
phase of installation (see Fig. 8). The 1.3 GHz deflecting 
cavity, a modified version of the Cornell design, required 
for “slice” transverse emittance and longitudinal phase 
space measurements is under fabrication at the LBNL 
mechanical shops. 

 

  
 

Figure 8: Phase I diagnostics systems in the BTF. Left: 
the 2-slit emittance meter. Right: the spectrometer dipole. 

 
Phase II long delivery items, such as the klystron 

(Thales TV 2022F) and the related modulator (by DTI), 
have been ordered, and the complex RF distribution 
system, which distributes the 1.3 GHz RF power from the 
single klystron to the 3 accelerating sections, the buncher 
and the deflecting cavity, is fully designed (see Fig. 9), 
and parts are ready to be ordered. 

 

 
 

Figure 9: CAD view of part of the RF distribution system 
for APEX Phase II. 

EXPERIMENTAL RESULTS 
The VHF gun has been fully commissioned and 

demonstrated all major nominal parameters such as CW 

operation, accelerating field, beam energy, and vacuum 
performance. Detailed results of the gun commissioning 
have been reported elsewhere [5].  

The photo-cathode drive laser, a ~1 W 1064 nm Yb-
doped fiber-laser developed in collaboration with 
University of California Berkeley and Lawrence 
Livermore National Laboratory, is fully commissioned 
and in operation. The system, capable of MHz repetition 
rate operation with the required energies per pulse at the 
different wavelengths, includes 2nd and 4th harmonic 
generation, longitudinal and transverse pulse shaping, and 
pulse picking capabilities [6]. An additional commercial 
laser (Calmar) with higher power (~ 2 W in the infrared) 
is presently under installation. 

The reliability of the VHF gun system, after almost 2 
years of high power RF operation experience, revealed to 
be excellent. The large majority of the faults that rarely 
affect the system (once every few days) are due to cooling 
water supply fluctuations that trigger the interlock 
protection system.   

The overall system performance stability is being 
tested. Figure 10 shows a relative RF power fluctuation in 
the VHF gun cavity of ~ 0.14% rms, indicating an 
accelerating field fluctuation of ~ 0.07%. Such result has 
been obtained by using a high-level MatLab feedback 
which reads the power in the cavity from the FPGA based 
LLRF system [7], and controls the RF power input to the 
RF amplifier for maintaining the power in cavity constant. 
The stability performance figure will be probably 
improved in the next future when the feedback will be 
implemented completely at the LLRF system level. 

 

 
Figure 10: VHF Gun RF power fluctuation measurement. 

 
The synchronization between the gun RF and the 

photocathode driving laser oscillator is performed by the 
LLRF system [7], and presently shows a measured time 
jitter of ~ 2 ps rms. Such a figure corresponds to a RF 
phase jitter (at the gun frequency) of ~ 0.15 degrees, and 
is dominated by the contribution of the non-ideally 
designed piezo/picomotor actuator controlling the 
position of one of mirrors in the laser oscillator cavity. 
Although the present jitter value is sufficiently small for 
the operation and tests to be performed at APEX, the near 
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future upgrade to the new laser system (the Calmar laser 
mentioned above) should significantly decrease the jitter 
value. 

The two main high-QE semiconductor photocathodes 
planned for testing include Cs2Te produced by 
INFN/LASA (the same material used at the FLASH FEL 
in Germany), and the multi-alkali CsK2Sb produced by a 
partner group at LBNL. Additional cathode materials are 
under consideration for future tests. 

The completion of the vacuum loadlock system allowed 
to start the beam tests with the high-QE cathodes. After 
the activation of the 20 NEG modules in the gun (400 l/s 
pumping speed each, from SAES Getters), and several 
days of baking of the cavity [4], a vacuum pressure in the 
gun of ~ 1.0 10-11 Torr was obtained with no RF and of ~ 
8.0 10-10 Torr when the RF is on at the nominal power. 
Partial pressures for “dangerous” molecules (H2O, O, ...) 
are always 2 orders of magnitude smaller than the actual 
absolute pressure. 

On March 18, 2013, the cathode tests initiated with one 
of the 3 available Cs2Te cathodes prepared by LASA. 
Figure 11 shows the image of the very first beam from  
Cs2Te on the YAG screen in the Phase 0 beamline (on 
March 18, 2013). The repetition rate was limited to 100 
Hz to avoid damaging the screen, and because the fast 
equipment protection system (FEPS), required for high-
current operation, was not commissioned yet. The charge 
monitors were not calibrated but the estimated charge per 
bunch was of several hundreds of pC. 

 

 
Figure 11: First high-charge beam from a Cs2Te cathode. 

 
  In the subsequent days, following the successful 

commissioning of the FEPS and calibration of the current 
monitors, we started to operate at 1 MHz repetition rate. 
Figure 12 shows scope traces with 2 charge monitors 
(Bergoz ICTs) and a driving laser photodiode during one 
of these MHz runs. 

At the end of April 2013, an almost continuous 1 MHz 
run of ~ 4 days integrated an extracted charge of ~ 40 C, 
roughly equivalent to the charge extracted from the same 
type of cathode during 3 months of FLASH operation. 
The top part of Fig. 13, shows the QE values measured 
during the run, and indicates a decrease of such a quantity 
from an initial ~ 10% to a final ~ 4%. Although 
preliminary, this is remarkably important result because it 
indicates a QE lifetime compatible with the operation of a 
MHz-class repetition rate x-ray FEL. Indeed, in a typical 
user facility scenario, the operation schedule includes a 
maintenance day for every week of user shifts. If the QE 
of the cathode stays higher than ~ 1% during such a 

period, then cathodes can be replaced (a ~20 minute 
operation) during the maintenance day with no impact on 
the user time. 

The QE variations visible in the Figure are due to the 
fact that no laser pulse amplitude feedback was installed 
at the time, and the photon energy per pulse was drifting 
following the temperature variations associated with the 
alternating days and nights during the run, as visible in 
the bottom part of Fig. 13. The correlated charge-per-
bunch variation is evident in the central part of the Figure. 

 

 
 

Figure 12: Scope traces from 2 charge monitors (ICTs) 
and a driving laser photodiode showing the 1 MHz time 
structure of the pulses. 

 

 
 

Figure 13: Results of a 4-day run with a Cs2Te cathode at 
1 MHz repetition rate. Top: QE values during the run. 
Center: charge per bunch, Bottom: laser energy per pulse 
 

To stabilize the laser performance, we recently 
developed and installed two feedback systems to control 
the laser pulse energy and pointing. The systems use the 
image of the laser beam on the virtual cathode and the 
reading from a power meter to respectively control the 
horizontal and vertical angles of a mirror and a variable 
neutral density attenuator installed on a stage. The 
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feedbacks have been successfully commissioned and the 
results of a 16 hour test are shown in Figure 14. With the 
laser stability now ensured by the new feedbacks, more 
systematic QE lifetime tests with the Cs2Te will restart 
soon. 

 

 
Figure 14: Test  of  the  laser  feedback  systems.  Top:

 pointing
 

stability results. Bottom: energy per pulse results. 

An initial preliminary thermal emittance measurement 
of the Cs2Te cathode was performed by a solenoid scan at 
low charge per bunch (~900 fC) and at a beam energy of 
~ 800 keV.  

 

 
Figure 15: Cs2Te cathode thermal emittance measurement 
by the solenoid scan technique. Top: horizontal plane 
result. Bottom: vertical plane result. 

Figure 15 shows the results of the scan for both 
horizontal and vertical planes. For each of the solenoid 
current values, the average rms transverse size and 
standard deviation were calculated over ten individual 
beam images. The beam sizes at the virtual cathode 
during the measurements were of ~ 250 �m rms for the 
horizontal plane and of ~ 265 �m rms for the vertical one. 
The resulting normalized thermal emittance value for this 
preliminary measurement is: 

 
rmsμm/mm05.054.0 ��Rn ��  

 
Such result is consistent with values measured by other 

groups. Additional more systematic measurements 
varying the laser transverse beam size at the cathode are 
scheduled for the near future. 

FUTURE PLANS 
After the completion of the tests with the presently 

installed Cs2Te cathodes, CsK2Sb multialkali cathodes 
will be inserted in the gun and characterized. One of such 
photocathodes, has been already successfully produced by 
our LBNL partner group and is ready for testing. 

The installation (in the first half of 2014) of all the 
beam diagnostics systems included in APEX Phase I, will 
allow for the full 6D phase space characterization of beam 
at the gun energy, and for the comparison of the 
experimental results with the expected values predicted 
by the simulations. 

Finally, in about 18 months from now (assuming the 
reception of the required funds), the completion of the 
installation of the Phase II components will allow for the 
final characterization of the brightness performance of the 
VHF gun. 
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EXPERIENCE WITH THE SNS LOSS MONITORING AND MACHINE 
PROTECTION 

A. Zhukov, ORNL, Oak Ridge, TN, USA

Abstract 
The Spallation Neutron Source (SNS) is a 

megawatt-class hadron accelerator. Beam loss monitoring 
is essential for machine protection, residual activation 
control and machine tuning. We discuss all parts of our 
beam loss monitoring system including its detectors, 
electronics, machine protection system (MPS) interface 
and its role in the accelerator tuning process.  The system 
was designed more than 10 years ago, so we are now 
addressing obsolescence problems by designing a new 
FPGA based replacement. The plans for this next 
generation Beam Loss Monitor (BLM) system are 
presented. 

INTRODUCTION 
At SNS a 1ms long H- beam (macro-pulse) consisting of 

~1000 mini-pulses (700 nS pulse and 300 nS gap) is 
accelerated from 2.5 MeV to 1 GeV in a linac and then 
converted into H+ by a stripping foil for injection into a 
storage ring. The mini pulses are accumulated and the 
resulting, ~700 nS, accumulated beam pulse is extracted 
and then hits a mercury target. This process runs at 60 Hz 
and delivers up to 1.4 MW of power to the target. 
Average beam current is ~24 mA over 1 ms [1]. 

The SNS BLM system consists of 378 radiation 
detectors measuring secondary radiation due to beam loss. 
BLMs are used as MPS devices to shut down the current 
beam pulse if the integral loss is above threshold and to 
limit average loss to be under 1 W/m. The MPS system 
has to be software and timing independent to increase 
reliability. 

 Since the beam parameters are different in different 
parts of the machine, the nature of the losses are also very 
different.  

DETECTORS 
The BLM system is used as an MPS device as well as a 

beam tuning diagnostics. The same detectors are playing 
two roles and so have to combine reliability for MPS and 
flexibility for beam diagnostics. SNS uses ionization 
chambers (IC) as its main BLM device. This is due to 
their simple design and immunity to radiation damage. In 
addition to ICs we use several type of photomultiplier 
tube (PMT) based detectors. The neutron detectors (ND) 
are neutron sensitive detectors that are useful in low 
energy part of the linac (where ICs lack sensitivity). The 
ICs are not fast enough to provide macro-pulse structure 
to physicists so the PMTs can be used for such 
diagnostics purposes. Also all PMT devices can adjust 
their sensitivity significantly (factor of ~100-1000) by 
changing their HV bias. 

Detector Distribution 
BLMs are evenly distributed along the accelerator with 

a typical distance to the beam line of 0-90 cm. In addition 
to fixed detectors we found moveable detectors to be very 
useful for investigating unexpected activation patterns. 

 
Table 1: BLM Distribution 

Detector DTL CCL SCL HEBT 
 

Ring RTBT 

IC 11 50 79 59 71 40 

ND 12 8 23    

PMT 6 6 3    

DBLM  2 5   3 

 
Figure 1 shows moveable BLMs placed in the transition 

area between warm and superconducting linacs. 
 

 
Figure 1: BLM placement for investigation of hot spot. 

Detector Parameters 
Most important detector parameters are shown in 

Table 2. Ionization chambers use daisy-chained HV lines 
since all of them have the same bias applied. All 
scintillator-based devices have dedicated HV power 
supply. In addition to signal and HV connections 
scintillator detectors have a test cable connected to an 
LED inside the detector. This connection allows testing 
and bias calibration for these detectors.  

The slow response time of the neutron detector is 
caused by a polyethylene moderator that is needed to slow 
the neutrons down and increase cross section of neutron 
capture inside scintillator. Lead shielding around the 
scintillator helps to suppress sensitivity to x-rays (Fig. 2). 
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Table 2: BLM Parameters [2] 

Detector IC ND PMT 

Type  Ionization chamber Neutron sensitive plastic 
scintillator + PMT 

plastic scintillator + PMT 

Detector medium Gas Ar, 113 cm3 Polyethylene moderator, 
ZnS(Ag) scint 

EJ-208 scintillator 

Typical HV Bias, V -1000 -700 -700 

Typical Sensitivity 70 nC/Rad 80 pC/n/cm2 2 mA/R/hr 

Response time ~2 uS ~50 uS ~10 nS  

Connectors Sig (BNC), HV (SHV) Sig (BNC), HV (SHV), Test 
(BNC) 

Sig (BNC), HV (SHV), Test 
(BNC) 

 

 

 

 
Figure 2: ND internals [2]. 

Detector Calibration 
All ion chambers were calibrated with a gamma source. 

While that provided absolute calibration in terms of Rads 
per C of charge being measured, it was not very useful for 
estimating the fraction of beam being lost. For NDs we 
used a calibration with faraday cups imitating a full loss 
[3]. It agrees with simulation but doesn’t emulate a real 
distributed loss.  

In the SCL we were able to calibrate BLMs with a laser 
wire profile measurement device. The laser strips off an 
electron from the H- and H0 is subsequently lost. Knowing 
the number of H0 created and measuring additional loss  
we concluded that SCL loss is around several 10-5 [4].  

MACHINE PROTECTION AND 
CONTROLS 

Front End Electronics  
All detector types are effectively current sources and 

are interfaced to the same 8-channel analog front end 
(AFE) electronics that features transconductance 
amplifiers with jumper-settable gains (620, 6.2E3, 62E3 
[Ohm]). The amplified signal is split between an MPS 
circuit (leaky integrator to integrate the total loss), a 
“view” circuit where the “fast” signal leaves the AFE and 

goes to a VME hosted ADC card where it is sampled at 
100 kS/s (signal BW is 35 kHz) and the “slow” signal that 
is smoothed (BW 1 kHz) and also goes to a separate ADC 
channel [5]. Typical signals produced inside the AFE are 
shown on Fig. 3. 

 Hardware leaky integrators provides protection without 
relying on software or timing information. The system 
allows a shutdown of the macro-pulse within 15 uS of the 
integrated value exceeding a threshold. Software based 
integration over one second is used to limit average loss 
to stay below 1W/m and maintain residual activation of 
under 100 mRem/hr in the most parts of the tunnel. 
 

   
Figure 3: Signals in BLM AFE. Green shows MPS leaky 
integrator output.  

The HV bias is shared by several (usually four) ICs that 
are daisy-chained in the accelerator tunnel. The HV is 
supplied by a VME HV module.  

In addition to integrated loss, software monitors MPS 
detector health: gain settings, HV bias set points and read 
back, and HV bias current (that will detect cable problems 
in HV circuit).  
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Figure 4: Analog front end [2]. 

Controls System [6] 
The gain setting of the AFE is controlled and monitored 

by a VMIC VMIVME2510 64-bit digital IO module. The 
Machine Protection System (MPS) interface module 
compares AFE MPS loss to an MPS trip level and outputs 
the result to a separate MPS chassis. The MPS trip levels 
are set with the outputs of two Hytec8402 Industry Pack 
(IP) DAC cards (16 channels of 16-bit DAC each) 
residing on a GreenSpring VIPC616 IP Carrier board. 
There is a direct communication link from the Motorola 
MVME-5110 CPU board to the MPS Chassis through the 
PMC card attached to CPU board. Two ICS110B ADC 
cards read the AFE outputs of both the fast loss and slow 
loss signals. Each ICS110B card has 32 independent 24-
bit Sigma-Delta ADCs. The ADC can sample up to 108 
KHz (100 KHz is used). These data are then transferred 
and processed by the CPU board. The MVME-5110 
features a 500MHz MPC7410 microprocessor, 512MB 
ECC SDRAM. The standard SNS timing configuration 
(V124S + V108S cards) provides a real-time data link of 
machine status as well as beam time synchronization and 
triggers. The VME crate used is an SNS-standard Weiner 
21-slot crate.  

The BLM IOC software is based on the Experimental 
Physics and Industrial Control System (EPICS) 
framework. Each programmable VME module in the crate 
has associated EPICS device driver software support 
which runs on the CPU board. For VME modules with 
common use at the SNS, beyond the BLM system (e.g. 
timing and MPS PMC), software is reused from the SNS 
standard software repository. Other BLM specific 
software drivers have been written for the remaining 
modules – the most significant and complex being that for 
the ICS110B ADC cards. The ICS110B driver is interrupt 
driven and relies on Direct Memory Access (DMA) for 
data transfer to the CPU card. It uses a specialized, 
hardware specific software driver. Alternating beam pulse 
data is captured by this ADC card into one of two internal 
“ping-pong” FIFO’s. As one FIFO fills, the other, 
containing the prior pulse’s data, is transferred via DMA 
to the CPU board and processed. For each 60 Hz beam 
pulse 400 samples (4 mS duration) are acquired for each 
fast and slow loss signal. Approximately 10 seconds of 
these data (600 pulses) are queued and internal to the 
system at any time. Various displays and display rates are 
available to visualize these data. 

 

CAVITY X-RAYS 
Beam loss is not the only source of radiation detected 

by BLMs. Significant x-ray background comes from RF 
cavities. To account for these x-rays, the SNS timing 
system generates a “blank” pulse every 10 seconds. 
During this blank pulse RF is switched on but there is no 
beam. The signal from the loss monitors is stored as a 
reference that is subtracted, in software, from the 
following normal pulses  (with beam enabled).  While this 
approach works, it cannot be used for fast protection 
because the leaky integrator cannot subtract the stored 
reference. This inherently compromises MPS because the 
loss limit set on the DAC has to include “losses” from x-
rays.  

 

 
Figure 5: Loss waveforms showing Loss vs Time (s) in 
different locations. Red gives x-rays only signal (stored 
reference) and blue shows loss only signal (after 
subtraction of the reference). 

As one can see in Fig. 5, the x-ray component is quite 
significant and can be even greater than the loss itself. A 
detector that is sensitive to neutrons and not sensitive to 
x-rays could be a possible solution. Unfortunately it is 
hard to create such a detector that would work in analog 
mode. We are currently experimenting with Dual BLM, 
which essentially consists of two scintillator-based 
detectors. One detector has increased sensitivity to 
neutrons and it measures neutrons and x-ray flux; the 
second detector measures x-rays only (its’ neutron 
sensitivity is much lower than the first one). Thus by 
subtracting the “x-ray signal” from “neutron plus x-ray 
signal” we can get the signal from neutrons only. 

NEXT GENERATION OF BLM SYSTEM 
This BLM system was designed around 1999. The 

major problem now is part obsolescence. The AFE boards 
are using obsolete, discontinued parts and several VME 
boards are discontinued including the ADC board. Instead 
of designing replacement boards, we are developing a 
new system that will significantly differ from the current 
one. 

We plan to use FPGA technology to add flexibility to 
the MPS setup. MPS functionality will be moved from 
software to FPGA. We will still have analog integration, 
but its output will be fed into the FPGA as well. Beam 
abort decision will be made inside the FPGA and software 
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will be used for communication purposes only. Instead of 
having just two limits for single pulse loss and one second 
average loss we will have arbitrary integration windows 
that could be different for various regions of the 
accelerator following similar approach used in LHC [7]. 
For example, since the SCL requires a faster reaction time 
to high loss, the beam will be tripped if a single digitizer’s 
sample exceeds a threshold level instead of the integral 
over several samples.  

The multichannel AFE boards will be replaced with 
single channel modules (Fig. 6) of different types to 
accommodate different detectors.  
Key features of a single channel AFE module: 
• Analog subtraction using fader IC [8] 
• PGA gain 
• HV power supply 
• Own MPS integrator 
• DAC for threshold settings, HV control, subtraction 

control, test signal control 
• Analog front end can have several options 

o Maximum configuration for Dual BLM (already 
designed and being under test) 

o Only MPS integrator and fixed gain amplifier for 
ion chamber with shared HV supply 

  

     
Figure 6: Single channel module with HV power supply 
and dual input for Dual BLM. 

All modules will have amplified analog signals routed 
to the backplane and front panel for testing purposes. One 
chassis will host 8 (or 16) modules; analog signals in the 
same chassis will be digitized and processed in one FPGA 
(currently we consider cRIO system from National 
Instruments). This will add flexibility in defining trip 
conditions. We will be able to use the combination of 
losses from several detectors to determine if the beam is 
errant or not while having the MPS logic in hardware 
(FPGA). For example, the new system will be able to trip 
the beam if the weighted sum of losses exceeds a 
threshold; such testing can be performed on the fly on a 
point-by-point basis. 

NON TYPICAL APPLICATIONS OF BLM 

Fast BLMs for Beam Studies  
We found it very useful to have fast BLMs (PMTs in 

Table 1). These devices are not connected to the MPS and 

are used for research only. They are fast enough to 
distinguish between mini-pulses of SNS beam. These 
detectors can be used as high time resolution devices for 
profile measurements. A PMT detects radiation caused by 
beam hitting a wire. Since it is not a beam line device it 
can be easily added anywhere in the tunnel. Another 
example where time resolution is essential is the injection 
area. Here PMTs can distinguish between loss from H- 
hitting the foil and H+ circulating in the ring.  

 
Figure 7: Fast BLM measurement revealing fine time 
structure of loss at injection area. One mini-pulse injected 
in the ring [9]. 

One of the main goals of the BLM system is controlling 
residual activation inside the accelerator tunnel. This is 
achieved by limiting one-second average loss. We also 
demonstrated that certain types of BLMs can be used to 
directly measure residual activation while beam is 
running. To achieve this we increase sensitivity of the 
scintillator-based detectors by ramping up their high 
voltage. Of course this causes saturation when beam is 
present (~ 1mS of 60 Hz period). But if we set the 
integration window to be well beyond the beam gate, the 
detectors are able to measure residual activation since 
there is no other radiation source when beam and RF are 
off. Figure 8 shows that one can see residual activation 
slowly decaying if beam is off for long time. 

 
Figure 8: Residual activation in SCL measured by PMT 
vs. BLM (ion chamber) signal. 

Installation of the new BLM system will make such 
residual activation measurement a standard procedure that 
will serve as additional guidance for tunnel surveys by 
radiation protection personnel.  
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SUMMARY 
The existing BLM system protects the SNS accelerator 

from beam related damage and controls residual 
activation by limiting average loss at specified 1 W/m 
level. The system covers all beam energies from 2.5 MeV 
to 1 GeV. The ionization chamber is the main detector 
used for MPS with dynamic range at least 105 and capable 
to measure down to 10-6 of fractional loss. It is capable to 
support beam power upgrades of at least doubling of 
beam power. 

 Low energy loss is hard to control with radiation 
detectors and other MPS devices are used in combination 
with the BLMs such as the differential BCM [10].  BLM 
systems are the main mechanism to trip errant beam; SCL 
downtime reduced by factor of six over last several years 
of operation by understanding causes of errant beam trips 
[1,10]. 

The system has proved to be quite reliable since SNS 
started operation in 2006. Total beam down time due to 
BLM malfunction is less than 12 hours; most of the 
downtime is related to software issues and VME power 
supplies failures. 

Electronics obsolescence, including the ADC boards 
being discontinued, demands a system redesign. X-ray 
radiation from cavities presents an issue for hardware-
implemented protection. Multi-channel AFE boards 
require beam shutdown for repair or troubleshooting. New 
FPGA-based [11] BLM system that will address the 
majority of these issues is currently under development. 

ACKNOWLEDGMENT 
ORNL/SNS is managed by UT-Battelle, LLC, for the 

U.S. Department of Energy under contract DE-AC05-
00OR22725. 

REFERENCES 
[1] J. Galambos, “SNS Performance and the Next 

Generation of High Power Accelerators”, FRYAA1, 
Proc. of NA-PAC’13. 

[2] A. Zhukov et al., “SNS BLM System Evolution: 
Detectors, Electronics and Software”, Proc. of 
PAC’09, Vancouver, BC, FR5REP038. 

[3] A. Zhukov and S.Assadi, “Beam Loss Simulation of 
SNS LINAC”, Proc. of PAC’07, Albuquerque, New 
Mexico, 25-29 Jun 2007, FRPMN060, p. 4138. 

[4] A. Shishlo et al., Phys. Rev. Lett. 108, 114801 (2012) 
[5] R. Witkover and D. Gassner, “Preliminary Design of 

the Beam Loss Monitoring System for the SNS”, 
Proc. of BIW’2010, Upton, NY, pp 345-352. 

[6] R. Dickson, private communication. 
[7] B. Dehning et al., “First Experience with the LHC 

Beam Loss Monitoring System”, CERN-ATS-2009-
025, Proc. of PAC’09, May 4-8 2009, Vancouver, 
Canada. 

[8] J. Pogge and A. Zhukov “Results of Background 
Subtraction Techniques on the Spallation Neutron 

Source Beam Loss Monitors”, Proc. of BIW’2010, 
Santa Fe, NM, TUPSM090. 

[9] M. Plum, private communication. 
[10]  W. Blokland, C. Peters, “A New Differential and 

Errant Beam Current Monitor for the SNS 
Accelerator”, Proc. of IBIC’2013, Oxford, UK, 
THAL2. 

[11] W. Blokland, “The Use of LabVIEW FPGA in 
Accelerator Instrumentation”, NIWeek’2010, 
https://decibel.ni.com/content/docs/DOC-15879 
 

 

WEYA2 Proceedings of PAC2013, Pasadena, CA USA

718C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

06 Accelerator Systems

T23 - Machine Protection



ULTRA-SHORT ELECTRON BUNCH GENERATION BY A 
PHOTOCATHODE RF GUN* 

M. Mizugaki#, Y. Koshiba, K. Sakaue, M. Washio, Waseda University, Tokyo, Japan 
T. Takatomi, J. Urakawa, KEK, Ibaraki, Japan 

R. Kuroda, AIST, Ibaraki, Japan

Abstract 
We have been studying on the accelerator physics at 

Waseda University with BNL type 1.6cell RF gun. Such 
photocathode RF gun can generate low emittance and 
short bunch electron beam. Generating ultra-short electron 
bunch (shorter than 1ps) in a compact accelerator system 
would be meaningful because some applications need to 
be miniaturized, THz imaging, for example. However 
short the laser pulse is, the bunch length would be longer 
than 1ps due to the severe space charge effects. For the 
purpose of generating ultra-short electron bunch in 
compact system, we have newly designed Energy 
Chirping Cell attached RF gun (ECC RF gun). ECC is 
attached subsequently to the 1.6 cell. The role of ECC is 
to chirp the electron energy so that the electron bunch is 
compressed by velocity difference as it drifts. Simulation 
results show ECC RF gun can compress the electron 
bunch down to 200fs (rms) with 100pC electron charge. 
We have successfully measured the coherent THz light by 
synchrotron radiation and transition radiation. From these 
consequences, we infer that the bunch would be 
compressed into shorter than 500fs. In this paper, we 
report the results of the bunch length measuring 
experiments and future plans. 

INTRODUCTION 
At Waseda University, we have built a compact 

accelerator system (2m×3m), which consists of 
picosecond UV pulse laser and S-band Cs-Te 
photocathode RF electron gun . This RF gun is based on 
BNL type IV 1.6 cell cavity and capable accelerating high 
quality electron bunches up to the energy of 5MeV. In our 
system, the RF frequency is 2856MHz and Cs-Te is used 
for the cathode. Such photocathode RF guns can generate 
high-quality electron beam, that is to say low emittance, 
high brightness, and short pulse. At Waseda University, 
the beam has been used for applications such as pulse 
radiolysis experiment for radiation chemical reactions [1], 
soft X-ray generation via laser-Compton scattering [2] 
and a laser profiler [3]. Besides such beam applications, 
we have been developed an RF gun itself in cooperation 
with High Energy Accelerator Research Organization 
(KEK).  

Ultra-short Electron Bunch 
If ultra-short electron bunch (<1ps) is available from 

the RF gun, it leads some beam applications to be 
improved. At the least at Waseda, temporal resolution in 
pulse radiolysis system and luminosity in laser-Compton 
scattering will be improved. And in addition, ultra-short 
electron bunch is able to produce coherently enhanced 
THz radiation. At this time the intensity of THz radiation 
increases with the square of the bunch electron charge. 
Therefore in order to achieve high power THz radiation, it 
is necessary to keep a certain amount of the bunch charges 
besides bunch compression. The magnetic compression is 
widely used to compress energy chirped electron bunch. 
This method has made successful achievements [4], but 
leads the system to increase in size. The aim of our study 
is to generate ultra-short electron bunch by use of an RF 
gun alone. 

BUNCH COMPRESSION 
Generally in photocathode RF gun, the initial beam 

transverse/longitudinal profile can be controlled by the 
laser pulse. It seems that femtosecond laser would 
generate ultra-short bunch, but in simulation, we have 
confirmed that the bunch length gets longer than 1ps due 
to space charge effects. Therefore we have considered 
improving RF gun. 

Energy Chirping Cell Attached RF Gun 
Now we have newly designed an RF gun named Energy 

Chirping Cell attached RF gun (ECC RF gun) in order to 
achieve ultra-short bunch just with an RF gun itself [5][6].  

Figure 1: The cavity structure of the ECC RF gun. 

Figure 2: Off-crest acceleration in ECC. 

 ___________________________________________  
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As shown in Figure 1, the Energy Chirping Cell (ECC) 
is attached subsequently to the 1.6 cell: half cell and full 
cell. The ECC RF gun is designed to be operated in π 
mode, similar to the conventional RF gun.  Figure 2 
shows energy chirping is preceded at off-crest RF phase. 
In half cell and full cell, the bunch is accelerated around 
the crest, on the other hand the bunch energy is linearly 
modulated around zero-crossing phase in ECC. 

Therefore in the ECC RF gun, the bunch is firstly 
accelerated up to around 4MeV in 1.6cell, after that the 
bunch energy is chirped linearly. The energy chirped 
bunch gets gradually compressed as it drifts. We have 
confirmed such velocity bunching by PARMELA and 
GPT, a beam tracking code. Shown in Figure 3, the bunch 
length in the longitudinal phase space gets most 
compressed down to around 200fs (rms) at the 3m from 
the cathode. At this time initial pulse width is 4.3ps (rms) 
and the bunch has enough charge (100pC). Moreover, 
initial RF phase significantly affects the ultra-short bunch 
generation. As shown in Figure 4, the bunch gets 
compressed only around 30 degree. And we show the 
simulation results in Table 5. 

Table 5: The Results of ECC RF Gun Simulation 

Energy 3.98MeV 

Charge 0.1nC 

Minimum bunch length 158fs (rms) 

The most compressed distance 3.07m 

Normalized emittance 4.18πmm-mrad 

 

By means of simulation, we have confirmed that the 
ECC RF gun generates ultra-short electron bunch, 
therefore we have started to manufacture the ECC RF 
gun. Figure 6 shows appearance of manufactured ECC RF 
gun. 

EXPERIMENTAL SETUP 
We installed the ECC RF gun in our accelerator system. 

In order to measure a synchrotron radiation (SR), we built 
a beam line as illustrated in Figure 7.  We put the bending 
magnet at the point of 3m from cathode, where the bunch 
got most compressed. And then SR passed through the z-
cut quartz window, was measured by use of narrow band 
schottky barrier diodes (SBDs).  

Schottky Barrier Diode 
In this spectroscopy experiment, we used several 

Schottky Barrier Diodes (SBDs), which have various 
narrow sensitive frequency ranges in THz region. The 
Table 8 shows the specs of these apparatuses. 

 
Table 8: The Specifications of SBDs and BPF 

Model DXP-19 FAS-10SF-01 BPF 

Manufacturer Millitech Wisewave TYDEX 

Sensitive range 
[THz] 

0.04-0.06 0.075-0.11 0.18-0.22 

Sensitivity 
[mV/mW] 

1000 500 - 

Name 0.05THz 0.1THz 0.2THz 

 
Note that 0.2THz detector consists of 0.1THz SBD and 

0.2THz BPF. 0.1THz SBD seems to have small sensitivity 
at 0.2THz. 

Figure 3:The longitudinal phase space distribution right 
after ECC (left), distance of 3m from cathode (right).  
 

Figure 4: RF phase dependence of the bunch length. 
 

Figure 6: Manufactured ECC RF gun. 

Figure 7: Experimental setup 
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EXPERIMENTAL RESULTS AND 
DISCUSSION 

Coherent Synchrotron Radiation Measurement 
When the bunch length σ  is regarded as short enough 

as the wave length of the radiation, the radiation gets 
enhanced coherently with square of bunch charge. 
Assuming the bunch form as Gaussian, the power of the 
synchrotron radiation is expressed as; 

)())1(1()( 0
)(

all

2

  PeNNP z      (1) 

where N is the number of electrons and therefore when 
bunch charge is 100pC, N is 6 × 10 . ( ) is power of 
the radiation from one electron and ( ) is power from 
the bunch. The spectrum of the SR and CSR is calculated 
by SPECTRA as shown in Figure 9. 3.7MeV electron 
bunch can generate THz radiation in our beam line. In our 
setup, the cut-off frequency is 0.6 THz. But considering 
the bunch is kicked by a fridge weak magnetic field the 
cut-off frequency becomes as lower as 0.3 THz. It is also 
obvious from Figure 9 and Equation (1) that shorter bunch 
can generate CSR at higher frequency.  Therefore we can 
estimate the bunch length by measuring CSR frequency.  

We have confirmed Coherent Synchrotron Radiation 
(CSR) by plotting THz intensity as a function of the 
bunch charge in Figure 10. It is evident from the plots that 

we have obtained at least up to 0.2THz CSR. 
We have successfully measured 3 various narrow THz 

regions, around 0.05THz, 0.1THz and 0.2THz. As shown 
in Figure 11, we compared the detectors. Each CSR has a 
peak at the 30 degree. Moreover, intensity plots become 
narrow as the frequency of the CSR becomes higher one. 
These are surely expected by the Figure 4. 

From the CSR spectrum (Figure 9) and the successful 
results of 0.2 THz CSR detection (Figure 10), we can 
estimate the bunch length is shorter than 500fs. Moreover, 
having even 0.2 THz CSR the spread width intensity 
profile (Figure 11), this implies that the higher frequency 
CSR is produced at the optimum RF phase of 30 degree. 
We believe the bunch is exactly compressed down to the 
200fs at the optimum phase. 

SUMMARY AND FUTURE PLANS 
 In this paper, we described the ECC RF gun newly 

designed to generate ultra-short electron bunch.  We have 
successfully measured the CSR, thus we estimated the 
bunch length was compressed down to 500fs (rms). As 
further bunch length measurement, we consider 
spectroscopy by use of an interferometer. In the near 
future, we intend to directly measure the bunch length by 
use of an RF deflector [7]. 
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Figure 9: CSR spectrum calculated by SPECTRA 
(3.7MeV, 100pC). 
 
 

Figure 11:  Phase dependence of several detectors. 
 

 
Figure 10: 0.2 THz coherent synchrotron radiation. 
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REGULATOR / HARD SWITCH MODULATOR* 
Ian Roth#, Neal Butler, Marcel Gaudreau, Michael Kempkes

Diversified Technologies, Inc., 35 Wiggins Avenue, Bedford, MA 01730

Abstract 
Diversified Technologies Inc. (DTI) is developing a 

long-pulse modulator to meet the requirements of the 
Spallation Neutron Source (SNS) at Oak Ridge National 
Laboratory and the European Spallation Source (ESS), 
planned for Lund, Sweden. The modulator will deliver 
pulses at 100 kV at a pulse width of 3.5 ms, and a droop 
of less than 1%. The modulator will be delivered to Oak 
Ridge for conditioning klystron tubes before they are 
installed in the SNS accelerator. 

INTRODUCTION 
DTI is developing a long-pulse modulator as an 

alternative to the present Converter Modulator at SNS. 
The new Regulator / Hard Switch Modulator has two 
objectives: conditioning klystron tubes at SNS, and 
demonstrating the technology needed for future 
superconducting accelerators, such as ESS. The 
modulator specifications are given in Table 1. The key 
technical issue is meeting the 1% flatness specification 
without a large capacitor bank, using the minimum 
additional hardware. To meet these requirements, DTI’s 
modulator has a small non-dissipative regulator that 
produces a tightly-controlled flattop and eliminates flicker 
on the input grid. The regulator is the major development 
for this new modulator design. 
Table 1: Modulator Specifications (The frequency will be 
limited by the low-power supply used for klystron 
conditioning.) 

Voltage (kV) 100 
Current (A) 50 
Pulse width (ms) 3.5 
Frequency (Hz) 14 
Voltage flatness (%) <1 
Ripple (% peak-peak) <0.1 

SYSTEM 
Overview  

The mechanical layout of the modulator is shown in 
Figure 1, and a highly-simplified schematic diagram is 
shown in Figure 2. The major elements of the system are 
the switch, regulator, capacitor, and transformer. This 
modulator is a ‘hybrid’ design, with a solid-state switch 
driving a pulse transformer. This design was chosen to 
accommodate the ESS preference to avoid DC high 
voltage and oil-immersed switching elements. The 
modulator could readily have been designed without a 
transformer; DTI has built many hard-switched solid-state 

modulators that reliably switch pulses over 100 kV, at 
much higher current and average power than required 
here. 

 
Figure 1: Mechanical layout of the system. The 
components are (from left to right) cabinet for PLC and 
AC power, rack-mount cabinet with power supplies and 
control boxes, power-conditioning cabinet (which 
contains the capacitor bank, switch, and regulator), and 
oil-filled transformer tank. 

 

 
Figure 2: Highly-simplified schematic diagram. (The 
switch is made with seven IGBTs, not two.) 

Switch 
The switch is made with series-connected IGBTs, a 

well-established technology at DTI. The switch operates 
only once per pulse, in contrast to the 30 times needed by 
the SNS Converter Modulator. The lower switching 
frequency reduces the losses, and reduces the size of the 
switch. 

The switch consists of seven modules in series; two of 
these are redundant. Since IGBTs fail short, if two
modules short, the others will continue to support the 
voltage across the switch. The number of good IGBTs in 
the switch stack is monitored so that in the unlikely event 

 ___________________________________________  
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of a failure, repairs can be appropriately scheduled before 
a modulator failure occurs. The IGBTs are mounted on a 
cold plate to keep their temperature low, giving high 
reliability. 

Regulator 
The regulator is the key development for this program; 

it keeps the output voltage constant as the capacitor 
voltage droops. The regulator produces only the droop 
voltage ( 7% of the output), rather than the full voltage 
produced by the converter modulator.  This means that 
the regulator can be very small and efficient. 

Representative voltage waveforms for this system are 
shown in Figure 3. The capacitor voltage droops during 
the pulse, then is recharged between pulses, returning to 
its original level. The regulator output is opposite to the 
variation in capacitor voltage. This produces both a flat 
output pulse and a constant power-supply voltage. As a 
result, the power supply can operate at constant current 
and constant power – and so does not produce flicker, 
regardless of the switching frequency. The regulator is 
non-dissipative, since it neither supplies nor sinks net 
power over a cycle. 

 
Figure 3: Voltage waveforms for the modulator system. 
Capacitor (blue), regulator (green), load (purple), main 
power supply (red). 

The regulator is based on a full-bridge circuit rather 
than a half-bridge.  A full bridge transfers all the energy 
in the filter inductor to the filter capacitor, unlike a half-
bridge, which returns some of the energy to the bus 
capacitor. Because of this, a full-bridge can operate at a 
lower current (and correspondingly lower loss) than a 
half-bridge.  

The bridge circuit has different phases of operation, 
depending on whether the modulator is pulsing or 
charging, and whether its output voltage is positive or 
negative. Operation during the first half of the pulse is 
shown in Figure 4. The A switch cycles on and off. When 
it is closed (top), current builds up in the inductor; when it 
is open (bottom), the current in the inductor discharges 
into the bus capacitor. The bridge circuit operates as a 
boost regulator, transferring energy from the filter 
capacitor (which is charged by the main capacitor) to the 
bus capacitor. 

Figure 4: Regulator operation during the first half of the 
pulse, when the regulator output is negative. The blue 
traces show the current path. (Top) A switch is closed, 
and current builds up in the inductor. (Bottom) A switch 
is opened, and energy in the inductor discharges into the 
bus capacitor. Energy flows from the filter capacitor to 
the bus capacitor. 

 

Figure 5: Regulator operation during the second half of 
the pulse, when the regulator output is positive. (Top) A 
and D switches are closed, and current builds up in the 
inductor. (Bottom) A switch is opened, and energy in the 
inductor discharges into the filter capacitor. Energy flows 
from the bus capacitor to the filter capacitor. 
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Operation during the second half of the pulse is shown in 
Figure 5. In this case the D switch is closed. When the A 
switch is closed (top), current builds up in the inductor; 
when the A switch is open (bottom), the current in the 
inductor discharges into the filter capacitor. In this case 
the bridge circuit operates as a buck regulator, 
transferring energy from the bus capacitor to the filter 
capacitor (and then to the load). 

Operation during charging is similar, but with the C 
and B switches operating, rather than the A and D 
switches.   

The regulator is made with two bridges in parallel, 
connected to a common filter capacitor. The IGBTs in the 
bridges switch at 100 kHz during pulsing, and 5 kHz 
during charging. Their switching is staggered, making an 
effective switching frequency of 200 kHz during pulsing.  

We have demonstrated regulator operation at its full 
output power. (While the switch voltage was low for this 
test, the regulator operation depends only on the regulator 
voltage and current.) The output voltage without the 
regulator is shown in Figure 6; the capacitor droop is 
exaggerated from the actual modulator design, and is 
obvious. Waveforms with the regulator operating are 
shown in Figure 7. The regulator produces up to 400 V, 
and is clearly compensating for the droop. The initial dip 
in the voltage waveform is due to the initial voltage drop 
across the switch; this will be eliminated by feedback 
compensation in the regulator controls. 

 
Figure 6: Pulse voltage without the regulator, 200 V/div, 
250 μs/div. 
 

Capacitor Bank 
The capacitors are made with metallized film (also 

referred to as “self-healing”), allowing them to be roughly 
one-quarter of the volume and cost of capacitors made 
with film-foil technology. Metallized-film capacitors can 
tolerate arcs in the film, and so can operate at a relatively-
high electric field. This is because when a metallized-film 
capacitor arcs, the metallization near the arc blows off, 
isolating the shorted section from the rest of the capacitor. 
The only impact is a small reduction in capacitance. In 
contrast, a film-foil capacitor cannot tolerate arcs, and 
must operate at a lower electric field. In general, the 
allowable current in metallized-film capacitors is lower  
 

 
Figure 7: Pulse voltage (green) and regulator voltage 
(purple), 200 V/div, 250 μs/div. 

 
than the current in a film-foil capacitor. However, the 
RMS current in the modulator (184 A) is low enough that 
is this not a concern. 

The total bank capacitance is 4 mF; it stores 82 kJ at 
6.4 kV. The bank is made of three 1333 μF capacitors in 
parallel, each 14” x 15” x 25” tall. 

Transformer 
The pulse transformer enables the DC power supply to 

operate at 6 kV, allowing the switch to be air-insulated. 
Since the pulse is 3.5 ms long, the transformer will be 
built like a power transformer, rather than the basket 
design typically used for microsecond pulses.  

The long pulse width makes the transformer large, so 
the hybrid modulator is larger than a comparable hard-
switch system. The leakage inductance of the transformer 
limits the pulse rise time. There is a design tradeoff 
between leakage inductance and size; reducing the 
leakage inductance increases the transformer size.  

CONCLUSION 
The droop control for long pulses provided by this 

regulator modulator makes it attractive for applications 
which would otherwise require prohibitively large and 
expensive capacitor banks, or more complex switching 
arrangements. The first system will be tested at DTI in 
early 2014, prior to its installation at SNS.  

DTI’s future efforts will include investigating directly-
switched oil-cooled systems, and applying the regulator to 
correct pulse droop in long-pulse Marx modulators, rather 
than adding numerous corrector modules or complex 
Marx stages. 
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INDUCTIVELY COUPLED PULSED ENERGY EXTRACTION SYSTEM 
FOR 2G WIRE-BASED MAGNETS * 

R. Agustsson#, J. Hartzell, S. Storms, RadiaBeam Technologies, Santa Monica, CA 90404

Abstract 
This project seeks to develop a novel method for 

quench protection of high-temperature superconducting 
(HTS) magnets based on coupling the magnet with a 
high-power resonant coil. The quench protection is 
realized by applying an electromagnetic pulse through 
the resonant coil and disrupting the superconducting 
state in the conductor. This creates a large (10s of 
meters) normal zone in less than 10 ms thus ensuring 
even distribution of the energy dissipation. The 
proposed protection system does not involve 
generation of high voltage on the coil leads and does 
not contribute to cryogenic losses. The system is easily 
scaled to a magnet of arbitrary size. Preliminary design 
and POC bench top test preparations are presented 
below. 

INTRODUCTION 
Recent progress in high-field performance of the 

second-generation (2G) HTS conductors [1, 2] has 
enabled design and development of ultra-high field 
magnets. This is possible because YBCO, the core 
material of 2G wire, holds the record for the upper 
critical field, Hc2. A combination of high Hc2 and high 
mechanical strength (700 MPa yield strength [3] for 
SuperPower Hastelloy-based wire) position the 2G 
wire as the only viable conductor for ultra-high field, > 
20 Tesla, superconducting magnets. 

 

 
Figure 1: Typical NZP velocities measured in test 2G wire 
coils [4]. 

The key component of 2G wire is the epitaxial 
YBCO layer. This layer, which is only 1-1.5 micron 
thick, carries all the current of the superconductor. The 
major problem is its slow rate of Normal Zone 
Propagation (NZP). As shown in Figure 1, 
experimental measurement of NZP velocity in 2G 

wires yields values below 1 mm/s. Such a low 
propagation velocity results in concentrated energy 
dissipation and irreversible damage of the magnet 
during an unprotected quench. The problem is further 
exacerbated by the low thermal mass and poor thermal 
conductivity [5] of the YBCO layer. Thus carefully 
designed protection systems are required to protect 2G 
superconductors from catastrophic damage. 

The established active and passive [6] quench 
protection systems for traditional low-temperature 
(LTS) magnets [7] are ill-suited for HTS magnets 
because their energy extraction is too slow. The 
measured NZP velocity means the stored energy has to 
be extracted or redistributed within a few seconds to 
prevent catastrophic damage. A traditional energy 
extraction system based on a dump resistor and a 
semiconducting switch would require several kilovolts 
on the coil to achieve fast extraction. Such a high 
voltage creates multiple problems for the interfacing 
electronics and the current source. Redistribution of the 
normal zone by resistive heaters is problematic since 
the thermal conductivity of insulating materials, used 
to separate the heater from the coil, drops at cryogenic 
temperatures due to the phonon freeze-out. This effect 
prevents efficient coupling of the heater elements to the 
superconductor. 

TECHNICAL APPROACH 
By inductively coupling a strong electromagnetic 

pulse via a resonant LC circuit, the normal zone 
propagation in the coil will be accelerated. The AC 
field induces currents in the superconducting layer with 
the current density exceeding that of the critical current 
density, Jc. This creates a large normal zone, uniformly 
distributing the dissipation through the magnet body. 
The method does not rely on thermal heating of the 
conductor, thus potentially enabling nearly 
instantaneous protection. 

Quench Modeling 
The 2G wire coil (in the following DC coil) was 

modeled as 120 mm OD, 80 mm ID double-pancacke 
stack. We used the following functional dependence to 
approximate the critical current field dependence: Ic = 
I0/(1+B/B0)a, where I0=300 A, critical current in self 
field, B0=0.05 Tesla is the individual pinning field and 
a= 0.7 the pinning exponent. This is the typical Ic(H) 
behavior of SuperPower wire. The current density was 
calculated by dividing the current by the average area 
of the conductor, which was comprised of 50 micron 
Hastelloy substrate, 40 micron Copper stabilizer and 65 

*Work supported by DOE Grant #DE-SC0009547  
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micron Kapton insulation. The DC coil was excited at 
80 % of Ic, generation the maximum DC field of 0.3 
Tesla. The AC coil is modeled as a 6 turn flat coil 
wound from 4 mm copper wire.  The AC coil is excited 
with a 200 A current, which is applied as a short burst 
during the quench protection phase. 

The DC field profile was generated in the standard 
magnetostatic module of COMSOL 3.5, using axial 
symmetry. The AC field penetration process had two 
components: interaction of the AC field with inductive 
currents in the copper stabilizer and penetration of AC 
field into the superconducting layer. The inductive 
current interaction was modeled by the COMSOL 
“Azimuthal Induction Currents” module in 2D axial 
symmetry geometry. The penetration into the 
superconductor was simulated by a custom script using 
well-known Brandt equations [8]. 

Penetration of AC field into the coil winding is 
limited by the skin-effect in the copper stabilizer layer. 
Figure 2c shows that the optimum 50% penetration is 
achieved at frequencies below 200 Hz. In the design 
we choose 150 Hz as the operation frequency. This 
combines manageable size of reactive components with 
deep winding penetration. 

 

  

 
 

Figure 2: Resonant coil optimization showing field 
penetration color map and AC field contour map with 
initial geometry configuration (a), 1000Hz operation (b), 
final optimized geometry and frequency (c) and final DC 
magnetic field color map and AC field contour map (d). 

Proof of Concept Design 
The outputs from the optimal simulation results were 

slightly adjusted to account for simpler first pass 
implementation into the proof of concept (POC) system 
design and to use less HTS. Although slightly less 
penetration and NZP are expected due to this design 
change as seen in Figure 3, further Phase I efforts may 

approach the optimal design following initial system 
functional validation. The POC design parameters set 
the coil current at 100 A, resulting in a 0.1 T center, 
0.22 T maximum field with a stored energy of 6.6J.  

Double stack pancake coils with voltage taps for 
monitoring normal zone formation were envisioned. 
The stack would be sandwiched between G10 phenolic 
plates with slots cut in them for tap lead egress. The 
entire assembly will be immersed in a LN2 bath 
enclosed within a Janis cryochamber. 

 

 
Figure 3: AC magnetic fields (left and shaded), DC 
magnetic fields (right contours) of the fabrication 
optimized simulations.   

The main HTS coil is powered by a TDK-Lamda 
Genesys 3U 30V-333A power supply and the resonant 
coil is powered by a pair of Kepco BOP-10V-100A in 
parallel to provide the 200A resonant pulse. The main 
coil supply is protected with "low-side" switch (N-
channel mosfet with the source tied to ground). The 
system only requires 150Hz pulsing and the Kepco 
BOP is capable of up to 800 Hz operation, permitting 
potential exploration of higher frequency spaces. This 
BOP replaced our original plan to build the resonant 
circuit, with the cost of the devices nearly equal to the 
projected parts and labor to build our own pulsed 
power supply. 

For voltage tap monitoring, a Measurement 
Computing USB-2537 DAQ card was selected. This 
card can accommodate up to 64 single ended voltage 
channels that are needed for reasonable spatial 
resolution of the quench propagation.  Moreover, this 
DAQ was also chosen for its 1 MS/s sampling speed 
and 16 bit resolution. Finally, the MC USB-2537 also 
offers a large common-mode voltage rejection of +/- 10 
V, so that we can directly measure the voltage across 
all of the channels without signal isolation.  

As the system utilizes 52 voltage taps on the super 
conducting coils, with an aggregate sampling speed of 
1 MS/s, all 52 voltage taps can be sampled in just over 
50 microseconds. Even with a factor of 2 allowance, 10 
samples can be taken per tap every millisecond, thus 
defining the absolute temporal resolution limit of the 
system.  Further, as the buffer size of the board is 1MS, 
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all the data from a single event can be recorded without 
the necessity to clear the board buffer that would add 
further latency to the system.  

FABRICATION AND INTEGRATION 
A standard double stack pancake coil with HTS tape 

interconnects were manufactured at RadiaBeam 
Technologies. The turn to turn coil isolation was 
accomplished by co-winding the superconducting coil 
with kapton. To attach the voltage taps, a large copper 
block wrapped in heater tape was used as a warm 
backing plate while a precision temperature 
controllable soldering iron was used to heat the pre-
tinned voltage taps until solder flow was observed. 
Pure Indium solder was used. The bare coil section was 
then carefully cleaned with isopropanol and lint free 
wipes prior to co-winding the kapton insulation tape. 
The pancake stack was dry wound on a custom-made 
mandrel, Figure 4 left, carefully designed to ensure the 
10mm minimum bend radius of the HTS tape was not 
violated and ground wrapped with 0.006” DMD. The 
warm leads for the voltage taps were then soldered on 
and the assembled coil was sandwiched between a pair 
of G10 phenolic plates as seen in Figure 4 right. The 
warm leads are placed above the coil stack to ensure 
simpler assembly of the resonant coil around the 
perimeter of the assembly. The resonant coil was form 
wound in a flat pattern and bent to encompass the main 
HTS coil as shown in Figure 5, right. 

 

  
Figure 4: HTS coil on the winding fixture and shown with 
soldered voltage taps (left). Double pancake coil stack 
shown with tap leads soldered on and copper warm lead 
blocks. 

EXPERIMENTAL PLANS 
All the physical components have been completed 

and integrated into the cryostat as seen in Figure 5left. 
Final debugging of the controls and DAQ systems is 
currently ongoing with initial testing to start shortly. 
The experimental plans for testing this system will aim 
to search as broad a parameter space as possible. The 
main coil current, resonant coil current and frequency 
will be swept as we explore the system behavior. 
Further, various resonant coil geometries will be 
examined including the ideal optimized geometry as 
shown in Figure 2. Characterization of the NZP speed 
and optimizing the system to maximize the NZF will 
be the focus of these studies. 

  
Figure 5: HTS coil placed cryochamber (left), resonant 
coils prior to forming around HTS coils (right). 

CONCLUSIONS 
The fundamental behavior of the induced quenching 

system has been examined through analytical studies 
and simulations demonstrating the potential viability of 
this system. Fabrication of the POC has been 
completed and the final debugging of the control 
system to be concluded in the very near future. The 
experimental work plan is in place with data to be 
acquired imminently.  
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PHYSICS OF POLARIZED PROTONS IN ACCELERATORS∗

M. Bai
Brookhaven National Laboratory, Upton, NY 11973, USA

Abstract
Polarized proton beams have been one of the essential el-

ements in fundamental research such as unveiling the deep

secret of proton spin structure. Polarized proton beams can

also be the tool for direct measurement of the proton’s elec-

tric dipole moment (EDM). However, due to the interaction

between spin motion and electric and magnetic fields, it is

very challenging to overcome various depolarizing mech-

anisms through acceleration, and necessary spin manipu-

lations at a store energy to meet the physics program re-

quirements. Several decades of efforts have been devoted

to develop techniques to preserve polarization and spin ma-

nipulation, as well as further our understanding of spin dy-

namics. These efforts directly led to the successful spin

program at the Brookhaven Relativistic Heavy Ion Collider

(RHIC), the world’s first high energy polarized proton col-

lider. This tutorial presentation introduces basic physics

which governs the spin dynamics in accelerators. A brief

history of polarized protons development, as well as what

have been achieved at RHIC are also reported.

INTRODUCTION OF SPIN DYNAMICS
BASICS

Just like charge and mass, spin is also an intrinsic prop-

erty of elementary particles. Spin vector �S for a particle is

then defined as
�S = 〈ψ|�σ|ψ〉, (1)

where �σ is the Paul matrices, and ψ is the particle spin state.

Proton, a spin of 1
2 particle, has two eigenstates, i.e. ψ+ =

| 12 ,+ 1
2 〉 (up state) and ψ− = | 12 ,− 1

2 〉 (down state). The

intrinsic magnetic moment of a particle is then given by

�μ = g
e

2m
�S (2)

where e and m are the electric charge and rest mass of the

particle. g-factor for a perfect point-like particle is 1
2 . For

proton, the anomalous g-factor G = g−2
2 is 1.7928474.

For a beam of spin- 12 particles, polarization P , on the

other hand, is a classical concept defined as

P =
N+ −N−
N+ +N−

(3)

whereN± are the number of particles in the two spin states,

respectively [1].

In a circular accelerator, the spin motion is governed by

the Thomas-BMT equation [2]. In the frame of particles

∗The work was performed under the US Department of Energy Con-

tract No. DE-AC02-98CH1-886, and with support of RIKEN(Japan)

orbital revolution, it is given by

d�S

dt
=

e

γm
�S× [Gγ �B⊥+(1+G) �B‖+(Gγ+

γ

γ + 1
)
�E × �β

c
],

(4)

where �S is the spin vector in the particle’s rest frame, �B⊥
and �B‖ are the transverse and longitudinal components of

the magnetic fields in the laboratory frame with respect to

the particle’s velocity �βc, �E is the electric field particle

encounters and γ is the relativistic Lorentz factor. Here,

Eq. 4 shows that in a perfect planar circular accelerator, the

spin vector precesses Gγ times in one orbital revolution.

Qs = Gγ is then defined as spin tune.

In general, the effect on spin motion from electric field

in an accelerator is negligible. Equation 4 can then also be

expressed as

d�S

ds
= �n× �S = [Gγŷ+Gγ

Bx

Bρ
x̂+(1+G)

Bs

Bρ
ŝ]× �S, (5)

where x̂, ŷ, ŝ are the unit vector along the direction of

radial, vertical and longitudinal, respectively. ds = ρdθ,

where θ is the bending angle. The equation of motion for

the spin state in Eq. 1 also known as spinor for a 1
2 particle

is
dψ

dθ
= − i

2
(�σ · �n)ψ = − i

2
Hψ. (6)

For a constant H , Eq. 6 can be rigorously solved as

ψ(θ2) = e−
i
2H(θ2−θ1)ψ(θ1) =M(θ2 − θ1)ψ(θ1) (7)

where M(θ2 − θ1) is a 2 × 2 spinor transfer matrix. For

a main bending sector dipole, the spinor transfer matrix is

just M(θ2 − θ1) = e−
i
2Gγ(θ2−θ1)σ3 . For a thin quadruple,

the spinor transfer matrix is M = e−
i
2 (1+Gγ)klyσ1 , where

kl is the normalized integrated strength of the quadrupole

and y is the vertical displacement of the particle from the

center of the quadrupole [1]. For any spin rotator which

rotates spin vector by φ around an axis n̂rot is M =
e−

i
2φn̂rot·�σ . In general, in a circular accelerator, the one

turn spin transfer matrix for a particle on the closed orbit is

M = e−
i
2Qs2π�σ·n̂co , (8)

where Qs is the spin tune, and n̂co is the stable spin direc-

tion. Equation 8 shows that for the particle’s spin vector

always returns to the same direction if it is initially aligned

with the stable spin direction n̂co. Otherwise, the spin

vector just simply precesses around the stable spin direc-

tion n̂co Qs times per orbital revolution. For a particle in

a perfect circular accelerator where it only sees vertically

aligned guiding magnetic fields, the stable spin direction is

vertical and spin tune is Qs = Gγ, linearly proportional
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to the particle’s energy. With the presence of any localized

spin kick of ψ around an axis of ne at location θ , the one

turn transfer spinor transfer matrix of a particle on closed

orbit then becomes

M(θ + 2π, θ) = e−
i
2Gγ(2π−θ)σ3e−

i
2φ�σ·n̂ee−

i
2Gγθσ3 , (9)

and both spin tune and stable spin direction are

changed [1].

In general, both spin tune and stable spin direction are

function of particle’s phase space coordinate, i.e.

n̂co( �Jz, φz, θ) = n̂co( �Jz, φz + 2π, θ) (10)

where �Jz and , φz are particle’s 6-D phase space coordi-

nates. Spin tune is the number of spin precessions around

n̂co in one orbital revolution. Unless betatron tune is in-

teger, spin tune and stable spin direction can no longer be

computed by the simple one turn spin transfer matrix ap-

proach. Algorithms like SODOM, SLIM were developed

to compute the stable spin direction for particles off closed

orbit [3, 4]. For a single isolated resonance, an analytical

solution of n̂co was also found by Mane [5]. In the presence

of overlapping resonances, the stable spin direction can be

computed by numerical spin tracking using stroboscopic

averaging developed by Heinemann and Hoffstaetter [6].

CHALLENGES IN ACCELERATING
POLARIZED PROTONS TO HIGH

ENERGY
Depolarizing Resonances

In a high energy planar accelerator, accelerating polar-

ized protons operation is challenged by the presence of

non-vertical magnetic fields due to magnetic field errors,

quadrupole misalignments or vertical betatron oscillations,

which kick the spin vector away from vertical direction.

When the frequency of the perturbation on the spin motion

coincides with the spin precession frequency, the kicks on

the spin vector can be coherently added and result in polar-

ization loss, i.e. a depolarizing spin resonance [1].

Depending on the source of the spin perturbing mag-

netic fields, there are two types of spin depolarizating res-

onances. The imperfection spin resonances at Gγ = k are

due to dipole errors and quadrupole misalignments. Here k
is an integer. The strength of this resonance is proportional

to the size of the vertical closed orbit distortion. The intrin-

sic spin resonances at Gγ = kP ± Qy , on the other hand,

are driven by vertical betatron oscillation in the absence of

coupling as well as other high order effects. Here, P is

the super-periodicity of the machine and Qy is the verti-

cal betatron tune. The stronger the betatron oscillation, the

stronger the intrinsic spin resonance. In general, for a res-

onance at Qs = K, the resonance strength εK is defined

as

εK =
1

2π

∮
[(1 +Gγ)

Bx

Bρ
+ (1 +G)

Bs

Bρ
]eiKθds. (11)

24 44 64 84 104 124 144 164 184 204 224 244 264
γ

0

0.1

0.2

0.3

0.4

0.5

In
tr

in
si

c 
re

so
na

ce
 s

tr
en

gt
h

Figure 1: Strength of intrinsic spin resonances from injec-

tion energy to 250 GeV in RHIC. These are calculated from

a RHIC lattice without any spin manipulation devices. The

intrinsic spin resonance strength is calculated with a single

particle at an emittance of 10π mm-mrad.

Evidently, for an imperfection resonance, its resonance

strength is independent of particle’s betatron oscillation

amplitude. Intrinsic resonance strength, on the other

hand, is different for particles at different betratron am-

plitude since they experience different magnetic field in

a quadrupole. Fig. 1 shows the strength of intrinsic res-

onances as a function of energy in RHIC, calculated with

Depol [7]. A total of 423 imperfection resonances lies be-

tween the RHIC injection energy and its designed store

energy at 250 GeV, and the higher the beam energy, the

stronger the imperfection resonance. The strong intrinsic

spin resonances in RHIC are located at 81 ± (Qy − 12),
81 + (Qy − 6), 2 ∗ 81 + (Qy − 12), 3 ∗ 81 − (Qy − 12)
and 5 ∗ 81± (Qy − 12). Clearly, no beam polarization can

survive through all these depolarizing resonances.

The polarization change after crossing a resonance de-

pends on the resonance strength as well as how fast the

resonance is crossed. For a single isolated resonance, the

ratio of the polarization after crossing the resonance Pf to

the initial polarization Pi is given by the Froissart-Stora

formula [8]

Pf = Pi(2e
−π|εk|2

2α − 1) (12)

where α = dQs

dθ is the resonance crossing rate and εk is the

strength of the spin resonance. As indicated in Eq. 11, since

intrinsic spin resonance strength is a function of the beta-

tron oscillation amplitude, the average beam polarization

of a Gaussian beam crossing an intrinsic resonance then

becomes

Pf = Pi

1− π|εk|2
α

1 + π|ε|2
α

, (13)
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Figure 2: This plot shows the beam polarization as a func-

tion of the beam energy in the ZGS.

For a Gaussian beam, a polarization profile, i.e. po-

larization as function of betatron coordinates can be de-

veloped, of P (x, x′, y, y′) = P0e
x2+x′2
2σ2

xp e
y2+y′2
2σ2

yp can be

developed, The average beam polarization is 〈P 〉 =
P0

1
(1+Rx)(1+Ry)

[9]. Here P0 is the beam polarization of

particle in the beam center, σx,p and σy,p are the rms size

of horizontal and vertical polarization profile, respectively.

Rx,y = σ2
x,y/σ

2
x(y),p where σx,y is the rms beam size.

Overcome Imperfection Spin Resonance and In-
trinsic Spin Resonance

Both imperfection resonances and intrinsic resonances

can be overcome by correcting the closed orbit distortion

at Gγ = K and fast jumping betatron tune at Gγ = kP ±
Qy [1], respectively. Both techniques were first developed

at the Argonne ZGS (Zero Gradient Synchrotron) [10, 11]

in the early 70s. Fig. 2 shows the tune jump at each intrin-

sic resonance during acceleration. Both techniques were

also applied to the AGS at BNL. With six fast tune jump

quadrupoles and harmonic orbit corrections, polarized pro-

tons were accelerated to 22 GeV with 40% polarization in

the AGS [12]. However, to achieve this, months of dedi-

cated beam time were required [13].

For strong intrinsic spin resonances, one can use an RF

dipole to excite a large amplitude coherent betatron oscilla-

tion to effectively enhances the intrinsic resonance strength

and achieve full spin flip with regular resonance cross-

ing rate. The advantage of this technique is to preserve

the beam emittance by energizing the RF dipole adiabati-

cally [14]. This technique was first successfully developed

at the AGS [15] to obtain full spin flip at the four strong

intrinsic resonances Gγ = 0 + Qy , Gγ = 12 + Qy and

Gγ = 36 ± Qy . However, this technique is not applica-

ble to weak intrinsic resonances due to the limit of physical

aperture.

Partial Snake
For medium energy accelerators, the tedious and lengthy

setup time of orbital harmonic correction for each imper-

fection resonance can be a serious impediment. Hence, an

novel technique of using a partial snake, a magnetic which

rotates spin vector around an axis in the horizontal plane by

an angle of ψ < 180o, to keep the spin tune away from all

integers was proposed [16]. Equation 14 shows that spin

tune, as a function of beam energy, becomes discontinu-

ous at each integer. Hence, all imperfection resonances are

avoided.

cos(πQs) = cos(Gγπ)cos(
ψ

2
). (14)

This technique was first developed at the BNL AGS [17]. A

5% solenoid snake, i.e. it rotates spin vector by 5% of 180o,

was installed in the AGS in the mid 1990s to overcome all

the imperfection resonances [18].

In order to avoid the depolarization due to the weak res-

onances in the AGS, a dual partial snake scheme was de-

veloped in 2006. A 5.9% room temperature helical snake

plus a super-conducting helical snake which can provide

an maximum strength of 20% at the AGS extraction energy

were installed located 1
3 of the ring apart. With this config-

uration, spin tune then becomes [19]

cosπQs = cosGγπcos
ψc

2
cos

ψw

2
− cosGγ

π

3
sin

ψ1

2
sin

ψ2

2
.

(15)

Here, ψc and ψw are the amount of spin rotations of the

strong super-conducting snake and the 5.9% snake, respec-

tively. Equation 15 implies that not only the spin tune is

forbidden in a gap around each integer but also that the

width of the gap is modulated at an integer multiple of 3.

The gap reaches its maximum width at each integer mul-

tiple of 3 where the two snakes are coherently added and

otherwise reaches its minimum width when the two snakes

are subtracted. Since the AGS has a super-periodicity of 12,

all the strong intrinsic resonances are located at the integer

multiple of 3 where the spin tune forbidden gap reaches

its maximum. Hence, by placing the vertical betatron tune

inside the spin tune forbidden gap, all imperfection and in-

trinsic spin resonances are avoided during the AGS accel-

eration [20].

Full Siberian Snake
To reach even higher energy polarized protons, it is op-

erationally impossible to individually overcome each de-

polarizing resonance due to the amount of spin depolar-

izing resonances during the acceleration. Much stronger

resonances also make it very difficult to preserve polariza-

tion with just partial snakes. Thanks to the invention of the

Siberian snake by Derbenev and Kondratenko in 1976 [21],

the polarized proton acceleration to high energies became

practical. The Siberian snake is a special device which ro-

tates the spin vector by 180◦ around an axis in the hori-

zontal plane. Equation 9 shows in a ring with a single full

snake, the spin tune becomes half integer, independent of
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beam energy and both imperfection resonances and intrin-

sic resonances are avoided [21]. This technique was first

experimentally demonstrated in the cooler ring of Indiana

University Cyclotron Facility in the 1980s[13].

For high energy accelerates like RHIC, intrinsic res-

onance can be so strong that more than one snakes are

needed. In a ring with two full Siberian snakes located

at 180o apart from each other are used, the one turn spin

transfer matrix is

M(θ+2π, θ)=e−
i
2Gγ(π−θ)σ3(in̂1·�σ)e− i

2πσ3(in̂2·�σ)e− i
2 θσ3

(16)

where n̂1, 2 are the axes of the two snakes, both are in the

horizontal plane with an angle of Δφ. It can easily show

that the spin tune is Qs =
1
πΔφ, where Δφ is the angle be-

tween the axes of the two snakes. With the axes of the two

snakes perpendicular to each other, the spin precession tune

is 1
2 . It is also easy to show that the stable spin direction

stays vertical all around the ring. RHIC employs two full

Siberian snakes in each of its two accelerators to preserve

polarization through acceleration as well as collision at a

store energy, and each RHIC snake consists of four helical

dipoles [22].

The spin tune and stable spin direction mentioned above

for one snake as well as dual snake setup are for a parti-

cle at zero betatron oscillation amplitude in a perfect ring.

In reality, both spin tune and stable spin direction can be-

come strongly dependent on the particle’s phase space co-

ordinates in the presence of strong spin depolarizing reso-

nances, and can no longer be calculated through the simple

one turn matrix approach as illustrated in Eq. 16. For a sin-

gle isolated spin resonance case, an analytic solution was

found by Mane [5]. Based on Mane’s model, stable spin

direction exhibits singularity at location ofmQy = Qs+k,

and leads to significant depolarization. Here, m, k are in-

tegers, Qy is the vertical betatron tune and Qs is the spin

precession tune. This is the so-called snake resonance, and

was first observed during numerical simulation by Lee and

Tepikian [23]. They are also experimentally observed at

IUCF [24] as well as RHIC [25]. m is also called the order

of the snake resonance. In an accelerator with only a single

snake, an intrinsic spin resonance can drive both even or-

der snake resonances (m is an even number) as well as odd

order snake resonance (m is an odd number), and available

betatron tune space for polarized beam operation can be

rather limited.

With dual snake setup like RHIC, on the other hand, all

the odd order snake resonances are eliminated and only the

even order snake resonances exist in the absence of closed

orbit distortion. This greatly opens up the available tune

space for accelerating polarized beams. However, snake

imperfections and imperfection resonances can bring back

even order snake resonances, and result in significantly re-

duction of betatron tune space for preserving polarization.

In addition, the imperfection of snake can deviate spin tune

away from half integer, and causes each snake resonance to

split [1]. Hence, optimizing snake configuration as well as

minimizing closed orbit distortion are critical in avoiding

snake resonances.

Careful choice and precise control of betatron tune to

stay away from any snake resonances are critical to pre-

serve polarization. For Qs = 1
2 , one can see that snake

resonance is forbidden at locations of Qy = n
2m+1 . For

RHIC, Qy = 29.673, at the vicinity of 3rd order reso-

nance, was chosen for accelerating polarized protons be-

yond 100 GeV, where three strong very strong intrinsic res-

onances are present.

In reality, the presence of snake imperfections and im-

perfections resonances brings back even order snake reso-

nances. The imperfection of snake can deviate spin tune

away from half integer, and causes each snake resonance to

split [1]. Both can significantly shrink the available space

for the betatron tune during the acceleration. Hence, op-

timizing snake configuration as well as minimizing closed

orbit distortion are critical in minimizing polarization loss.

In addition, it is also very critical to keep the spin tune as

close to half integer as possible. In RHIC, spin tune shift

can come from the error in the angle between the axes of

the two snakes, and the horizontal orbital angle at the two

snakes [26].

In the presence of very strong intrinsic resonance, i.e.

εk > 0.5, the snake resonances can be overwhelming and

the tolerance on closed orbit and beam parameters can be

at a level of impractical for operation. In this case, more

snakes option should be explored. To accelerate He-3 in

RHIC, because of the large anomalous g-factor, the intrin-

sic resonance for He-3 is about a factor of 2 stronger than

the resonances for protons. Fig. 3 shows the snake res-

onance spectrum with current RHIC dual snake configu-

ration. However, this can be greatly mitigated by adding

two more pairs of snakes as shown in the bottom plot of

Fig. 3. The 6-snake setup not only opens up available be-

tatron tune spaces for acceleration, but also greatly relaxes

the tolerance on other beam parameters [27]. As deriva-

tived from the first order spin resonances like intrinsic res-

onance, the strength of snake resonance is tightly asso-

ciated with strength of its driving resonance. Generally,

the stronger the intrinsic resonance, the more harmful the

snake resonance is. However, it is also worthwhile to point

out the polarization crossing a snake resonance does not

obey the Froissart-Stora formula. Currently, this is only

studied through numerical spin tracking.

Polarization Lifetime
In high energy colliders like RHIC, at the store en-

ergy carefully chosen to be distant from major depolariz-

ing resonances, both beams undergo beam-beam interac-

tion, which leads to betatron tune shift as well as incoherent

tune spread for each beam. For RHIC, the beam beam tune

spread can be as large as 0.0075 per collision for polarized

proton physics operation. This can populate particles in the

beam sitting on a snake resonance, and polarization deteri-

oration can happen during long hours of store as observed

at RHIC [28].
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Figure 3: Top plot shows the snake resonance spectrum

with RHIC dual snake setup, while bottom plot corre-

sponds to 6-snake setup. Both plots show the vertical com-

ponent of the spin vector as function of vertical betatron

tune.

In addition to its impact on betatron motion, the beam-

beam force also provides kick to spin motion. This effect

was investigated by Batygin and others [29]. For a Gaus-

sian distributed round relativistic beam, the electric field

and magnetic field are �E = qn
2πε0r

[1 − (exp(− r2

2σ2
)]r̂ and

�B = 1
c
�β × �Eφ̂, where qn is the charge line density of

the beam, σ is the transverse beam rms size, r̂ and ˆphi
are the unit vector along the radial and azimuthal direc-

tion of beam. The corresponding beam beam tune shift is

ξ = Nr0β∗
4πγσ2 , where r0 is the classic radius of the particle.

Apply this to the Thomas-BMT equation, one can then es-

timate the maximum spin kick 2πεbb from the beam-beam

interaction as

εbb = 2Gγξσ
r

σ

(1− exp(− r2

2σ2
))

r2

2σ2

. (17)

Fig. 4 shows the calculated maximum beam-beam spin kick

as a function of distance from the center of beam for a beam

of 15πmm-mrad emittance (95%, normalized) at RHIC

store energy of Gγ = 487. 0.7 m β-function at collision

point and beam-beam tune shift ξ = 0.01 are assumed. In

general, this is comparable to very weak lattice driven spin

resonances. Thus, the beam-beam driven snake resonances

are very weak for accelerators like RHIC that are equipped
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Figure 4: Maximum spin kick from beam-beam for a Gaus-

sian round beam at RHIC store energy of Gγ = 487.

The β∗ is 0.7m, and normalized 95% beam emittance is

15πmm-mrad for the calculation. The beam-beam param-

eter is chosen as 0.01 for this calculation.

with full snakes, and should be fully benign to beam polar-

ization at store as long as the betatron tune stays away from

the snake resonances. So far, detailed studies and analysis

of the RHIC beam-beam impact on the polarization life-

time indicate that beam polarization deterioration at store

is still due to the snake resonance at 5Qy = Qs + 3 [28].

However, for accelerators with no snakes, beam-beam kick

can drive additional spin resonances and result in polariza-

tion losses as observed at electro-positron collider LEP [30]

and HERA, a polarized electron and proton collider [31].

Hence, it is critical for the choice of the working point, i.e.

the tunes without collision to ensure long polarization life-

time.

CONCLUSION
Accelerating polarized protons to high energy is chal-

lenged by various depolarizing mechanisms driven by mag-

netic fields from manufacturing errors, misalignments, be-

tatron oscillation and etc. Motivated by the need of having

high energy polarized protons to study proton spin structure

as well as other spin dependent physics, continuous efforts

over the past couple of decades have been made in seeking

ways to overcome spin depolarizing resonances and pre-

serve polarization to high energy. Table 1 lists the achieved

polarized proton performance at various facilities. The op-

erating period for each facility is also listed. In Table 1,

RHIC polarization is measured with an absolute polarime-

ter using H-jet [32]. It reflects the polarization averaged

over a store, typically, 8 hours.

Physics of polarized protons in accelerators is a very rich

topic, and this tutorial presentation can only cover the very

basics of spin dynamics in a circular accelerator. The non-

linear aspects of spin dynamics, the effect of synchrotron

radiation on polarization as well as challenges in robust nu-

merical spin tracking are not covered in this presentation

due to the complexity of each topic and limited space. In
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Table 1: Performance of Polarized Protons Facilities

facility operating beam max beam

period energy polari- intensity

[GeV] -ration 1011

ZGS 1969-1979 12 71% 0.9

AGS 1979-present 23 70% 2

IUCF 1982-1995 0.2 N/A N/A

COSY 1985-present 3 N/A N/A

RHIC 2000-present 255 57% 1.8

addition, this presentation also couldn’t cover the topics of

spin manipulation driven either by the physics program or

by the needs of diagnostics like non-destructive spin tune

measurement. The author can only hope this presentation

serves as a brief introduction to attract those talented col-

leagues in the community to join the journey of this rich

and interesting physics of polarized beams in accelerators.
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STATUS OF THE FRIB FRONT END* 

E. Pozdeyev#, N. Bultman, G. Machicoane, G. Morgan, X. Rao, and Q. Zhao 
FRIB, East Lansing, MI 48824, USA

Abstract 
The FRIB Front End will provide beams of stable ions 

with a mass up to uranium at a beam energy of 500 keV/u 
and intensity required to achieve a power of 400 kW on 
the fragmentation target. In this paper, we describe 
progress with the design and construction of the Front 
End and its systems. 

DESIGN AND PERFORMANCE 
REQUIREMENTS  

FRIB will be a premier multiuser nuclear physics 
facility providing stable ion beams accelerated to energies 
above 200 MeV/u and with a beam power on the target up 
to 400 kW [1]. These project requirements are translated 
into stringent requirements on the front end design and 
performance. The FRIB front end will provide stable ion 
beams up to uranium with an energy of 500 keV/u. The 
required intensity of uranium beam is 13.5 pµA and the 
charge state is 33+. This intensity is at the edge of 
performance demonstrated by modern ECR ion sources. 
To decrease technical risks and reduce operational stress 
on the sources, the front end is designed to transport two 
charge states simultaneously for all ions heavier than 
xenon with a charge state of 25 and higher. To control 
losses in the linac and meet experimental requirements 
the front end includes a collimation system to limit the 
transverse beam phase space. The longitudinal phase 
space is controlled by means of limiting the longitudinal 
acceptance of the RFQ. In addition, the front end will 
provide required variability of the bunch intensity by up 
to nine orders of magnitude to meet experimental needs. 
Beyond controlling the bunch intensity, it is also required 
to control the beam pulse length and the pulse repetition 
rate to simplify linac tuning and safely ramp up the beam 
power on the target.  

High availability, maintainability, reliability, and 
tunability are required for the front end to operate FRIB 
as a national scientific user facility. These requirements, 
as well as project budget and schedule limitations require 
using proven, reliable technical solution as much as 
possible. However, those solutions frequently have to be 
taken to new levels with evolutionary changes and 
upgrades to demonstrate world-breaking performance 
required by the project.  

Finally, to meet possible future programmatic demands 
the front end has to be upgradable and includes required 
provisions for future enhancements.   

FRONT END LAYOUT 
The FRIB front end includes two ECR sources, one of 

which is a room temperature 14 GHz source based on the 
ARTEMIS source developed at NSCL, and the other is a 
superconducting 28 GHz source based on VENUS design 
[2]. The beam extracted from the sources is transported 
through LEBT to the tunnel, where it is accelerated by an 
RFQ and injected into the SRF driver linac. The sources 
are placed on high voltage platforms that can be biased up 
to 100 kV to match the RFQ injection energy for all 
beams. Table 1 shows principle parameters of the Front 
End. The Front End layout is shown in Figure 1. 

Table 1: Front End Principle Parameters 

LEBT (before RFQ) 

Energy (keV/u) 12 

Nominal beam current (eA, typ.) 400 

Emittance (m, 99.5%, norm.) 0.9 

MEBT (after RFQ) 

Energy (keV/u) 500 

Nominal current (eA, typ.) 330 

Emittance (m, 99.5%, norm.) 1.1 

Long. Emittance (keV/uns, 99.5%) 1.5 

Bunch repetition rate (MHz) 40.25, 80.5 

Beam pulse length (µs) 0.6 – CW 

 

 
Figure 1: FRIB Front End layout. 

FRONT END SYSTEMS 

Ion Sources 
The ARTEMIS ECR source, built at MSU and based 

on the AECR-U ECR developed at LBNL, operates at 

 ___________________________________________  
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14.5 GHz with room temperature coils. The source will be 
used for commissioning FRIB and during some first years 
of operations for production of light and medium mass 
ions. Minimal re-configuration of the source is required to 
make the source compatible with operation on a high 
voltage platform and to boost its performance. The source 
currently produces 70 µA of Ar and Kr beams and will be 
able to generate up to 100 A after upgrade.  

The superconducting high-performance source will be 
based on the design of VENUS ECR ion source operating 
at a maximum frequency of 28 GHz. A world intensity 
record of 450 A of U33+ was demonstrated by VENUS at 
LBNL in 2011. Figure 2 shows the M/Q scan with the 
source world-breaking record performance. The measured 
emittance for this charge state showed that 95% of the 
beam was within the FRIB acceptance.  

 
Figure 2: VENUS M/Q intensity scan for a uranium 
beam, demonstrating world record intensity of charge 
states 33+ and 34+. 

The original VENUS cold mass design employs 
azimuthal bladders inflatable with liquid Indalloy to 
provide pre-stress. Once the metal is solid, the magnet 
could be disassembled only if the whole cold mass is 
warmed up above the metal’s melting temperature, which 
has never been demonstrated. This design feature of the 
source was identified as a technical risk. To address the 
risk, a novel clamping scheme is pursued for the FRIB 
source. The scheme employs radial keys and water 
bladders to define the pre-stress state. This approach was 
developed by SUPERCON/LBNL for LARP high field 
magnets and allows for disassembling the magnet, 
changing components, and a fine control of the pre-stress 
state. A Collaboration between FRIB and LBNL was 
established to develop a design of the cold mass with 
radial keys. 

In addition to the cold mass modifications, the cryostat 
will be modified comparatively to the original VENUS to 
include two GM-JT cryo-coolers to boost the cooling 
capacity from 6 W to 10 W to account for a higher 
dynamic heat load generated by the plasma 
Bremsstrahlung electrons and two Al-330 cryocoolers to 
cool the heat shield of the cryostat. 

RFQ 
The FRIB RFQ utilizes a 4-vane structure to accelerate 

single and two-charge state beams from 12 to 500 keV/u 
with estimated transmission efficiency above 80%. Table 
2 shows main RFQ parameters.  

Table 2: RFQ Principle Parameters 

Frequency (MHz) 80.5 

Injection/Output energy (keV/u) 12/500 

Design charge-to-mass ratio 1/7-1/3 

Accelerating voltage ramp (U, kV) 60 – 112 

Surface electric field (Kilpatrick) 1.6 

Quality factor 16500 

Operational RF power (kW, O-U) 15-100 

Dipole modes (closest, MHz) 78.3 / 83.2 

Length (m) 5.04 

 
The RFQ beam physics design is optimized to 

minimize the longitudinal emittance of the accelerated 
beam as described in [3][4]. To increase the RFQ output 
energy a linear accelerating voltage ramp is implemented. 
The linear voltage ramp is accomplished through proper 
sizing of the vane undercuts. Dipole mode suppression 
rods attached to the structure endplates are utilized to 
move dipole mode frequencies away from the 
accelerating mode frequency. The quadrupole and dipole 
mode local perturbations are fine-tuned during 
construction using 27 fixed mechanical slug tuners 
distributed along the length of the machine. A full 3D 
model of the RFQ, including undercuts, stabling rods, and 
the slug tuners, was implemented in the CST Microwave 
Studio (MWS) [5] to accurately select required 
parameters and simulate fields and surface losses.  

Mechanical construction of the RFQ will be performed 
as a brazed structure with dual-circuit cooling water 
resonance control. Mechanical fabrication is performed in 
5 longitudinal sections to optimize machining and 
handling. All components are made of high-conductivity 
copper and actively water cooled. The power is fed using 
a single magnetic-field loop-coupler drive. More 
information on the RFQ design can be found in [6].  

Beam Transport and Other Systems 
In 2007, VENUS demonstrated intensity required for 

FRIB for a 238U beam with the two charges states, 33+ 
and 34+, combined. Based on this result, the FRIB front 
end was designed achromatic, able to accelerate two 
charge states from an ion source to double intensity. 
Although recent tests demonstrated that significantly 
better performance from VENUS can be achieved, a 
decision was made to leave the front end design 
unchanged. To facilitate transport of two-charge state 
beams through the LEBT electrostatic quadrupoles and 
two 90 deflectors are used in the vertical transport line. 
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The electrostatic quadrupoles were designed by Kurt 
Stiebing, manufactured by Roentdek Handles GMBH, 
and delivered to FRIB in August of 2013. The quadrupole 
assemblies were made of precision-stamped formed metal 
to reduce cost and weight of the assemblies. The 
measured manufacturing errors of the quadrupole 
assemblies are typically less than 200 µm that satisfies 
FRIB requirements. Figure 3 shows a photograph of a 
triplet assembly.  

 

 
Figure 3: Electrostatic LEBT quadrupole triplet assembly. 
The length of the assembly is 91 cm. 

Upstream of the RFQ, LEBT includes a multiharmonic 
buncher and a velocity equalizer, both are room-
temperature low-power quarter wave resonator cavities. 
The former is used to bunch the DC beam and the latter is 
required to eliminate the energy spread of two charge 
state beams before injecting beams into the RFQ. 

To reduce losses in the superconducting linac, the beam 
is collimated by several apertures in the LEBT. The front 
end includes a chopper to vary the duty cycle. The 
buncher will control the pulse length from several 
hundreds of ns to CW and the pulse frequency from 0 to 
30 kHz. Several mesh screens installed in LEBT allow for 
reducing the beam intensity by up to nine orders of 
magnitude while keeping the nominal bunch frequency 
unchanged. Two 90 electrostatic deflectors in the vertical 
transport line are incorporated into the machine protection 
system. The voltage on the deflector electrodes is 
controlled by fast switches that receive the inhibit signal 
from the MPS with shut-off time below 1 µs. 

Downstream of the RFQ, MEBT includes two room-
temperature QWR bunchers, four SC solenoids, an energy 
analyzing dipole, and diagnostics. MEBT matches the 
beam to the SC linac and removes un-accelerated beam 
from the RFQ. 

SUMMARY OF PROGRESS 
The design of front end systems and early procurement 

of high priority items are ongoing. The low energy multi-
harmonic buncher and electrostatic quads were 
manufactured and delivered. The commissioning source 
ARTMEIS is undergoing minor modifications to make it 
compatible with operations on a high voltage platform. 
The physics design and the preliminary engineering 
design of the RFQ have been completed. A design-build 
contract for the final design and manufacturing of the 
RFQ was awarded to industry. The final engineering 
design of the RFQ is in progress. Delivery of the RFQ 
and its high power test are expected in the summer of 

2015. The design of the MEBT quarter wave resonators is 
in its final stage. Their procurement is expected to begin 
by the end of 2013. The design of the cold mass of the 
high performance source is being developed in 
collaboration with LBNL. It is important to emphasize 
that the high performance source is not required to start 
commissioning of the front end and will be brought online 
approximately a year after the start of commissioning but 
before the end of the project. 

The front end design was integrated with civil facilities 
to allow for starting civil construction. Also, the front end 
was integrated with other accelerator and experimental 
systems. The design was value engineered. One example 
is the increase of the RFQ energy from the originally 
planned 300 keV/u to 500 keV/u by implementing voltage 
ramping that allowed eliminating one cryomodule. 
Commissioning of the front end with the room 
temperature source is expected to start in the fall of 2017. 
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Abstract 

The ATLAS National User Facility at Argonne National 
Laboratory is the world’s first CW superconducting ion 
linac. The accelerator is being continuously upgraded to 
extend its scientific reach. To increase the efficiency and 
intensity of both stable and radioactive beams [1], we 
have developed, built and installed a new normal 
conducting CW RFQ capable of providing a 295 keV/u 
for any ion from proton to uranium. The RFQ has been 
fully integrated into ATLAS and in routine operation 
since January 2013.   

A new cryomodule containing 7 high-performance 
72.75 MHz SC QWRs and 4 SC solenoids was completed 
this year and has been commissioned off-line. New design 
and fabrication techniques for these QWRs resulted in 
record voltages up to 4-5 MV per cavity and low residual 
resistances of 2-3 n at 2K were demonstrated in 
individual cold tests of several QWRs. The primary 
purpose of the new cryomodule is to replace 3 old 
cryomodules and to increase the intensities of accelerated 
stable ion beams up to several hundred electrical micro 
amps. Beam commissioning is expected by the end of the 
year after significant modification of the accelerator 
tunnel for increased shielding and installation of a 
redesigned beam transport system. 

CW RFQ  
Last summer we commissioned a CW RFQ designed 

and built for the ATLAS Facility [2, 3]. Several 
innovative ideas were implemented in this CW RFQ. By 
selecting a multi-segment split-coaxial structure we have 
achieved moderate transverse dimensions for a 
60.625 MHz resonator. For the design of the RFQ 
resonator and vane tip modulations we have developed a 
full 3D approach which includes MW-Studio and TRACK 
simulations of the entire structure [4]. A novel trapezoidal 
vane tip modulation is used in the acceleration section of 
the RFQ which resulted in increased shunt impedance.  To 
form an axially symmetric beam exiting the RFQ, a very 
short output radial matcher, only 0.75β long, was 
developed. Figure 1 shows an internal view of the RFQ’s 
last two segments. The openings in the vane and 
trapezoidal modulation of vane tips are clearly seen.  

An advanced fabrication technology was applied for the 
construction of the RFQ which included precise 
machining and two-step high temperature brazing. Thanks 
to the high accuracy of the overall fabrication, the 
assembly of the 5-segment RFQ was straightforward and 
no additional alignment was required. The resonance 

frequency control system based on water temperature 
regulation showed excellent performance. The RF 
measurements show very good RF properties for the 
resonator, with a measured intrinsic Q equal to 94% of the 
simulated value for OFE copper. The multi-segment split-
coaxial structure creates strong coupling between the 
quadrants and individual RFQ segments which reduces 
the effect of local frequency deviations on 
electromagnetic field distortions. Therefore, no bead-pull 
measurements were required to tune the accelerating 
field.  

An O5+ ion beam extracted from an Electron Cyclotron 
Resonance (ECR) ion source was used for the RFQ 
commissioning. In off-line beam testing, we found 
excellent agreement of the measured beam parameters 
with the results of beam dynamics simulations [3]. The 
great success of this advanced design and fabrication 
technology is reflected in the measured beam parameters 
after the RFQ which are nearly identical to the simulated 
data.  

After the successful off-line commissioning of the 
ATLAS CW RFQ accelerator with oxygen and helium 
beams, the device was moved, installed and integrated 
into the ATLAS system during the October-November 
2012 period. Fig. 2 displays the current view of the 
ATLAS front end.  The RFQ is directly attached to the 
first SC cryomodule. For the RFQ beam matching we 
have incorporated a MEBT which includes 3 SC 
solenoids and a SC cavity as a buncher [1]. Since January 
2013, the RFQ is in routine operation. The beam 
parameters have been measured after the Positive Ion 
Injector (PII) of ATLAS which includes three SC 
cryomodules. The beam energy and time spectra have 
been measured using silicon barrier detectors (Fig. 3). The 
results of these measurements are consistent with the 
TRACK simulations. The efficiency of ATLAS beams on 

 

Figure 1: Internal view of the RFQ’s high energy end. 
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target has doubled as compared to the pre-RFQ operation.  

QWR CRYOMODULE   
While split-ring resonators are successfully operated at 

ATLAS with low-intensity ion beams, they exhibit a 
fundamental limit in the acceleration of high-intensity 
beams due to RF steering. Therefore we are replacing 16 
ATLAS split-ring resonators with 7 QWRs. Four years 
ago we put into operation a new cryomodule containing 
seven 109 MHz βOPT=0.15 QWRs to provide an 
additional 15 MV voltage to ATLAS. Now, we have 
developed and built a new cryomodule consisting of 
seven βG=0.077 QWRs at 72.75 MHz SC cavities and 

four 9-Tesla SC solenoids. The new high-performance 
cryomodule will replace three existing ATLAS 
cryomodules of split-ring cavities to increase the 
intensities of accelerated ion beams.  

Compared to the previous generation of quarter-wave 
resonators, several innovations were implemented into the 
cavity design, fabrication and RF surface treatment. The 
cavity geometry is highly optimized to reduce both 
electric and magnetic peak fields: both outer and inner 
conductors are conical as shown in Fig. 4a. During the 
fabrication of the niobium components, a wire EDM 
technique instead of machining was used to maintain 
clean surfaces prior to electron-beam welding. 
Electropolishing of the cavities was performed for a 
completed cavity with the integral helium vessel installed. 
Each cavity is equipped with a newly-developed double-
window 4-kW adjustable RF coupler with a nitrogen 
cooled cold window [5]. To minimize microphonics due 
to pendulum vibration of the central conductor, the central 
drift tube in each QWR has been electrically centred by 
tuning to the highest resonant frequency [6]. An 
additional reduction in microphonics is achieved by 
installing mechanical dampers inside the central 
conductor [7]. 

The new QWRs will create accelerating gradients a 
factor of three higher, on average, than the existing split-
ring cavities, and are designed to provide an accelerating 
voltage of 2.5 MV per cavity which results in a 17.5 MV 
total voltage gain in this cryomodule. Four 72.75 MHz 
QWRs were cold tested prior to installation in the 
cryomodule and all of them provided more than 4 MV 
without quenching achieving EPEAK>70 MV/m and 
BPEAK>105 mT [7,8].   

CRYOMODULE COMMISSIONING 
After the completion of the assembly in a clean room 

(Fig. 4b), the cavity-solenoid string was pumped out, 
sealed and moved outside the clean room. The following 
assembly work included the attachment of the cavity 
string to the box cryostat lid, installation of slow tuners, 
installation of nitrogen and helium distribution systems, 
alignment of cavities and solenoids, and plumbing of 
nitrogen and helium cooling systems. The appropriate 
choice of alignment mechanisms resulted in an accuracy 
of solenoid end positioning within ±250 µm [9]. After a 
thorough leak check of the nitrogen and helium systems, 
the cavity assembly was loaded into the box cryostat (Fig. 
4c).  

Due to the much higher beam intensity in the upgraded 
ATLAS, the linac radiation shielding is being 
significantly enhanced by the installation of 1-meter thick 
concrete walls. Meanwhile, the cryomodule has been 
cooled down and RF tested off-line. The following major 
tasks have been accomplished during the off-line 
commissioning: 
 Each cavity was cooled down quickly in the 

temperature range from 150K to 50K as shown in 
Fig. 5.  

 

Figure 2:  ATLAS front end with the RFQ in position. 

 

 

Figure 3: Mercury beam energy (top) and time spectra 
measured after the PII by elastic scattering at 7.5o. 

FWHM=1.5% 

FWHM=0.98 nsec 
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 Due to the variable RF couplers, the multipactor 
conditioning took less than a couple of hours per 
cavity. 

 RF testing demonstrated that each cavity is capable 
of providing an accelerating voltage greater than 3 
MV.  

 Microphonics were measured to be below 5 Hz at the 
5-level in all cavities. Each cavity is equipped with 
a 4-kW RF amplifier and variable coupler which 
provide up to a 30 Hz bandwidth for RF control. 

 The pneumatic slow tuner range varies from cavity 
to cavity and was from 17 kHz to 26 kHz at 70 psi. If 
necessary, the tuning range can be increased by 
applying up to 90 psi pressure to the helium gas used 
to drive the tuners. 

 The cavities and solenoids are equipped with 
crosshair alignment targets. The latter were used for 
optical measurements of the cavity and solenoid 

positions in the cold cryomodule. At 4 K the solenoid 
alignment error was measured to be 80 µm rms. 

 The static 4 K heat load of the entire assembly was 
measured to be 11 Watts which is an extremely low 
number for such a complex cryomodule. 

SUMMARY 
A new CW RFQ with a suite of novel features has been 

developed, built and commissioned at ANL. The RFQ has 
doubled the ATLAS beam transport efficiency and 
demonstrated excellent performance since its integration 
into the accelerator in January 2013.  

A new cryomodule with low-beta SC QWRs capable of 
providing 21 MV of accelerating voltage has been 
commissioned off-line and is being prepared for 
installation into the beamline. Beam commissioning 
through the new cryomodule is planned in December 
2013. 
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Figure 4: ATLAS intensity upgrade cryomodule. Side cross-
sectional view (a), after completion of assembly in clean room 
(b) and after completion of full assembly prepared to load into 
the cryostat vacuum vessel (c).  

 

Figure 5: SC cavity temperatures vs time during the 
second cool down. 

(a) 

(b) 

(c) 
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ION IMPLANTATION FOR SEMICONDUCTOR DEVICES: THE LARGEST 
USE OF INDUSTRIAL ACCELERATORS 

S.B. Felch, Susan Felch Consulting, Los Altos Hills, CA 94022, USA 
M.I. Current, Current Scientific, San Jose, CA 95124, USA                                                          

M.C. Taylor, Taylor Consulting, Lake Oswego, OR 97034, USA

Abstract 
Ion acceleration of dopants and other ions is a critical 

and nearly universally employed tool for the fabrication 
of transistors in semiconductor devices and the various 
forms of electronic, photovoltaic and photonic materials. 
This paper reviews the major types of accelerators, ion 
sources, and scanning methods used in contemporary 
practice for ion implantation for electronic applications. 

INTRODUCTION 
The use of accelerated ions to dope and modify 

semiconductor materials, generally called ion 
implantation, is a core technology for the fabrication of 
integrated circuits (IC), which form the backbone of the 
global communications and advanced computation 
capabilities that have transformed modern life over the 
last half-century. The use of ion implanters in the IC 
industry, starting in the 1970s for precision doping of 
channel structures at doping densities of ~10–4 
monolayers to set the threshold conditions for transistor 
switching, enabled the practical fabrication of 
complementary metal-oxide-semiconductor (CMOS) 
transistors that are now the dominant form of IC devices. 
Development of accelerator technologies capable of 
delivering highly stable and collimated ion beam currents, 
ranging from a few µA to 100 mA, and incident ion 
energies, ranging from 100 eV to ~10 MeV, have 
provided a broad and capable technology for fabrication 
of ICs for logic, memory, and analog operations, as well 
as an increasingly varied array of optical sensors and 
imaging devices. Ion implantation is now used for the 
overwhelming majority of applications for doping of 
semiconductor materials and in an increasing array of 
applications for creation and modification of electronic 
and photonic materials. 

The yearly revenues from the sale of industrial ion 
implantation and materials modification tools are a 
US$1.5B market (in “normal” economic environments). 
In addition, there are substantial markets for suppliers of 
dopant species materials (~US$140M/year) and a diverse 
array of suppliers of spare and upgrade parts and services. 
Additional parts of the ion implantation commercial 
infrastructure include the suppliers of system components, 
magnets, power supplies, and vacuum pumps, and a 
varied array of metrology tools focused on process 
characterization and control applications. 

The average number of commercial ion implantation 
systems sold per year, predominantly for fabrication of Si-
based IC devices, has increased from ~250 to ~400 per 
year since 1980, as seen in Fig. 1. The year-to-year sales 

show large fluctuations due to the highly cyclic nature of 
IC fab construction trends, especially when driven by 
additional factors, such as shifts in dominant wafer sizes, 
introduction of new implanter machine types and IC 
devices, expansion into new global regions, and variations 
driven by general economic cycles. The combination of 
these technology and market factors has resulted in a 
rather steady “5-year” cycle in units sold per year over the 
last 3 decades. 

 
Figure 1: Estimates of the number of commercial ion 
implanters sold per year, mainly for IC fabrication. The 
data shown here are an underestimate, particularly for the 
earlier years. 

 

SEMICONDUCTOR APPLICATIONS OF 
ION IMPLANTATION 

The planar CMOS transistor, illustrated in Fig. 2, has 
been the workhorse device structure for IC devices for 
logic and memory applications since the mid-1980s. 

 
Figure 2: Sketch of major doped regions for a planar 
CMOS transistor. 

 
For doping of near-surface (<100 nm) layers on Si with 

the common dopants B, As, and P, the beam energy 
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requirement for atomic species is a fraction of a keV to a 
few tens of keV. Increasingly, the ion species of choice 
for low energy (sub-keV) implants is some form of 
molecular ion containing up to 18 dopant atoms (for 
B18H22), allowing for beamline operation at proportionally 
higher energies and significantly higher total beam flux 
for higher production throughputs. For deeper profiles to 
form CMOS wells for transistors and optical imagers, ion 
energies range up to several MeV.  

The initial applications for ion implantation were for 
low dose (1011 to 1012 ions/cm2) doping of CMOS 
channels to set the transistor switching, or “threshold”, 
conditions. These implants required relatively modest 
beam currents, with 100 to 500 µA being common for 
“medium-current” implanters. By 1980, higher current 
sources and beamlines were developed for “high-current” 
machines, to produce beams of 1 to 30 mA of dopant ions. 
These machines were capable of efficient implants with 
doses of ~5x1015 ions/cm2 used for CMOS source/drain 
junctions, as well as emitter, buried layer, and collector 
implants for bipolar devices.  

By the late 1980s, implantation machines capable of ion 
energies of ~1-2 MeV were being used for doping deep 
“retrograde” wells in CMOS devices, to suppress latch-up 
instabilities between neighboring well structures and to 
reduce radiation-generated “soft failures” in Dynamic 
Random-Access Memory (DRAM) arrays. With the 
evolution of complex doping schemes to suppress lateral 
punch-through between source and drain junctions in 
short channel (<100 nm) transistors, ion implanters were 
developed with capabilities for mid-1014 ions/cm2 doping 
at beam incidence angles up to 45°, to provide additional 
well doping in a “halo” surrounding shallow source-drain 
extension (SDE) junctions. 

The CMOS transistors of the current decade are three-
dimensional structures, called FinFETs or tri-gate 
transistors. The majority of implants for these devices 
continue to be the same, with over 40 implant steps per 
device for doping and materials modification applications.  
However, some of these implants, such as the 
source/drain extensions, need to be “conformal” in order 
to uniformly dope the sidewalls and top surface of the 
fins.   

ACCELERATOR DESIGNS 
Given the broad range of energies and doses in use for 

CMOS transistor doping and other materials processing, a 
variety of accelerators with quite different designs and 
beam scanning methods are used for each of the specific 
application segments shown in Fig. 3. The typical 
classifications for these general machine types are: 

 
• Medium current — ion beam currents between 10 
µA and ~2 mA 

• High current — ion beam currents up to ~30 mA; 
~100 mA for SIMOX (Separation by Implantation of 
Oxygen) beams 

• High energy — ion energies above 200 keV and up 
to 10 MeV 

• Very high dose — efficient implant of doses greater 
than 1016 ions/cm2. 

 
Figure 3: Dose and atom energy regions for CMOS 
transistor doping (gold), high dose hydrogen implants for 
Si layer splitting (lavender), and direct implantation of 
oxygen to form Silicon-on-Insulator (SOI) wafers (green). 

 
Accelerator systems for ion implantation are provided 

commercially by a number of vendors, with the business 
being dominated by a few long-standing companies: 
Applied Materials/Varian Semiconductor Equipment 
(Gloucester, MA), the market leader; Nissin Ion 
Equipment (Kyoto, Japan), with a strong Asian market 
position; Advanced Ion Beam Technology (Hsinchu, 
Taiwan), a new high-current vendor; Axcelis 
Technologies (Danvers, MA), leading the high-energy 
market; and SEN Corporation (Shikoku, Japan), former 
Axcelis partner also with a strong Asian market presence. 
Other smaller vendors include Ion Beam Services 
(Rousset, France), a new Plasma Immersion Ion 
Implantation (PIII) and SiC implanter company; Ulvac 
Technologies (Japan), long-time vendor for research and 
development (R&D) tools; High Voltage Engineering 
(Netherlands) and National Electrostatics Corporation 
(Madison, WI), both supplying specialty R&D tools; and 
several radio frequency (RF) linac vendors known to be 
supplying R&D units for MeV proton beams for Si wafer 
cleaving for photovoltaic (PV) applications. 

Beam current requirements for each machine type have 
increased as the wafer sizes and implanted areas increased 
from the early days of 75 mm diameter wafers to the 
present standard of 300 mm, with the contemplated 
increase to 450 mm after 2015. In addition, the increased 
requirements for dose accuracy (1% or better) and control 
of ion incidence angle (<0.5° for critical implants) place 
tight constraints on ion beam stability, scan uniformity, 
and beam collimation in the area near the wafer surface. 

 
Beamline System Types 

Each of the wide variety of ion implantation beamline 
designs contains certain general groups of functional 
components (see Fig. 4). The first major segment of an 
ion beamline includes a device known as an ion source to 
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generate the ion species. The source is closely coupled to 
biased electrodes for extraction of the ions into the 
beamline and most often to some means of selecting a 
particular ion species for transport into the main 
accelerator section. The ion source usually is an arc-
discharge plasma type, fed by a vapor of the atoms to be 
ionized, accelerated, and implanted. The “mass” selection 
is often accomplished by passage of the extracted ion 
beam through a magnetic field region with an exit path 
restricted by blocking apertures, or “slits”, that allow only 
ions with a specific value of the product of mass and 
velocity/charge to continue down the beamline. 

 
Figure 4: Major ion implantation beamline components. 

 
If, as is often the case, the desired ion energy is 

different than the potential used to extract ions from the 
plasma source, the “selected” ion beam is accelerated (or 
decelerated) by additional sets of electrodes or RF fields. 
If the target surface is larger than the ion beam diameter 
and a uniform distribution of implanted dose is desired 
over the target surface, then some combination of beam 
scanning and wafer motion is used.  

Finally, the implanted surface is coupled with some 
method for collecting the accumulated charge of the 
implanted ions, so that the delivered dose can be 
measured in a continuous fashion and the implant process 
can be stopped at the desired dose level. Sometimes the 
wafer is encased within a Faraday cup assembly, with 
appropriate methods of exclusion of extraneous charges 
from electrons and other ions within the beam plasma and 
charge losses due to secondary electrons and sputtered 
ions. 

The design of an ion implantation beamline often needs 
additional components to satisfy the target requirements. 
These include components to make the scanned beam 
parallel at the surface of the target wafer and sources of 
electrons and ions to be injected into the ion beam plasma 
in the region close to the final target surface. These 
electrons and ions are needed to improve the space-charge 

balance in the ion beam, thus stabilizing the beam 
collimation and controlling the local potentials and 
current flows on the target surface. 

The Varian VIISta 900XP [1], shown in Fig. 5, is an 
example of a medium-current beamline implanter with 
many of the components shown in Fig. 4. This beamline 
is capable of overall acceleration of single-charged ions to 
300 kV (and P+3 ions to 900 keV) and contains a number 
of additional components, including a small deflection 
magnet and slit assembly placed directly after the 
source/extraction region and an electrode array for either 
accelerating or decelerating the selected ion beam prior to 
emerging from the main mass-selection (analyzer) 
magnet. The main function of the source filter magnet and 
slit is to prevent the P2

+ and P3
+ multimer ions (which can 

lead to energy and dose errors in P+2 and P+3 beams) from 
entering the main selection magnet and slit assembly and 
traveling to the target wafer. 

 

 
Figure 5: Beamline components of a Varian VIISta 
900XP medium-current ion implanter. 

Accel-Decel Beamlines 
High-current beamlines, which are designed to 

maximize the ion flux delivered to the target wafer 
surface and often operate at low energies (1 keV or less), 
are usually shorter and contain fewer beamline 
components than medium-current designs. The short 
beamline path (often <2 m from source to wafer) and 
open geometries in the magnet analysis section result in 
improved ion transmission in “drift” mode with the only 
acceleration stage at the source extraction. To further 
increase the available ion flux for low energy (<1 keV) 
implants, an electrostatic deceleration lens is added just 
after the mass resolving slits. With the decel lens powered 
up, boron ion beams at energies as low as 0.2 keV can be 
delivered to the wafer surface with beam currents 
comparable to drift mode currents at 10x higher energies. 

A limitation of this “accel-decel” mode of beam 
transport is that if dopant atom neutrals are formed by 
collisions with background gas molecules in the region 
following the mass analysis magnet and before the decel 
lens, neutral dopant atoms would be implanted at the 
extraction voltage energy along with the decelerated ions. 
This type of “energy contamination” is minimized by the 
operation of a turbopump in the region around the mass 
resolving slits (to reduce the ion neutralization rate from 
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collisions with background gases) and by restricting the 
difference between the drift and decelerated ion energies. 

Modulation of the ion energy along the beamline path is 
also a useful strategy to maximize beam transmission and 
facilitate beam shaping and focus. In the example of the 
AMAT/VSE VIISta Trident HC high-current implanter 
beamline shown in Fig. 6, a ribbon-shaped beam is 
formed by the extraction electrodes and focused at a mass 
resolving slit (“ion selection aperture”) located 
downstream from the 90° mass analysis magnet [2]. The 
beam is then directed and shaped by another downstream 
magnet, prior to being implanted into a wafer scanned up 
and down in the ribbon beam. The ion beam can be 
decelerated at two stages along the way: directly after the 
mass resolving slits and after the final beam-shaping 
magnet. 

 

 
Figure 6: Example of advanced beamline architecture 
(AMAT/VSE VIISta Trident HC), which includes an 
inclined beamline, a neutrals and final ion energy filter 
just before the wafer, and a horizontally uniform ribbon 
beam for implanting a vertically scanned 300mm wafer 
that can be cryogenically cooled. 

 
In a sophisticated combination of beam optics and 

system design, the AIBT high-current implanter, shown in 
Fig. 7, uses a number of electrodes to decelerate and 
deflect low-energy ions in a vertical ribbon beam along a 
“chicane” path (similar to turns in motorcycle racing 
tracks), before they emerge in front of the wafer scanning 
position [3]. Neutral dopant atoms that enter the decel 
stage continue undeflected into a beam trap. When higher 
energy ions are desired, the ribbon beam is switched back 
to a straight beam bath, thus bypassing the chicane decel 
electrode assembly. 

 
Figure 7: Schematic top view of the “chicane” beam path 
for deceleration of a vertical ribbon beam in the AIBT 
iPulsar high current implanter with a beam dump for 
neutral atom contaminants. 

 

MeV Beamlines 
When high-energy ions (>200 keV to several MeV) are 

needed, variations on either tandem or linear accelerators, 
developed in the 1930s for nuclear physics research, are 
used. In the tandem approach, multiple changes in the ion 
charge state along the beam path are induced to obtain a 
multiplication of the acceleration by a DC high-voltage 
potential, as seen in Fig. 8. First, positive ions are 
extracted from a plasma source and passed though a 
metallic vapor stream in order to form a beam of negative 
ions via collisional electron pickup. After undergoing 
mass selection in a magnet and slit assembly, the desired 
negative ions are accelerated toward a positive potential 
region, usually encased within a pressurized SF6 
atmosphere to allow for isolation of high potentials (up to 
several MV) in a compact chamber. At the center of this 
tandem beamline, the fast negative ions pass through a 
high level of Ar gas atoms, resulting in collisional charge 
exchange that transforms the negative ion beam to 
positive charged ions with various charge states. As the 
positive ions leave this shielded charge exchange region, 
they are accelerated away from the high positive potential 
in the center of the tandem. Single-charged positive ions 
leave the tandem beamline with a kinetic energy equal to 
twice the center positive potential. Double-charged 
positive ions have a final energy of three times the center 
potential. Useful, although low level, dopant beam 
currents with charge states up to +4 (with energy equal to 
5 times the center potential) can be obtained for some ions 
with commercial tandem implanters. A magnetic selector 
segment placed at the exit of the tandem accelerator 
section allows only the ions with a desired charge state 
(and energy) to be passed to the target wafer. 

In the Varian 3000XP tandem high-energy implanter 
shown in Fig. 8, positive ions are filtered by a magnetic 
field after the high-voltage acceleration stage to reject un-
wanted ions with undesirable energies and charge states 
[4]. The selected ions are then scanned along a horizontal 
beam path and directed through a magnetic beam-shaping 
element to produce a series of parallel beam paths at the 
wafer, which is moved up and down to produce vertical 
wafer scanning similar to the design shown in Fig. 5.  

 

 
Figure 8: Schematic of the high-energy tandem 
accelerator beamline for the Varian 3000XP implanter 
with an operational range from 5 keV to 3 MeV. 
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Commercial tandem accelerators are in operation with 2 
MV potentials providing 8 MeV B+3 ions for doping 
profiles extending ~10 µm into Si. At these boron ion 
energies, control of gamma and neutron radiation calls for 
careful shielding and selection of beamline component 
materials, active radiation monitors, and limits to 
operating beam currents. 

Phase-synchronized linear accelerators have also been 
used for high-energy ion implanters for over 20 years. In 
the Axcelis Purion XE high-energy implanter shown in 
Fig. 9, twelve RF cavities resonating at 13.57 MHz with 
maximum potentials up to 80 kV each combine to provide 
a beamline with mA-level beam currents for single-
charged dopant ions at energies of ~1.5 MeV [5]. Double-
charged P+2 ions can be accelerated to 2.9 MeV with 0.7 
particle-mA beam currents for deep n-well applications. 
The positive ion beam from a plasma ion source enters the 
linac section after passing through a 70° mass-selection 
magnet (on the left in Fig. 9). After the beam is bunched 
and accelerated through the linac assembly, it is filtered 
with a 58.5° magnet (on the right in Fig. 9), that is tuned 
to select ions with the desired energy for transmission to 
the beam and wafer scanning stages. 

 

 
Figure 9: RF linac section of the Axcelis Purion XE high-
energy implanter with an operation range from 5 keV to 
1.5 MeV for B+ (1.2 MeV for P+ and 2.9 MeV for P+2). 

 

Plasma Immersion Ion Implanters 
The systems used for very high dose (>1016 ions/cm2) 

and low-energy (a few keV and less) implantation employ 
a radically simplified design. In PIII tools, the usual 
beamline components are eliminated, leaving only a 
means for generating a plasma containing dopant ions and 
a wafer mounted on a platen that can be biased. The ions 
in the plasma formed near the wafer are accelerated into 
the wafer surface by short (a few µs) negative potential 
pulses applied to the wafer platen at energies up to the 
maximum desired value.  

PIII systems are remarkably compact in comparison to 
beamline accelerators, resembling the look of CVD and 
plasma etch systems. An example is shown in Fig. 10. 
The applications for these types of implanters include: 

 
• High dose (~5x1016 B/cm2) boron implants at 

energies of a few keV to counter-dope n+ poly-Si to 
form p+-doped gate electrodes in DRAM devices 

• High dose doping of three-dimensional CMOS 
device structures, such as source-drain regions of 
finFETs 

• High dose implantation of non-dopant ions for local 
enhancement or reduction of plasma etch rates and 
other materials modification applications. 

  

 
Figure 10: The Varian VIISta PLAD is an RF plasma 
doping tool, where a pulsed bias voltage is applied to the 
target wafer to implant ions from the plasma. The wafer 
bias voltages range from 0.1 to 10 kV [6]. 

SUMMARY 
Ion implantation technology has been built on >40 

years of experience, and accelerators are a key component 
of these tools.  Even though commercial systems provide 
ion energies that span a range of 104 and implant doses 
that span a range of 108, the basic hardware designs are 
similar [7].  Implanter systems have evolved historically 
over time and will continue to evolve, as new device 
applications and CMOS device scaling brings more 
demanding requirements. 
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ELECTRON BEAM IRRADIATION APPLICATIONS 
Sunil Sabharwal# 

Radioisotope Products and radiation Technology Section 
International Atomic Energy Agency 

Vienna, Austria

Abstract 
The irradiation of materials with electron beams or X 

rays is used extensively to enhance or modify their 
physical, chemical or biological properties. These electron 
beam “irradiators” cover a very wide range of accelerators 
technology, beam current and energies to produce a wide 
variety of products, mostly with polymers. They also are 
used for curing ink, coatings, and adhesives as well as for 
the sterilization of medical products, disinfection and 
preservation of food. The emerging applications include 
treatment of waste waters and flue gases, and degradation 
of plastics for use in coatings and inks. The status of 
applications and the role of IAEA in enhancing these will 
be presented. 

INTRODUCTION 
High energy ionizing radiation has the unique ability to 

produce reactive species like free radicals in a variety of 
materials that can be used to modify physico-chemical 
properties of materials for a variety of industrial 
applications. Over the last 50 years, the subject of 
radiation chemistry and accelerator physics have 
developed simultaneously and from industrial applications 
point of view, the progress in one area has generally led to 
the advancement in the other area. While the basic 
radiation chemistry studies using the pulse radiolysis 
studies using nano-scale pulse electron beam accelerators 
led to understanding the basic fundamental aspects of 
radiation chemistry, the commercial applications based on 
radiation crosslinking of polymers or inactivation of 
pathogenic bacteria emerged as the driving force for 
developing high energy high current accelerators to 
ensure that the fruits of radiation chemical research are 
utilized for industrial applications. Radiation technologies 
based on electron beam accelerators today are used for 
applications such as crosslinking of wire& cables, 
producing heat-shrink materials, surface curing of 
materials, sterilization of medical products and for food 
irradiation [1]. Currently, world-wide, there are over 1400 
industrial electron accelerators in operation that are being 
widely used for  applications such as polymer processing, 
surface curing, sterilization of medical products and food 
irradiation [2]. A conservative market survey indicates 
that these high current EB units are providing an 
estimated over US $85 billion value added unique high-
value products for mankind in an environmentally 
friendly manner [3]. Pollution of air, water and land 
resources due to industrial and human activities 
constitutes a major threat to sustainable development. 

While burning of fossil fuels lead to formation of sulphur 
oxides (SO2 and SO3), nitrogen oxides (NOx), water 
resources are being polluted with industrial and human 
waste. The industrial effluents carry chemical 
contaminations like heavy metals, organic pollutants, 
petro-chemicals, pesticides and dyes while discharge of 
sewage and sludge giving rise to microbiological and 
chemical contamination of the water bodies. In the last 
few years, extensive work has been carried out for 
utilizing radiation technology for environmental 
remediation. Pilot or plant scale electron beam facilities 
have been set up to demonstrate the application of this 
technology for treatment of such pollutants in an effective 
and efficient manner [4,5]. This paper presents the present 
status of the established as well as emerging applications 
and the challenges that the accelerator technologists need 
to address for further implementation of this technology 
in these emerging areas. 

TYPICAL CHARACRISTICS OF 
ELECTRON ACCELERATORS FOR 

INDUSTRIAL APPLICATIONS 
For industrial radiation processing, the two main 

characteristics of an electron beam accelerator are energy 
and current. While energy of the accelerator determines 
the thickness of the product that can be uniformly 
processed, the current determines the productivity or the 
throughput of the process that can be achieved. A wide 
range of electron beams with energies varying from 0.15 
to 10 MeV are used in radiation processing for varying 
applications (Table 1). The electron beam accelerators 
used in the industry typically have beam power (the 
product of electron energy and current) ranging from 5 to 
about 100 kW, although more powerful accelerators (400 
kW and higher) have also been set up in recent years to 
demonstrate certain applications or for commercial 
irradiation. Low-energy accelerators having energies from 
0.15 to 0.5 MeV, are generally constructed as self- 
shielded systems in the production. They are used mainly 
for the treatment of surfaces and the irradiation of 
coatings and thin materials, such as polymeric films. 
Medium-energy accelerators produce electrons with 
energies of 0.5 – 5 MeV at powers of up to 300 – 350 kW. 
High-energy accelerators, which for processing purposes 
generate electron beams with energies of 5 – 10 MeV, are 
linear accelerators giving pulsed beams of up to 50 kW. 
Such accelerators are used for radiation sterilization of 
medical products and, to a lesser extent, for the radiation 
treatment of foodstuffs. The applications of electron 
accelerators are summarized in Table 1.  

____________________________ 
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Table 1: EB Penetration for End Application 

Application Electron 
Energy 

Typical 
Penetration 

(mm) for unit 
density product 

Surface Curing 80–300 keV 0.4 
Shrink Film 300–800 keV 2 
Wire & Cable 0.4–3 MeV 5 
Sterilization 3–10 MeV 38 

FUNDAMENTAL PRINCIPLES FOR 
DEVELOPING ELECTRON BEAM 
TECHNOLOGY APPLICATIONS 

Generation of radiation energy through electron beams 
is an expensive form of energy. It can therefore find 
applications under following conditions: 

(i) Substantial benefits or change occur with a small 
input of energy. Polymerization reactions which 
are generally chain-reactions constitute one such 
class of reaction where radiation technologies can 
be used to initiate the chain reaction for a variety of 
industrial applications.  

(ii) The small change produced results in a large 
change in the properties of the substrate. For 
example: in case of polymeric materials, the free 
radicals produced on polymer backbones can result 
in either joining of polymeric chains(crosslinking) 
or chain breakage (scission) resulting in dramatic 
change in the properties of the polymeric material. 
Similarly, the small change induced in the DNA 
structure may stop the reproduction of the 
microbial cell. 

(iii) Situations where the value addition to the product 
is so high that cost of irradiation is not relevant  

(iv) Where radiation is the only method of choice for 
the treatment process. 

Based on these considerations, polymerization (surface 
curing), polymer modification, sterilization of medical 
products and food irradiation are the major established 
applications of electron beam technology. 

ESTABLISHED APPLICATIONS OF 
ELECTRON ACCELERATORS 

Polymer Modification 
These applications are based on the ability of some 

polymeric materials, such as polyethylene to undergo 
crosslinking reaction between adjacent polymer chains, 
resembling vulcanization, resulting in improved thermal 
and mechanical properties as well as introduction of 
“memory effect” in polymeric materials after controlled 
irradiation. The electron beam crosslinking of the 
insulation jacketing on wire and cable is one of the most 
well established industrial uses of EB processing. 
Crosslink formation results in a three dimensional 
network structure in the polymeric material that prevents 

insulation from dripping off an overheated wire in case of 
a short circuit, or when exposed to elevated temperatures 
as in the case of  an automotive engine or in case of a fire 
accident. The polymers that are typically used for such 
applications include polymers that cross-link on 
irradiation such as polyethylene, EVA or EPDM 
depending upon the end use application. Absorbed doses 
of the order of 100-150 kGy or higher are required to 
cross-link polyethylene wire and cable insulation. 
Crosslinking imparts two main properties to wire 
jacketing.  if the wire  become heated due to an electrical 
short circuit, the crosslinked jacketing will not melt off of 
the wire and thus will maintain its insulation.  This is very 
important for under-the-hood wires used in automobiles.  
Second, when exposed to flames, the jacketing will not 
burn away nor drip and prevent or delay propagation of a 
fire.   

Polymer cross-linking also forms the basis of radiation 
processing in the manufacture of heat-shrinkable plastic 
films and tubes. This application is based on the principle 
of “memory effect” in the crosslinked polymeric material. 
The crosslinked polymer deformed under stress at 
elevated temperatures, when reheated above its melting 
temperature remembers the shape before deformation and 
regains the shape before deformation. In a typical 
application, such materials are used to produce connectors 
for joining the wires or tubing. The crosslinked plastic 
behaves as a weak rubber that can be stretched or 
expanded by controlled mechanical or pneumatic 
differentials inside and outside the tubing.  The stretched 
tubing is then quickly cooled to temperature below its 
melt transition temperature to allow the crystalline 
domains in the polymer to form again and hold the plastic 
in the stretched or expanded state.  This tubing is then 
used to cover wire connections to be joined. When the 
tubing is heated during application, it contracts and 
conforms to the connector or object inside it. This simple 
application has resulted in forming a variety of high 
technology products such as heat recoverable closures for 
telecommunication splices, wraps for welded pipe joints 
and heat shrinkable food packaging film.  

Radiation curing for printing inks especially with wide 
web presses for high volume production and for printed 
items requiring high quality graphics and colour 
highlights constitutes one of the most important 
applications of low energy electron beam accelerators and 
over 500 accelerators are used in the industry. Electrons 
from the accelerator generate free radicals in 
polymerisable monomers leading to simultaneous 
polymerization and crosslinking of the monomer onto the 
substrate. Since electron beam processing takes place at 
near ambient temperatures, drying of inks can be 
implemented even on heat sensitive plastic substrates.   
Absence of  extractable initiators in EB curable inks and 
over print system allow development of over-print 
materials that are compliant with US Food & Drug 
Administration regulations for direct food contact and  
could replace film laminates used atop printed materials 
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to prevent leaching of extractable for compliance with 
direct food contact regulations [6].  

Sterilization of Medical Products and Food 
Irradiation  

The use of electron beams for sterilization of medical 
products constituted one of the first commercial 
applications of radiation technology in 1950s. Since then, 
high energy 10 MeV accelerators have been used for 
many decades for sterilizing packaged medical devices.  
Mid energy accelerators at 3.0–5.0 MeV have also been 
used for medical device sterilization especially for 
products having a low bulk density so that the penetration 
of electrons is sufficient. The packages can be also be 
irradiated from two sides, thereby increasing the beam 
penetration to 2.4 times..   In recent years, X radiation 
produced from high energy high power electron beam 
accelerators (7 MeV, 700 kW). Even with a low 
conversion efficiency ( typically 10%) for conversion to 
X rays, the facility allows production of 70 kW of X ray 
power that allows economic benefits for treatment of 
medical products by gamma radiation.  

Food irradiation was one of the very first proposed uses 
of Roentgen’s discovery of X rays and the subject has 
been investigated in details world over. The efficacy, 
minimal effect on nutritive value and general safety of 
irradiating food has been demonstrated over and over 
again.  The World Health Organization (WHO) has long 
been on record as supportive of this method for 
processing food [7,8].  The industrial high energy electron 
beams (10 MeV) have been successfully used in 
irradiating food and foodstuffs to eliminate pathogens [9].  
With increasing acceptance of food irradiation in many 
parts of the world, it is apparent that the use of electron 
beam accelerators for treatment of food is expected to 
increase in coming years. 

EMERGING APPLICATIONS OF 
ELECTRON BEAM ACCELERATORS 

The realization that the environmental problems 
associated with the development of human activities do 
not remain confined to local region, but also may affect 
people living far from contaminated sites has resulted in 
developing economically and technically feasible 
technologies for controlling solids, gaseous and liquid 
effluent streams. Radiation technology with electron beam 
accelerators with its unique ability to produce highly 
reactive species in an efficient manner has the capability 
to alleviate some of these problems and may play an 
important part in offering sustainable solutions. The 
unique features of this technology, being a room 
temperature and additive free process, makes radiation 
technology an environment-friendly process as compared 
to conventional thermo-chemical processes. Considerable 
efforts have been made in demonstrating use of radiation 
technology for environmental remediation. This includes 
application of radiation technology for simultaneous 
removal of sulphur oxides (SOX) and oxides of nitrogen 

(NOX) from flue gases. The electron beam technology for 
flue gas treatment has demonstrated very good removal 
efficiencies for the pollutants SOX and NOX. The by-
product yield is of good quality with less moisture and is 
good for commercial fertilizer [4, 10].  

Radiation processing of wastewater is non-chemical 
and uses short-lived reactive particles that can interact 
with a wide range of pollutants. Such reactive radicals are 
strong agents, oxidizing or reducing, that can transform 
the pollutants into liquid wastes. A pilot plant with an 
electron accelerator for treating textile dyeing wastewater 
was constructed in the Daegu Dyeing Complex 
(DYETEC) [11], and later an industrial plant for treatment 
of 10,000 m3/day has been constructed and in successful 
operation [12].  A study on sludge hygienization using 
radiation is ongoing, and the experience of the research 
has shown that the process is simple, effective and easy to 
integrate with an existing sewage treatment plant, and that 
the radiation-hygienized sludge can be utilized as a 
fertilizer in agriculture [13].  

CONCLUSION 
The use of ionizing radiation has led to development of 

advanced polymeric materials for a wide range of 
applications in various industries. These include industries 
such as insulated wire and cable production, heat-shrink 
materials, surface curing, sterilization of medical products 
and food preservation. The commercial success of the 
technology is evident from the number of such machines 
operating and value added products that have emerged 
using this technology.  The demonstration of electron 
beam based processes for treatment of flue gases and 
treatment of waste waters on an industrial scale is 
expected to offer unique solutions for environmental 
remediation in coming years. The development of reliable 
very high power electron beam machines will be crucial 
to extend the use of electron accelerators in these 
emerging applications. 
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CRYOMODULE PRODUCTION FOR THE CEBAF 12GEV UPGRADE* 
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Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA 

Abstract 
The Continuous Electron Beam Accelerator Facility 

(CEBAF) at Jefferson Lab is nearing completion of an 
energy upgrade from 6 to 12 GeV.  An integral part of the 
upgrade is the addition of ten new cryomodules, each 
consisting of eight seven-cell superconducting radio-
frequency (SRF) cavities.  An average performance of 
100+MV of acceleration per cryomodule is needed to 
achieve the 12 GeV beam energy goal.  The production 
methodology was for industry to provide and deliver the 
major components to Jefferson Lab, where they were 
tested and assembled into cryomodules.  The production 
process begins with an inspection upon receiving of all 
major components followed by individual performance 
qualification testing.  The SRF cavities received their 
final chemical processing and cleaning at Jefferson Lab.  
The qualified components along with all associated 
hardware and instrumentation are assembled, tested, 
installed into CEBAF and run through an integrated 
system checkout in preparation for beam operations.  The 
production process is complete and one of the first 
completed cryomodules has successfully produced 108 
MV of acceleration with a linac beam current of 465 μA.   

INTRODUCTION 
The ten C100 cryomodules accounted for 

approximately one-quarter of the accelerator budget and 
10% of the total budget for the 12 GeV upgrade project.  
The scope of the cryomodule production run consisted of 
the design, procurement, assembly, acceptance testing and 
a final integrated performance checkout with all 
associated CEBAF operating systems.  The first 
superconducting radio frequency (SRF) niobium cavities 
were delivered in 2010.  These SRF cavities were 
individually qualified in vertical dewars [1] at Jefferson 
Lab.  In 2011, (ahead of the baseline schedule) the first 
two production 12GeV-C100 cryomodules were installed 
and commissioned in the CEBAF machine.  These first 
two cryomodules accelerated and delivered beam for six 
months of physics experiments.  In May 2012, one of the 
12GeV-C100 cryomodules was successfully operated at a 
total energy of 108MV (with a linac current of 465uA) 
while delivering three-pass beam to the experimental halls 
[2].  This beam loaded performance demonstrated the 
design and production process of the C100 cryomodules 
would meet the 12 GeV requirements.   

DESIGN 
The original CEBAF cryomodule design consists of 8-

five-cell cavities and produces a nominal voltage of 20 
MV per cryomodule.  40 cryomodules (20/linac) were 
installed in the original CEBAF and produced enough 
voltage to run the machine at 4GeV.  Over time the 
performance of these cryomodules was improved and 
optimized to increase CEBAF operation to 6GeV.  The 
C100 cryomodule design consists of 8-seven-cell cavities 
and produces 100 MV per cryomodule (500 MV/linac).  
By adding the ten new C100 cryomodules and an 
additional 1/2-pass (tenth arc) to the existing accelerator, 
the maximum operating energy of CEBAF will be 
doubled from 6GeV to 12GeV.   

Parameters 
The C100 cryomodule design was developed over 

several years and is based on a set of early developmental 
cryomodules designed, built and operated in the Jefferson 
Lab CEBAF and FEL accelerators.  The C100 
cryomodule design parameters (see Table 1) were 
developed in concert with the other associated 12GeV 
accelerator system upgrades [3]; including the 4.6kW (at 
2K) Central Helium Liquefier (CHL) [4], High power 
(13kW) radio-frequency klystrons (HPRF) and a new 
digital low-level radio-frequency (LLRF) control system 
[2].   

Table 1: C100 Design Specifications 
Parameter Design 

Specification 
Units 

Slot length  
(includes warm section) 

9.8 Meters  
(m) 

Voltage/Cryomodule 108 MeV 

2K heat load <300 Watts 

50K heat load  <300 Watts 

HOM Damping 
(transverse) 

<2.4x1010 Ohms/meter 

HOM Damping 
(longitudinal) 

<6.5x1011 Ohms 

Cavity Gradient 19.2 MeV/m 

Qo (@19.2 MV/m) 7.2E9 N/A 

To meet the 12 GeV performance criteria, each of the 
ten cryomodules will need to provide 98 MeV of energy.  
In order to provide performance margin, the cryomodule 
is designed to produce 108 MeV.  This additional 
performance capability provides the option to run some 
cryomodules higher in voltage in the event that more 
energy is needed to make up for lesser performing 
cryomodules.  Similarly, the SRF niobium cavities were 

 ___________________________________________  

*Work supported by Jefferson Science Associates, LLC under U.S. DOE 
Contract No. DE-AC05-06OR23177. The U.S. Government retains a non-
exclusive, paid-up, irrevocable, world-wide license to publish or reproduce this 
manuscript for U.S. Government purposes. 
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individually qualified at 19.2MV/m even though they 
only need to provide 17.5MV/m to meet the baseline 
performance.  Subsequently, all of the cryomodule power 
related components (power couplers, cooling circuits, RF-
windows, etc.) were also designed and specified to 
operate 10% above the baseline performance 
requirements.  

Focused Areas of Design & Performance 
The damping of higher order modes (HOM) in SRF 

cavities is a critical design parameter for recirculating 
accelerators.  To mitigate against the possibility of having 
beam break-up (BBU) in the CEBAF accelerator an 
extensive effort was put into the measuring and 
characterizing  the HOM spectrum of each cavity before it 
was built into a cryomodule [5].  Custom end-groups, that 
mimicked the boundary conditions the cavities would 
experience when assembled into a cryomodule, were 
designed and attached to each cavity during vertical 
testing (see Figure 1).  These purpose built test end-
groups allowed the HOM spectrum of each cavity to be 
characterized (and qualified) prior to being released for 
assembly into a cryomodule.   

 
Figure 1: Custom SS end-groups assembled onto cavity 
during vertical testing. 

The microphonic response of the SRF cavities to their 
environment is another design area that needed very 
careful attention.  Excessive microphonic vibration 
creates dynamic detuning in the cavity and requires 
additional RF-power to keep the cavity on frequency with 
the power and control systems.  In preparation for the 12 
GeV project, a horizontal test bed (HTB) was assembled 
with two C100 cavities, helium vessels and tuners to 
investigate the microphonic response of the design.  
Results from this test    demonstrated the design met the 
requirements.   

Subsequently, the microphonic response was measured 
on the first production C100 cryomodule during final 
acceptance testing.  Results from this acceptance test 
showed a higher than anticipated microphonic response.  
Upon further investigation, it was discovered the 
boundary conditions of the HTB did not fully represent 
the ‘real’ conditions of the C100 cryomodule.  In response 

to these results, the tuner design was modified to reduce 
the microphonic response of the cavity/tuner system [6].  
This cavity/tuner interface redesign was implemented on 
the final seven (of ten) cryomodules (see Figure 2).   

At the point of implementation, production on the first 
three cryomodules had progressed beyond the point where 
the cavity/tuner interface could be retrofitted with the 
redesigned parts.  Piezo elements will be used on these 
first three production units to minimize the additional 
detuning burden on the LLRF system.     

 
Figure 2: Microphonic detuning - Original design (top), 
redesigned (bottom) cavity/tuner system. 

PRODUCTION 
Cryomodule production began with the receiving 

inspections of the individual components that had been 
procured from industry.  All components have established 
acceptance criteria that must be satisfied before 
components are released for use in cryomodule 
production. These receiving inspection criteria vary from 
simple visual inspections to multiple qualification 
processes including mandatory hold points for 
independent quality assurance.    

The cavity qualification process was the first step in 
cryomodule production.  Each C100 cavity was 
individually qualified after helium vessel welding in the 
Jefferson Lab SRF vertical test area (VTA).  Each cavity 
was put through a standardized set of tests to verify the 
project performance parameters were met [7].  Each 
cavity must produce on average, 17.5 MV/m to meet the 
baseline performance goal of the 12 GeV project.  To 
provide operational contingency, each cavity was 
qualified to 19.2 MV/m with a Qo of 7.2E9.  

An administrative limit of 27 MV/m was periodically 
implemented on cavity qualification testing in order to 
reduce the risk of potentially degrading cavity 
performance and the need to re-test cavities (see Figure 
3).  Only one cavity (out of 86) failed to meet the gradient 
qualification goal of 19.2 MV/m.  Two additional cavities 
were disqualified for use in production due to failure to 
meet the HOM damping and field flatness specifications.   
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Figure 3: C100 cavity qualification in the VTA. 

Once eight cavities were qualified for use in 
cryomodule production, they were assembled into a 
hermetically sealed cavity-string in a class 100 cleanroom 
(see Figure 4).  The cavity string assembly was then 
moved to the cryomodule assembly area where the cold 
mass structure was constructed.  Cold mass assembly 
includes the cold magnetic shielding (CRYOPERM), 2K 
helium piping, cold tuner section, instrumentation and 
multi-layer insulation (MLI).   

 
Figure 4: Cavity string assembly in Class 100 cleanroom. 

The cold mass assembly was then transferred to the 
space frame support structure with an integrated 50K 
thermal shield and MLI.  The cavity string was then 
concentrically aligned to within 0.5mm. The final 
assembly consists of installing the vacuum vessel, 
cryogenic end cans, warm tuner sections and the 
waveguide fundamental power coupler assemblies.  Once 
the cryomodule assembly was complete, a final QC check 
was performed to verify the mechanical, electrical and 
vacuum systems were functioning properly in preparation 
of final acceptance testing.  

PERFORMANCE 
Acceptance Testing 

Each C100 cryomodule went through a final acceptance 
testing process in the Test Lab Cryomodule Testing 
Facility (CMTF) prior to being installed in the CEBAF 
machine.  Acceptance testing is an operational checkout 
of the cavity performance and all of the cryomodule 
subsystems.  Once all the cryogenic connections and 
control read-backs have been checked out, the C100 
cryomodules were able to be slowly (10-20K/hr) cooled 
down from 300K to 4K without any degradation in 
performance due to Q-disease.   This slow cooldown 
reduces the risk of creating a vacuum leak and allows for 
a lower temperature gradient within the cryomodule, 
thereby reducing the mechanical stresses associated with 
cooldown.  Once the cryomodule was cooled to 4K, it was 
then pumped down to 2K for high power acceptance 
testing.  Along with verifying all associated power and 
control signals were functioning properly, all the 
cryomodule operational parameters were measured for 
compliance with the design specifications.      

High power RF was applied to each cavity to determine 
its maximum gradient (restricted only by an 
administrative limit of 25MV/m) while measuring the 
corresponding heat load (Qo).  In addition, all the other 
operational systems such as tuners, HOM damping, 
cryogenic valves and instrumentation were qualified.  One 
limitation is that high power can only be run into one 
cavity at a time.  Therefore, the full cryomodule voltage 
must be estimated when based on acceptance testing 
results.  With over twenty years of experience, these 
estimates have proven to be reliable for predicting 
operation in the tunnel.  

Following final acceptance testing, the cryomodules 
were moved from the CMTF to the CEBAF tunnel for 
installation and commissioning.   The installation process 
involves connecting the cryomodule to the cryogenic, RF-
power, beamline vacuum and operational safety systems.  
Once all connections were complete and control signal 
read-backs have been verified, the cryomodule was again 
slow cooled to 4K, pumped down to 2K and refilled in 
preparation for the final integrated operational checkout 
and commissioning process [8].   

As was done during acceptance testing, all the 
operational subsystems were checked out for proper 
function and the critical accelerating parameters were 
measured.  To date 9 (of 10) of the C100 cryomodules 
have completed the commissioning process (see Table 2).  
The in-tunnel performances of all these cryomodules have 
exceeded the baseline required for 12 GeV operations.  
Two cryomodules did not achieved the design goal of 108 
MV/m, however there is still more than adequate margin 
in the ensemble performance to meet the program goals.   

Proceedings of PAC2013, Pasadena, CA USA WEZAA2

07 Accelerator Technology

T07 - Superconducting RF 751 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Table 2: C100 Commissioning Results 
Cryomodule 

No. 
Commission in 
CEBAF (MeV) 

Operation with Beam 
(MeV) 

C100-01 104.3 94.5 
C100-02 109.6 108 
C100-03 118.4 Jan 2014 
C100-04 105.8 Jan 2014 
C100-05 109.9 Jan 2014 
C100-06 108.2 Jan 2014 
C100-07 108.4 Jan 2014 
C100-08 Oct 2013 Jan 2014 
C100-09 113.7 Jan 2014 
C100-10 109.8 Jan 2014 

Gradient with Beam Loading  
As stated above, the first two C100 production 

cryomodules were installed into the CEBAF machine in 
the fall of 2011.  They were run with beam for the full six 
month physics run.  This runtime was very beneficial with 
regard to gaining real operational experience running the 
C100 cryomodules while delivering physics quality beam 
to the experimental halls [2].  During beam studies time, 
the gradients on the C100 cryomodules were pushed up in 
order to test the performance of the entire ‘vertical slice’ 
(cryomodule, cryogenics, rf-power, digital LLRF 
controls, etc.) of the accelerating zone.   

During one of these beam studies opportunities, C100-
02 was operated at a maximum voltage of 108 MV while 
delivering multi-pass beam to the experimental halls.  
Having successfully demonstrated this capability early in 
the 12 GeV project was very encouraging for the future 
operations of the CEBAF machine.   

Cost 
From a cost standpoint, cryomodule production is 

>99% complete.  For the purpose of this paper, the final 
12 GeV cryomodule costs are broken down into three 
categories; procurements, expenses and labor (see Figure 
5).  These costs include all activities from the initial 
procurement process through assembly, acceptance 
testing, installation and commissioning.   

 
Figure 5: Cryomodule cost breakdown. 

The procurement costs are the expenditures associated 
with the vendor subcontracts for the major cryomodule 
components such as the SRF-cavities, thermal & magnetic 
shields, tuners, helium vessels, space-frames, vacuum 
vessels and cryogenic end cans.  The expenses category 
includes all “other” production costs such as 
consumables, minor procurements and travel to vendor 
sites.  The labor costs include the labor associated with all 
cryomodule production activities from individual 
component QA receiving activities through assembly, 
installation and commissioning activities.   

In order to better understand the level of effort that goes 
into cryomodule production activities, the labor costs are 
further broken down (see Figure 6).  The labor breakdown 
shows that quality assurance accounts for approximately 
one-third of the total labor costs.  These QA processes 
include the labor needed to create the procedures, perform 
the individual component receiving inspections, document 
the results and maintain the project database system.   

Figure 6: Cryomodule labor breakdown. 

Cavity QA and qualification activities account for 
about one-fifth of the total labor costs.  Each of the 
eighty-six cavities went through a thorough receiving 
inspection that includes both a dimensional check on a 
coordinate measurement machine (CMM) and an RF-
check to verify that the cavity frequency and field flatness 
were within specification.  Once accepted, the cavities 
were then run through final processing in preparation for 
qualification in the VTA.  Vertical testing is a time 
consuming and expensive process, minimizing these 
testing cycles reduces both project cost and schedule.  For 
this reason, a focused effort was dedicated to process 
control for cavity qualification.  This aforethought and 
planning effort resulted in minimal retests for 
qualification (see Figure 7). 65% of all the C100 cavities 
were qualified on the first test cycle.   

49% 

18% 

33% 

Procurements Expenses Labor

5% 
21% 

33% 

26% 

8% 

7% 
Tooling Design

Cavity QA &
Qualification
QA processes (cavities
not included)
Cryomodule Assembly

Acceptance Testing

Installation &
Commissioning
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Figure 7: Cavity qualification test cycles in VTA. 

Cryomodule assembly accounts for about one-quarter 
of the total labor costs.  As stated above, the cryomodule 
assembly activities begin with the transfer of the cavity 
string from the cleanroom and run through final 
instrumentation checkout and leak check of the insulating 
vacuum (see Figure 8).  There is a significant amount of 
skilled touch labor involved in these processes.  The 
importance of the skilled staff to the success of this 
project cannot be understated; for this reason these 
resources need to be optimized.   As with cavity 
qualification, a focused planning effort was dedicated to 
optimizing assembly activities and procedures to be 
efficient without compromising quality.    

Figure 8: Cryomodule production group w/ C100-07&-08. 

CONCLUSION 
At the time this paper was written (Sep 2013), the 12 

GeV-C100 cryomodule production run is virtually 
complete.  All ten C100 cryomodules have been 
assembled, tested and installed in the CEBAF tunnel.  
Nine have completed their final integrated checkout and 
commissioning.  The last cryomodule is scheduled to 
complete commissioning in October 2013.     

CEBAF operations are scheduled to begin hot-checkout 
in November 2013.  During this process all ten C100 
cryomodules will be calibrated with the electron beam in 
preparation for 12 GeV physics.  The lessons learned 
from the CEBAF 12 GeV Upgrade cryomodule 
production run include the importance of planning, 
prototyping, monitoring of performance throughout 
production and the clear definition of all acceptance 
criteria.   
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SRF CAVITIES BEYOND NIOBIUM: CHALLENGES AND POTENTIAL
∗

S. Posen† and M. Liepe

Cornell Laboratory for Accelerator-Based Sciences and Education, Ithaca, NY, USA

Abstract

With niobium cavities now approaching the fundamen-

tal limits of the material, SRF researchers have begun a

significant R&D effort to develop alternative materials to

continue to keep up with the demands of new accelerator

facilities. In this paper, the benefits of new materials are

explored, as well as the critiria for selecting superconduc-

tors to use for SRF applications. The materials Nb3Sn and

MgB2 are discussed in detail, including an exciting new

result from a Nb3Sn cavity that shows the great potential

of alternative SRF materials. NbN and multilayers are also

briefly discussed. The current status and the outlook for the

future of alternative materials are reviewed.

WHY LOOK BEYOND NIOBIUM?

To accelerate beams of charged particles, superconduct-

ing radio-frequency (SRF) cavities are the technology of

choice for many facilities. They can reach large acceler-

ating gradients Eacc on the order of tens of MV/m, and

though they require cryogenics for cooling below the super-

conducting transition temperature Tc of the material they

are made from, they achieve high wall-power-to-beam-

power efficiency due to their small surface resistances Rs.

Modern SRF facilities use cavities made of niobium, either

formed from bulk sheets, or sputtered in films onto copper.

Early niobium cavities could operate at only small gradi-

ents of a few MV/m, but through years of research, prepara-

tion techniques were developed to avoid non-fundamental

limitations, such as multipacting and field emission [1].

State-of-the-art production methods regularly produce cav-

ities that operate very close to the fundamental limits of

niobium: they have surface resistances Rs very close to the

ideal BCS value at operating temperatures, and they sustain

electromangetic fields very close to the material’s super-

heating field Bsh, the field at which vortices penetrate the

superconductor—creating unmanageable levels of heating

in RF fields—for an ideal surface [2]. In Fig. 1, the quali-

fication curve of a high-performing TESLA 9-cell niobium

cavity (the proposed cavity design for ILC) is plotted. The

curve tracks two figures of merit: Eacc and Q0, which is

inversely proportional to Rs. It shows that this cavity per-

forms very close to the fundamental limits of the material.

To continue to keep up with continually increasing

demands of future accelerator driven sciences, SRF re-

searchers have begun a significant effort to develop alter-

native materials, chosen to have higher fundamental limits

∗Work supported by DOE award number DE-SC0002329.
† sep93@cornell.edu

Eacc [MV/m]

Q0

Lower Rs – less 

expensive cryogenics

Higher gradients – fewer cavities

State of the Art 

Niobium CavityRs ≈ 
RBCS

Bpk ≈ Bsh

Figure 1: Q0 vs Eacc for a >High Performing ILC 9-cell Nio-

bium Cavity [3]. The maximum Eacc and the Q0 over the

entire range are very close to the fundamental limits of the

material.

than niobium. The optimal material may depend on the

type of facility. For low-duty-cycle high energy linacs, an

alternative material would be chosen that can sustain very

large surface magnetic fields, as this is what fundamen-

tally limits Eacc, and therefore sets the minimum number

of cavities requied to reach a given energy. On the other

hand, for modern CW SRF linac designs, cryogenics is

the cost driver, not the number of cavities. For niobium,

low Rs operation requires the cavity to be cooled to ∼2 K,

where cryogenic efficiency often pushes the cost-optimum

arrangement to using only modest gradients, because losses

go quadratically with Eacc. At ∼2 K, cavities made from

an alternative material with lower Rs than niobium would

have smaller losses at a given Eacc, so they would allow the

cryogenic plant to be smaller and require less grid power,

or they could operate at higher gradients, and therefore re-

quire fewer cavities. Furthermore, the temperature depen-

dent part of Rs scales with e−Tc/T , so if the alternative ma-

terial had a large Tc, low Rs operation could be possible at

4.2 K, greatly simplifying the cryogenic plant by allowing

it to operate at atmospheric pressure. Low Rs operation at

even higher temperatures would open up the possibility of

using helium gas for cooling.

Long term R&D will be needed to reach the full poten-

tial of these alternative materials, but already new results

(which will be shown later) on a Nb3Sn cavity fabricated

by Cornell show performances now superior to niobium for

some applications requiring modest fields only.
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WHAT PROPERTIES TO LOOK FOR IN

ALTERNATIVE MATERIALS?

To determine which superconductors are viable candi-

dates for producing high-performing SRF cavities, one

should look for certain properties. To achieve large Eacc, a

large superheating field Bsh is desirable, as this is the rele-

vant critical field for RF applications. This is different from

Birr—the irreversibility field at which at which vortices

that have penetrated into the sample become depinned—

which is relevant for magnet applications. In SRF cavities,

the objective is to exclude flux, not to pin it inside the su-

perconductor; pinned normal conducting vortex cores dis-

sipate strongly in RF fields. It is energetically favorable

for vortices to be inside the superconductor above the first

critical field Bc1, and only an energy barrier prevents flux

penetration above this field. For an ideal surface, the bar-

rier disappears at Bsh, making it the ultimate limit for SRF

applications, but surface defects with size on the order of

the coherence length ξ—roughly, the spacial amplitude of

the superconducting wavefunction—can reduce the barrier

to vortex penetration, such that fields close to Bsh cannot

be realized without vortex entry. It is therefore important

to have a large enough ξ to not be affected by small defects

that would be present even on a well prepared surface, e.g.

grain boundaries. It has been an open question how large

of ξ is large enough—niobium cavities have reached fields

quite close to Bsh and its ξ is ∼20 nm—but recent results

(presented in a later section) on a Nb3Sn cavity have shown

that operation well into the metastable regime where only

the energy barrier prevents vortex penetration is possible

for ξ∼3 nm.

For small Rs, one must first consider the temperature-

dependent surface resistance from BCS theory, RBCS . As

discussed previously, RBCS∝e−Tc/T , so it is important for

materials to have high Tc. Materials that have small RBCS

also tend to have small normal resistivity ρn [4]. How-

ever, there is also a temperature independent part of Rs, the

“residual resistance” Rres: Rs(T ) = RBCS(T ) + Rres.

The factors contributing to Rres are not well understood,

but previous SRF experience has made it clear that weak

links between grains contribute to large Rres [1].

To be useful for cavity operation, alternative materials

must also possess the following qualities: 1) it must be pos-

sible to fabricate it in a way that it conforms to a complex

geometry over large area; 2) it must have decent thermal

conductivity (and be able to be deposited on a substrate

with decent thermal conductivity) for cooling to avoid ther-

mal runaway; 3) it must have minimal surface roughness

to avoid field enhancement; 4) it must be able to be made

clean (for example, it cannot release potentially field emit-

ting dust, and there must be a method to clean surface con-

taminants without affecting quality).

Some of the most promising alternative SRF materials

and relevant properties are shown in Table 1, along with

those of niobium. Experimental references for these prop-

erties were chosen to try to display realistic properties for

Material λ(0) ξ(0) Bsh Tc ρn
[nm] [nm] [mT] [K] [µΩcm]

Nb 50 22 210 9.2 2

Nb3Sn 111 4.2 410 18 8

MgB2 185 4.9 210 40 0.1

NbN 375 2.9 160 16 144

Potential and Challenges

Nb3Sn is a material with tremendous potential for SRF

applications. It has extremely small Rs, as a result of its

small ρn and large Tc∼18 K (twice as high as niobium),

as well as its small Rres, shown in cavity measurements

[13]. It also is an excellent candidate for achieving large

Eacc, with very large predicted Bsh∼400 mT (again twice

as high as niobium), and a decent ξ∼3-4 nm. Further-

more, it can be coated onto niobium substrates, allowing

existing niobium cavities to be upgraded. It is also non-

reactive with water, and it adheres strongly to niobium

when coated onto it, so that Nb3Sn cavities can be cleaned

using the high-pressure-water-rinsing methods developed

for niobium.

Nb3Sn is brittle, and it has low thermal conductivity, so

it has to be used in film form. Therefore it faces challenges

associated with using SRF films. These are detailed in a

later section.

Preparation Methods

The Nb3Sn fabrication method that has produced the

most encouraging SRF results is vapor diffusion. The tech-

nique was developed at Siemens AG [14] and University

of Wuppertal [15], and it is now being employed by re-

searchers at Cornell University [16] and Jefferson Lab [17].

A niobium cavity is placed in an ultra-high-vacuum furnace

with a small amount of tin. The temperatures of both are

polycrystalline films. However, material parameters vary

depending on how the superconductor is fabricated, and

some improvement in SRF qualities can be expected with

R&D.

Table 1: Material Properties of Niobium and Three Promis-

ing Alternative SRF Materials. The penetration depth λ is

calculated using Eqn 3.131 in [5]. The coherence length ξ
is calculated using the equations in [6]. For Nb a RRR of

10 was assumed. For MgB2, λ and ξ are not calculated,

as the experimental values are given in the reference. Bsh

for Nb is found from [7] and for others calculated from [2].

For Bsh calculations, Bc = φ0/(2
√
2πξλ) is used, where

φ0 is the flux quantum [5]. Nb data from [8], Nb3Sn data

from [9], NbN data from [10], and MgB2 data from [11]

and [12]. Note that the two gap nature of MgB2 may re-

quire more careful analysis than is performed here.
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raised to around 1000◦C, so that the tin has a high enough

vapor pressure to reach the cavity, and once it reaches the

surface, the temperature is high enough to encourage diffu-

sion and alloying.

Researchers at several institutions have recently at-

tempted to fabricate Nb3Sn using other methods: liquid tin

dipping and multilayer sputtering at INFN [18]; cathodic

arc deposition at Alameda Applied Sciences Corp. [19];

and pulsed laser deposition at KEK [20] (note that AASC

and KEK fabricated MgB2 via the same methods). How-

ever, so far these studies have not produced encouraging

RF results.

Development Status

Jefferson Lab has fabricated Nb3Sn samples with ex-

cellent Tc. They have also performed low-field Rs mea-

surements in a 7.4 GHz host cavity. A dedicated furnace

has been delivered, and is currently being commissioned to

coat full single-cell cavities. The apparatus is shown in Fig.

2.

JLab – Design JLab– Commissioning Cornell – Design Cornell – Commissioning Cornell – Coating

Figure 2: Apparatuses for coating cavities with Nb3Sn at

Jefferson Lab (left) and Cornell University (right).

The Nb3Sn program at Cornell University (see coating

apparatus in Fig. 2) has been ongoing for several years,

and recently produced its second 1.3 GHz cavity, shown in

Fig. 3, which showed exceptional performance in RF test

[16]. As shown in Fig. 4, it achieved fields ∼12 MV/m at

4.2 K with a Q0 of 1010, 20 times higher than niobium. It

is the first alternative material accelerator cavity to achieve

significantly smaller Rs than niobium at useful gradients

and temperatures. Previous Nb3Sn cavities suffered from

a strong increase in Rs with field, leading to speculation

that the coherence length was too small, causing the bar-

rier to vortex penetration to fail at surface imperfections.

However, this new cavity proves that even with a ξ of only

∼ 3 nm, the energy barrier prevents observable vortex dis-

sipation, the first clear indication that such a small ξ will

not cause a fundamental limitation for cavities made from

alternative materials.

MAGNESIUM DIBORIDE

Potential and Challenges

MgB2 was discovered relatively recently, so it is not as

well developed as Nb3Sn, but it also has exciting poten-

Figure 3: Cavity coated with Nb3Sn at Cornell (left); view

looking down into cavity before (top right) and after coat-

ing (bottom right). Notice the dark, matte gray appearance

of the Nb3Sn coating.

Bc1

Nb at 4.2K

0 10 20 30 40 50 60
10

B  [mT]

 

30
B

pk
 [mT]

Figure 4: Q0 vs Eacc for Cornell’s Nb3Sn cavity. At

10 MV/m, the Q0 is a factor of 20 times higher than Nb

at 4.2K. The maximum surface magnetic field is approxi-

mately 2 times higher than Bc1=27±5 mT, which was cal-

culated using Ginzburg Landau theory from measured ma-

terial parameters.

tial. With a Tc of approximately 40 K, and a small ρn, it

can have a very small RBCS even well above liquid helium

temperatures. Its superheating field is not clear at this early

stage of development, but it could range from ∼200-600

mT, depending on the material properties. More develop-

ment of SRF-quality MgB2 films is needed to make a better

estimate. It also has a decent ξ∼5 nm.

There are some challenges to developing MgB2 as an

SRF material. In fabrication, it is necessary to obtain a very

small oxygen background in the coating chamber, as the

magnesium is highly reactive with it. The coatings also re-

act with water, which makes cleaning difficult. It might be

necessary to coat an additional dielectric “capping” layer to

allow a MgB2 cavity to be cleaned. Additionally, because

it is a two-gap material, its Rs is predicted to increase with

field, but there might be methods to reduce this effect [21].

MgB2, like Nb3Sn is being developed in film form, so it

will have the same film challenges detailed in a later sec-

tion.

WEZBA1 Proceedings of PAC2013, Pasadena, CA USA

756C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Accelerator Technology

T07 - Superconducting RF



Preparation Methods

Excellent preliminary results have been obtained using

hybrid physical chemical vapor deposition at Temple Uni-

versity [22] and using reactive co-sputtering at Supercon-

ducting Technologies Inc. (STI) [23].

Development Status

Coating of accelerator cavities with MgB2 is being de-

veloped by X. Xi at Temple University [22]. Studies of

samples produced at Temple have repeatably shown films

with Tc very close to the ideal literature value, and ρn of

only 0.1 µΩcm [12]. Encouraging RF results have been

obtained by researchers at Los Alamos and MIT Lincoln

labs on MgB2 stripline and dielectric resonators fabricated

by STI, as shown in Fig. 5. Measurements still need to

be done at smaller frequencies to determine if Rres can be

small enough for SRF cavities, and if this can be main-

tained up to useful fields.
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Figure 5: RF measurements of MgB2 stripline and dielec-

tric resonators show excellent Rs at high temperatures and

high frequencies. Experimental data from D. Oates [23].

Note that scaling of the data from high frequencies may sig-

nificantly underestimate the residual resistance at 2.2 GHz.

NIOBIUM NITRIDE

With a high Tc∼15-17 K, the δ phase of NbN has the

potential to have RBCS significantly smaller than niobium.

For the relatively dirty films that are generally produced,

it has a predicted Bsh of only around 150-200 mT, with

a decent ξ∼3 nm. However, one additional argument in

favor of pursuing NbN is that it might be possible to coat

large niobium cavities in existing UHV furnaces—one of

the methods of producing NbN involves bringing niobium

to high temperatures in the presence of nitrogen gas, then

quickly cooling it [24].

NbN has a very complex phase diagram, which makes

it very challenging to achieve the superconducting δ phase.

This is achievable with sputtering, but with heat treatment

in a nitrogen atmosphere, no reliable procedure has been

developed that could be applied to cavities. Recently an

Rs reduction was observed in niobium cavities that were

treated with nitrogen gas in a UHV furnace at Fermilab,

and it was initially speculated that the cause was the growth

of superconducting NbN. However, Tc and XRD measure-

ments of samples revealed that another mechanism must

have been responsible [25]. Another challenge is Rres—

tests of sputtered NbN have shown a relatively high value.

Additional investigations are needed to determine if this

can be avoided.

MULTILAYERS

In 2006, A. Gurevich proposed that bulk films of al-

ternative materials would be inferior to “SIS multilayer”

films, which consist of alternating layers of thin supercon-

ductor (S) and insulator (I) on top of bulk superconductor,

as shown in Fig. 6 [26]. It was suggested that the enhance-

ment of the critical fields in thin films would help small-

ξ
materials to avoid vortex penetration from small surface

defects. Several labs over the world have made excellent

progress in the difficult process of fabricating SIS films,

including CEA [27], Argonne [28], JLab [29], William and

Mary [30], and Grenoble IPT [31]. However, recent the-

oretical work has shown that compared to bulk films, SIS

multilayers can offer only a small enhancement of the su-

perheating field, and only for a small parameter range [32].

Insulating layers

Thin layers of alternative superconductor

Figure 6: SIS multilayer structure proposed to protect alter-

native materials from vortex penetration. New theoretical

work suggests that multilayers will not be superior to bulk

films. Image adapted from [26].

FILM CHALLENGES

The alternative materials being researched are primarily

used in film form over metal substrates. There are unique

challenges associated with SRF films that are not encoun-

tered in cavities made form bulk material. The cooldown of

a film cavity must be done slowly and uniformly to avoid

temperature gradients over the surface. Gradients can cause

thermocurrents due to the interface of the two materials,

which in turn can create and trap flux that causes excess

Rres. This also means that after a quench, the cavity must

be warmed above Tc and cooled slowly again to regain a

small Rs. Films cavities have fewer options available in

case of a contaminated surface after coating—because the

film is usually only a few µm thick, only light chemistry is

available to clean the surface. Large cavities also present

a significant challenge with films, since applying a film to

a completed structure requires a very large coating appara-

tus. Coating pieces before welding is not possible in most

cases because this would destroy the quality of the film at

the weld.
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OTHER MATERIALS

Other potentially promising materials not presented here

but for which there has been some recent activity include

V3Si, Mo3Re [33], and Nb3GaAl [34]. In addition, though

they have very complex structures, the oxypnictides are an

exciting possibility. More research is needed into these ma-

terials to understand if they might be useful for SRF appli-

cations.

CONCLUSIONS

Alternative SRF materials offer lower Rs, higher Tc, and

higher Bsh than niobium. Cavities made from these mate-

rials would be much more cryogenicically efficient (likely

a factor of 10-100), and they are predicted to reach higher

gradients (up to a factor of ∼2), meaning that fewer cavi-

ties would be required to reach a given beam energy. Many

labs worldwide are contributing to the effort, and while it

is expected to be a long term R&D project, there has been

significant progress recently. A Nb3Sn cavity produced at

Cornell achieved a breakthrough performance: at 4.2 K

and ∼12 MV/m, it had a Q0 of 1010, 20 times higher than

Nb, making it the first alternative material accelerator cav-

ity to far outperform niobium at useful gradients and tem-

peratures. MgB2 is also showing great promise in small-

scale RF tests, and the first MgB2 accelerator cavities are

planned to be produced soon.
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DESIGN OF THE SUPERCONDUCTING MAGNET SYSTEM FOR           

THE SUPERKEKB INTERACTION REGION 

N. Ohuchi
#
, Y. Arimoto, N. Higashi, H. Koiso, A. Morita, Y. Ohnishi, K. Oide, H. Sugimoto,          

M. Tawada, K. Tsuchiya, H. Yamaoka, Z. Zong, KEK, Tsukuba, Japan 

M. Anerella, J. Escallier, A. Jain, A. Marone, B. Parker, P. Wanderer, BNL, Upton, NY, U.S.A. 

Abstract 
SuperKEKB is the upgraded accelerator of KEKB 

aiming at an extremely high luminosity. The machine is 

designed on the basis of nano-beam scheme. The beam 

final focusing system is the most important element for 

achieving the luminosity of this accelerator. The system 

consists of 8 quadrupoles, 4 solenoids and 43 correctors.   

INTRODUCTION 

The target luminosity of SuperKEKB [1] is 40 times 

higher luminosity of 8×10
35

 cm
-2

 s
-1

 than that of KEKB. 

The 7 GeV electrons in the high-energy ring (HER) and 

the 4 GeV positrons in the low-energy ring (LER) collide 

at a single interaction point, IP, with a finite crossing 

angle of 83 mrad. 

The accelerator is designed on the basis of the nano-

beam scheme [2], and the final beam focusing system has 

been designed with superconducting quadrupole doublets 

for each beam. Since the positions of quadrupole magnets 

must be aligned very precisely within several nano 

meters, the alignment of quadrupoles is performed by the 

correctors [3]. In addition, from the requirement of beam 

optics, 43 corrector coils are installed in the system. The 

system has four compensation solenoids to reduce the 

effect of the detector solenoid field on the beams. All 

magnets and correctors are assembled into two cryostats. 

In the paper, the design of the system is described. 

SUPERCONDUCTING MAGNET SYSTEM 

Magnet Layout in the IR 

Figure 1 shows the layout of the superconducting 

magnets near the interaction point, IP [4]. The system 

consists of 8 main quadrupole magnets, 4 compensation 

solenoids, 35 corrector coils and 8 coils to cancel the 

leakage magnetic fields of QC1LP/RP. The main 

quadrupole magnets (QC1s and QC2s) are designed to 

form a quadrupole doublet for each beam. Table 1 shows 

the main parameters of the quadrupole magnets at the 

colliding energy of 11 GeV. The QC1LP/RP magnets are 

located at the closest position, +/- 935mm, to IP. They are 

quadrupole magnets without magnetic yokes in order to 

make the solenoid field profile for minimizing vertical 

beam emittance. The other quadrupole magnets have 

magnetic yokes. 

Since the QC1LP/RP magnets are non-yoked magnets, 

the leakage field from the magnets to the e- beam line 

contains all field components as shown in Fig. 2. In order 

to cancel these components, the B3, B4, B5 and B6 cancel 

coils [3] are wound using the helium inner vessel as the 

coil bobbin. A small twist of the windings which produce 

the normal cancel components also generates the needed 

skew cancel components. The B1 and B2 field components 

are included in the optics design. 

The compensation solenoids, ESL, ESR1, ESR2 and 

ESR3, are designed to cancel the Belle-II solenoid field 

integrally along the beam lines [5]. In the ESL and ESR1 

solenoids, two or three quadrupoles are assembled, 

respectively, as shown in Fig. 1. In the right cryostat, the 

additional solenoids, ERS2 and ESR3, are also installed.   

 

 

Figure 1: Layout of S.C. magnets near the IP of 

SuperKEKB. 

 

Figure 2: Leakage field profiles along the e- beam line. 

 

Table 1: Main Quadrupole Parameters 

Magnet GL, T (T/m×m) Type Z, mm θ, mrad 

QC2RE 13.04 (31.12×0.419) Yoke 2925 0 

QC2RP 11.54 (28.15×0.410)  Yoke 1925 -2.114 

QC1RE 25.39 (68.07×0.373) Yoke 1410 0 

QC1RP 22.96 (68.74×0.334) no Yoke 935 7.204 

QC1LP 22.96 (68.74×0.334) no Yoke -935 -13.65 

QC1LE 26.94 (72.23×0.373) Yoke -1410 0 

QC2LP 11.48 (28.00×0.410) Yoke -1925 -3.725 

QC2LE 15.27 (28.44×0.537) Yoke -2700 0 

GL is the integral field gradient (field gradient at center× 

effective magnetic length).  ___________________________________________  

#norihito.ohuchi@kek.jp 
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Alignment of Q uadrupole Magnets 

In Table 1, the quadrupole centers from IP and the mid-

plane angles to the horizontal plane are listed. The 

quadrupole magnets for LER are assembled with these 

angles in the cryostats. Since the solenoid field and the 

leakage field of QC1P magnets change the e- beam orbits, 

the beam orbits will be controlled by dipole correctors. In 

order to optimize the corrector system, the magnet axes of 

QC1s and QC2s are shifted as shown in Table 2. In the 

table, ∆Y is the shift amount in vertical direction from the 

horizontal plane including IP and the negative sign means 

downward. The plus ∆X means the horizontal shift 

toward the outer direction of the accelerator ring.  
 

Table 2: Shift Amount of Magnet Axis 

Magnet ∆Y Magnet ∆X 

QC1RP -1.0 mm QC1RE -0.7 mm 

QC2RP -1.0 mm QC2RE -0.7 mm 

QC1LP -1.5 mm QC1LE +0.7 mm 

QC2LP -1.5 mm QC2LE +0.7 mm 

QUADRUPOLE MAGNETS 

The four cross sections of the quadrupole magnets are 

shown in Fig. 3. The magnet designs are different in order 

to accommodate the change of the beam pipe diameters in 

the cryostats. Table 3 shows the design parameters of the 

magnets. The numerical values are for colliding energy of 

12 GeV. The magnets consist of two layer coils, and the 

cables are same specification except for the keystone 

angle. The QC1P magnets are designed without iron 

yokes because in the location of these magnets the 

solenoid fields by ESL and ESR1 integrally cancel the 

Belle-II solenoid field. The QC1E and QC2P magnets 

have Permendur yokes to avoid magnetic saturation in 

yokes due to local imperfection in cancelling Belle-II 

field by ESL and ESR1. For the QC2E magnets, the yoke 

material is iron because the separation between two 

beams is more than 200 mm.  

 

Table 3: Design Parameters of QC1 and QC2 Magnets 

 QC1

P 

QC1

E 

QC2

P 

QC2        

LE/RE 

Magnetic yoke No Perm. Perm. Iron 

Coil I.R., mm 25.0  33.0 53.8 59.3 

Coil O.R., mm 30.49 38.49 59.29 64.79 

Collar/Yoke O.R., mm 35.5 70 93 115 

Turns in a pole 25 34 54 58 

Field grad.at Id, G, T/m 76.4 91.6 32.0 36.4/39.3 

Design curr., Id, A 1800 2000 1000 1250/1350 

Magnetic length, mm 333.6 373.1 409.9 537/419 

 Id /Ic, % 72 73 47 50/49 

 

Figure 3: Quadrupole magnet cross sections. 

 

 

 

Figure 4: Coils of QC1P magnet and error field profiles. 

In Fig. 4, the coils of QC1LP and the profiles of A4, B4, 

A6 and B6 components are shown. The coil ends are 

designed to reduce the absolute peaks of the error fields to 

less than 20 Gauss and the integral error fields to less than 
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1 unit. From the asymmetry configuration of the lead end, 

the B4 component has the peaks of +/- 18 Gauss. The 

Touschek life time are calculated with these field profiles. 

As the result, the lead ends of the magnets are positioned 

at the IP side in the cryostat because the smaller size 

beam at the IP side is less sensitive to the higher order 

error fields. The other quadrupole magnets are placed in 

the same way.  

SUPERCONDUCTING CORRECTORS 

The corrector specifications are summarized in Table 4. 

In Table 4, Rr is the reference radius, and An and Bn are 

the skew and normal correctors, respectively. The A1 and 

B1 correctors are designed to be able to shift the magnet 

axis in the range of 0.5 mm to 1.0 mm. The A2 corrector 

can rotate the mid-plane angle of the quadrupoles from 12 

mrad to 15 mrad. The sextupole A3 and B3 correctors 

cancel the error fields of the quadrupole magnets induced 

by magnet assembly errors. The required integral 

sextupole field strengths are equivalent to 1×10
-3

 of the 

quadrupole fields. Rr values of B3 coils for LER and HER 

are 15 mm and 30 mm, respectively. Installation of 

sextupole correctors was decided from the results of 

QC1P/1E proto-type magnets [6]. The B4 correctors 

increase the dynamic transverse aperture.  

 

Table 4: Integral Field Strengths of Correctors 

Magnet Rr 

mm 

A1 

T•m 

B1 

T•m 

A2 

T 

A3 

T/m 

B3 

T/m 

B4 

T/m2 

QC1RP 10 0.016 0.016 0.64 7.6 
17.2 

60 

QC2RP 30 0.03 0.03 0.31 1.36 - 

QC1RE 15 0.027 0.046 0.75 7 
27 

- 

QC2RE 35 0.015 0.015 0.37 1.5 - 

QC1LP 10 0.016 0.016 0.64 - - 60 

QC2LP 30 0.03 0.03 0.31 - - 60 

QC1LE 15 0.027 0.046 0.75 - - 60 

QC2LE 35 0.015 0.015 0.37 - - 60 

COMPENSATION SOLENOIDS 

Figure 5 shows the field profile of Belle-II solenoid and 

the combined field profile with ESL and ESRs. As shown 

in Fig. 5, Belle-II solenoid generates the solenoid field of 

1.5 T, and the field is cancelled by the reverse solenoid 

fields in the areas of QC1LP and QC1RP. In order to 

produce the combined field profiles required by beam 

optics, ESL and ESR1 are divided into 12 and 15 small 

solenoids, and they produce the integral fields of 2.31 

T•m and 3.69 T•m, respectively. These integral fields 

correspond to the integrated Belle-II solenoid fields from 

the IP. The maximum fields in ESL and ESR1 coils with 

the Belle-II fields are 3.4 T and 3.3 T, respectively. 

Since QC1Es and QC2Ps have the Permendur yokes 

and the combined fields are designed to be less than 0.01 

T, the residual solenoid fields are negligible on the beam 

lines. Between QC2RP and QC2RE, the Belle-II fringe 

field is in the range of 0.6 T because of no magnetic 

shields. The fringe field is cancelled by ESR2 or ESR3. 

The solenoid parameters are summarized in Table 5.  

The design of the cryostat is difficult because the 

compensation solenoids have large repulsive electro-

magnetic forces from the Belle-II field. The forces on 

ESL and ESR1 amount to 38 kN and 48 kN, respectively. 

The forces affect the magnet-cryostat alignment, and this 

is the next important problem to be solved.  

 

 

Figure 5: Solenoid field profiles along the beam lines. 

Table 5: Design Parameters of Compensation Solenoids 

 ESL ESR1 ESR2/3     

Integral field, T•m 2.31 3.69 0.17 

Design current, A 348 462 210 

Inductance, H 2.14 2.64 0.02 

Maximum field, T 3.6 3.3 0.3 

Magnet length, mm 905 1575 720 

Id /Ic, % 68 72 <20 

SUMMARY 

The final focusing superconducting magnet system of 

SuperKEKB has been designed after many steps of 

iteration. The designed system consists of 8 quadrupole 

magnets, 4 compensation solenoids and 43 corrector coils. 

They are now in the construction stage, and the 

completion of the system is scheduled in 2015. 
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RAPID CYCLING DIPOLE MAGNET∗

H. Witte† , J.S. Berg, P. Kovach, M.D. Anerella, Brookhaven National Laboratory, Upton, NY, USA

M. L. Lopes, Fermilab, Batavia, IL, USA

Abstract

Accelerating muons to 750 GeV and higher is most ef-

ficiently accomplished using a hybrid synchrotron. Such a

machine interleaves superconducting dipoles with bipolar

dipoles ramping at an effective frequency of 400–1000 Hz

and with maximum fields of around 1.8 T. Previous designs

for the rapid cycling dipoles for this lattice have been based

on grain oriented steel, which possesses good magnetic

properties in the direction of the grains. Grain oriented

steel however is highly anisotropic, which can potentially

lead to field quality problems. In this paper we present an

alternative design, which we expect to have lower losses, a

higher peak field, and better field quality.

INTRODUCTION

A hybrid synchrotron is the most efficient known op-

tion for accelerating muons to their highest energies in a

TeV-scale muon collider. A hybrid synchrotron bends par-

ticles by interleaving fixed field superconducting dipoles

with bipolar rapid cycling dipoles. This permits rapid ac-

celeration, to reduce muon decay, while making a signifi-

cant number of RF cavity passes to achieve good efficiency.

To maximize the RF efficiency, minimize decay, and maxi-

mize the energy range of a single ring, it is essential to have

the highest field possible for both the superconducting and

the rapid cycling dipoles.

A design accelerating muons from 375 to 750 GeV has

been proposed [1] (shown schamatically in Fig. 1), which

was a variation and refinement on earlier designs [2]. It has

a circumference of 6300 m, with arc cells containing 2.7 m

8 T dipoles and 7.9 m rapid cycling dipoles. The field in

the rapid cycling dipoles swings from −1.8 T to +1.8 T in

0.5 ms; there are about 2200 m of these dipoles in the ring.

The beam will be accelerated 15 times per second.

High Energy Orbit

Half

Quad

Low Energy Orbit

Cold

Dipole

Warm

Dipole

Warm

Dipole

Cold

Dipole

Figure 1: Structure of a quarter cell, showing the expected

deviation of high and low energy closed orbits.

This report outlines a potential solution for the rapid cy-

cling dipoles. We propose a solution operating at a fre-

∗Work supported by Brookhaven Science Associates, LLC under Con-

tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.
† hwitte@bnl.gov

quency of 400 Hz (proposed in [2], gives more decays

than [1]). The aperture required will be 60 mm horizon-

tally (required for horizontal beam aperture) and 13 mm

vertically (primarily to keep impedances reasonable). We

also discuss a 25 mm vertical aperture, which might be re-

quired if a ceramic beam pipe is used.

MAGNET GEOMETRY

We consider the geometry shown in Fig. 2, which shows

the 13 mm gap case. For a 25 mm gap the pole width in-

creases to 132 mm because of field quality reasons. Each

coil area is 87× 30 mm2 in cross-sectional area.

Figure 2: Geometry of the dipole magnet (in mm).

MATERIALS

Previous studies focused on grain-oriented 3% SiFe,

which possesses good magnetic properties in the rolling di-

rection [3]. A concern however is the high anisotropy of

the material, which in studies has shown to affect the field

quality.

For this study we focus on alternative isotropic mate-

rials, which promise lower losses while at the same time

can achieve higher peak magnetic fields. The coil design

employs two materials: 6.5 %SiFe and FeCo (49% Co,

1.9% V and 49% Fe). 6.5% SiFe, which has a relatively

low magnetization saturation, is chosen for the very low

losses. FeCo (with relatively large losses) has a very high

magnetization saturation and is used for the poles of the

magnet. For this design we consider Vacoflux 48 from Vac-
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uumschmelze1 and 10JNEX900 from JFE2. The material

data for hysteresis, magnetization curves and loss calcu-

lations were obtained from the manufacturers [4, 5]. The

laminates are assumed to be 100µm thick. For comparison

reasons we also estimate performance and losses for a de-

sign using isotropic 3% SiFe with thicknesses of 178µ and

250µm [6, 7].

PERFORMANCE AND FIELD QUALITY

The magnet performance using the different materials

was evaluated in a 2D non-linear static finite element sim-

ulation. For a field of 2T an average current density of

4 A/mm2 is required (25 mm gap: 7.88 A/mm2). Fig. 3

shows the expected field quality ∆B/B0 as a function of

the peak magnetic field on the centre plane. The figure

shows the obtained results for an all 3% SiFe yoke and

FeCo/6.5 %SiFe (13 mm and 25 mm gap). As shown in

the figure, the field quality using 3% SiFe starts to deteri-

orate for fields in excess of 1.5 T. Using FeCo in principle

allows to achieve more than 1.9− 2 T assuming a required

field quality of 1× 10−3.

Figure 3: Field quality.

It was found that the field quality is unaffected by eddy

currents in the yoke, hysteresis effects and mechanical tol-

erances other than the tolerance on the poles of the magnet.

POWER LOSSES

Resistive Losses in Coil

It was found that eddy current losses in the coils are a

serious concern. To mitigate this the coils are placed in an

area inside the yoke where field leakage is minimal. Instead

of standard rectangular conductor (with a circular hole for

water cooling) the coils are made of thin copper sheets,

which are insulated against each other with 25µm thick

Kapton tape. To determine the ideal thickness of the sheets

a time-transient eddy current study was set-up. The sim-

ulation assumes that the coil area remains fixed, while the

1VACUUMSCHMELZE GmbH & Co. KG, Grüner Weg 37, D-63450

Hanau, Germany
2JFE Steel Corporation, Electrical Steel Section, Tokyo, Japan

number of sheets is varied (and the thickness of each sheet

is dSheet = wcoil/N , with N as the number of sheets).

Figure 4: Power loss per m of magnet for different numbers

of conducting sheets.

Fig. 4 shows the simulated power loss per pulse for a one

meter long magnet. The figure shows that increasing the

number of sheets up to 20 significantly reduces the power

loss. A number of 30 sheets (each 1 mm thick) was chosen

for the final design.

Core Losses

The core losses consist of eddy current losses, hysteresis

losses and so-called anomalous losses. To estimate the core

losses we rely on measured data from the manufacturers

of the materials [4, 5]. Fig. 5 shows the results for an all

3% SiFe yoke with 178µ and 250µm thick laminates in

comparison to a yoke made of 6.5% SiFe and FeCo. The

losses are calculated assuming 2 km total dipole length in

the ring.

Figure 5: Core losses.

The figure shows that the here presented design is more

efficient in comparison to a yoke made of 3% SiFe. For a

peak field of 1.5 T the core losses are calculated to 0.5 MW

for the entire ring in comparison to 1–1.5MW for 3% SiFe.

The core losses for 178µm thick 3% SiFe are expected to

be lower than for 250µm thick laminates due to the better

suppression of eddy currents.
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Total Power Loss

The total estimated power loss for the entire ring (core

and coil losses, total dipole length 2 km) are shown in

Fig. 6. The figure shows the losses assuming a 13 mm and

25 mm gap. The losses for the 178µm thick 3% SiFe lam-

inates are shown as well. At 1.5 T the total losses using

FeCo and 6.5 %SiFe are expected to be about 0.75 MW for

the entire ring. At 2 T this increases to 1.5 MW. The power

losses are lower by a factor of two or more in comparison

to a design using 178µm thick 3% SiFe.

Figure 6: Total power loss for entire ring.

ENGINEERING CONSIDERATIONS

Mechanical Design

To contain the forces during operation the dipole magnet

is housed in an external clamp. The peak forces during

operation were evaluated using the Maxwell stress tensor

and Biot-Savart-Law. It was found that the only significant

force component acts on the poles, which is about 170 kN

in vertical direction for a 1 m long magnet with a 13 mm

gap (towards the centre of the magnet). The force acting on

the coils is negligible.

Figure 7: Rapid cycling dipole assembly.

The support structure of the magnet is designed to deal

with the forces and to minimize the deflection to achieve

the desired field quality. Fig. 7 shows the mechanical de-

sign of the dipole magnet.

Cooling

The average power dissipation in both the yoke as well as

the coil is relatively low due to the repetition rate of 15 Hz.

The coils can be conduction cooled on each side. A finite

element simulation shows that the temperature gradient in

the coil can be kept to 2 K or less provided 500 W (for a

1 m long dipole magnet) can be transferred to the coolant.

The yoke can be conduction cooled via the external faces.

SUMMARY

A conceptual design of a dipole magnet is described in

this paper which is suitable to be operated at 400 Hz with

a repetition rate of 15 Hz. Using two different materi-

als for the yoke (FeCo and 6.5 %SiFe), the losses can be

minimized while at the same time achieving high magnetic

fields. The presented design delivers a good field quality up

to about 2T. For this field level the average power loss for

an entire ring (2 km total dipole length) is about 1.5 MW.

It is planned to carry out activation studies of the yoke,

which is a concern due to the cobalt content.
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THE ILLINOIS ACCELERATOR RESEARCH CENTER 
R. Kephart#, J. Anderson, C. Cooper, S. Henderson, C. Schmidt 
Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

Abstract 
Particle accelerators are an enabling technology not 

only utilized in their traditional role for fundamental 
research, but also in such diverse fields as medicine, 
industrial processes, environmental mitigation, and 
national security. In recognition of this large impact on 
the US economy, the Fermi National Accelerator 
Laboratory (FNAL) has partnered with the Illinois 
Department of Commerce and Economic Opportunity 
(DCEO) and the Department of Energy’s Office of High 
Energy Physics (DOE/OHEP) to build the Illinois 
Accelerator Research Center (IARC). Located on the 
Fermilab campus, this 83,000 square foot facility will 
house office, technical, and educational space in a state-
of-the-art facility for accelerator research, development, 
and education. With a strong focus on industrial 
application of accelerator technologies, IARC will attract 
high-tech companies to Illinois and help train Illinois 
citizens in advanced technologies. 

INTRODUCTION 
IARC was conceived and proposed by Fermilab and 

DOE to the State of Illinois in 2007. The need for a US 
facility like IARC was recognized at the Accelerators for 
America’s Future symposium held in Washington DC in 
Oct 2009. The 2010 report from this symposium contains 
a wealth of information on the basic justification for 
investment in accelerator applications as well as the 
opportunities for new accelerator applications for a 
facility like IARC [1]. Following the lead of this 
symposium, the 2012 Senate Water and Energy Bill 
encouraged DOE to pursue the development of 
accelerator applications more aggressively [2,3]. It 
requested DOE/OHEP to provide a plan to address the 
opportunities made evident in the Accelerators for 
America’s Future symposium. In 2011, OHEP convened 
an Accelerator R&D Task Force to offer advice on the 
creation of such a plan. An interim report from this 
committee was presented at the High Energy Physics 
Advisory Panel (HEPAP) meeting in March 2012 [4]. The 
final report to the House and Senate Appropriations 
Subcommittees was completed in September 2012. 
Through this request by Congress, OHEP is now the 
designated steward of accelerator science and technology 
within the DOE Office of Science complex, with a new 
thrust toward applied technology. 

Key to the success of IARC will be a shared 
understanding at the national, state, and local levels that 
translational technology, namely developing ideas from 
the laboratory into commercial practice, only happens 
when the proper environment is cultivated. The proper 
environment promotes friendly, flexible collaboration 
with industry and universities and provides sufficient seed 

resources such that non-traditional and multi-disciplinary 
efforts can flourish.  

In 2014 Fermilab plans to increase its partnerships with 
industry via Work for Others (WFO) and Cooperative 
Research and Development Agreements (CRADA’s). 
When the physical plant is completed for occupancy in 
2015, the IARC facility will attract industrial partners to 
develop technology for accelerator applications, 
encourage development of intellectual property by 
laboratory and university accelerator staff, and provide a 
National Center for Accelerator Education. The goal is a 
successful IARC program that exploits and leverages 
resources from DOE OHEP, Small Business Innovation 
Research (SBIR) programs, DCEO, and other public 
funding with substantial private investment from industry 
and the venture capital community. These funds will be 
used to translate ideas in accelerator technology into new 
high tech products and industries and to create an 
educational program to train the skilled workforce to build 
and operate the accelerators of the future. 

 
A key concept for the IARC program is that it serves as 

a portal to allow industrial access, not just to the IARC 
physical plant, but also to the facilities and technical 
expertise of the entire laboratory. A successful program at 
IARC will lower barriers for Laboratory – Industry 
cooperation on accelerator technology and applications 
and enable an entire new class of projects to be 
undertaken as Government-Industry partnerships. 

MISSION STATEMENT 
The mission of IARC is to partner with Industry, 

University, and Laboratory collaborators to promote the 
development of accelerator technology and applications, 
leading to new products, capabilities, and businesses. The 
IARC education program will support and enable the 
creation of the high technology workforce required for its 
mission. 

THE VISION 
The vision for IARC is the creation of a friendly, 

flexible environment to facilitate collaboration with 
industry, universities, and other national labs and to help 
provide sufficient seed resources such that non-traditional 
and multi-disciplinary efforts can flourish. The IARC 
environment will allow access and leverage of Fermilab’s 
unique facilities and staff to create an innovation hub for 
new Accelerator based technologies and industries. 

When the IARC physical plant is complete in 2015, the 
laboratory envisions attracting industrial partners to 
develop technology for industrial accelerator applications; 
encouraging the development of advanced innovative 
accelerator science and technology as well as intellectual 
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property by laboratory and university staff; and creating a 
National Center for Accelerator Education.  

 

The key components of the IARC mission and vision 
are: 

 Partnerships with industry, university, and 
laboratory collaborators to promote the 
development of accelerator technology, projects, 
and applications.  

 Creation and support of entirely new U.S. based 
high tech industry sectors based on accelerator 
technology that enables new products and 
capabilities.  

 Partnerships with universities to create a national 
educational center for accelerator science and 
technology. 

IARC’S VALUE TO INDUSTRY 
IARC will offer value to U.S. industrial companies and 

entrepreneurs by: 
 Helping to overcome the technical barriers that 

currently impede development of ideas into new 
accelerator based applications and businesses.  

 Serving as a portal organization to provide 
industry with better access to the extensive 
expertise in accelerator science and technology 
available from the Fermilab staff as well as the 
staff at nearby Argonne National Laboratory.  

 Providing access to the specialized and unique 
accelerator infrastructure at Fermilab.  

 Enabling and encouraging collaborations to 
propose and demonstrate the use of accelerator 
technology for new applications or markets. 

 Serving as a Center for Accelerator Education 
allowing industrial staff to acquire needed 
technical skills to pursue businesses based on 
accelerator technology 

CAPABILITIES AVAILABLE TO 
INDUSTRY THROUGH IARC 

IARC will provide unique infrastructure for the 
development of new accelerator based products and 
businesses. However, key to its success is the powerful 
core capabilities available at the entire laboratory. The 
Accelerator Sector at Fermilab is made up of nearly 700 
Scientists, Engineers, and Technical staff. Staff members 
have extensive experience spanning decades of design, 
construction, and operation of some of the most 
technically challenging accelerator components, 
accelerator systems, and facilities in the world. A brief 
summary of some specific areas of expertise and 
excellence that currently exist at the laboratory are listed 
in Table 1. 

 

Table 1: Fermilab Core Capabilities Available to IARC 
Partners 

Core capabilities Areas of Expertise 
Accelerator 

Science 
Beam dynamics and theory 
Simulation and Modeling 
Phase-space manipulation 
Energy Deposition 

Accelerator 
Operation 

Operation and commissioning of large, 
complex accelerator systems 

Accelerator 
Technology 

 
(design, 

fabrication, test) 

Linear and circular particle accelerators 
Superconducting RF cavities 
Superconducting magnets  
Cryomodules 
Conventional, and pulsed magnets 
Magnet field mapping 
Beam Cooling systems 
Design of high power targets 
High and low-level RF systems 
Cryogenic Refrigeration systems  

Accelerator 
Engineering 

Accelerator design & fabrication  
Accelerator integration & commissioning  
Accelerator system cost estimates 
Design of accelerator RF systems 
Radio Frequency system modeling  
Low and High power electrical systems 
Water cooling systems  
Energy deposition and activation 
Cryogenic Engineering 

Particle Detectors Advanced Detector development 
Beam test of detectors 
Custom ASIC development 

Controls 
Engineering 

Control systems modeling and design 
Control & Interlock systems 
Data acquisition systems 
VHDL, PLD, PLC, DSP programming 

Computing Management, analysis of large data sets 
High speed parallel (GRID) computing 
High speed networks 
Data Storage and Cloud computing 

 
The Fermilab accelerator sector staff and that of nearby 

Argonne National Laboratory represent the largest 
collection of Accelerator capability in North America. 
Similarly, the challenging experimental particle physics 
program at Fermilab has created world class capabilities 
in particle detector development and in advanced 
computing. 

FACILITIES AVAILABLE TO INDUSTRY 
THROUGH IARC 

IARC, located in the heart of the Industrial and 
Technical area of the Fermilab campus, will consist of 
36,000 square feet of heavy assembly, technical, and 
office space in an existing Heavy Assembly Building 
(HAB) plus 47,000 square feet of new technical, office, 
and educational space in the State of Illinois funded 
addition. These two buildings make up the IARC 
complex. 

The OTE building will provide office space for 
scientists, engineers, and administrative staff from 
Fermilab and IARC industrial, university, and laboratory 
partners. The OTE building provides meeting rooms, a 
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lecture hall, and technical lab space. The layout of OTE 
and the nearby Heavy Assembly Building (HAB) is 
shown in Figure 1, which also indicates IARC’s location 
in relation to the buildings that make up the Fermilab 
“Industrial Complex”.  

 
The Industrial Complex houses the bulk of the Fermilab 

Technical Division (TD). TD staff located in the 
Industrial Complex includes experts in conventional and 
superconducting magnets, experts in warm and 
superconducting RF technology, and a powerful 
superconducting materials technology group. It is planned 
to move the Accelerator Physics Center (APC) to the OTE 
building with the goal of integrating FNAL staff with 
industrial and university partners encouraging exchange 
of information and true partnerships. APC has a long 
history of working with industrial partners on diverse 
topics. Members of the APC staff have strong Accelerator 
Physics, Beam simulation, and energy deposition 
capabilities. 

The industrial complex includes extensive technical 
infrastructure for the development of accelerator 
components. Additional technical infrastructure at other 
locations on the Fermilab campus will also be available to 
IARC partners. Several test accelerators and beams will 
also be made available to IARC partners. 

The IARC OTE Building can be seen in Figure 2. The 
IARC HAB, seen in Figure 3, was formerly used as the 
assembly building for the Collider Detector at Fermilab 
(CDF). CDF was a large 5000 ton experimental detector 
used at the Fermilab Tevatron collider. This building has a 
large assembly area equipped with 50 ton and 10 ton 
overhead crane coverage, and also has a deep pit that is 
ideal for testing or operating pilot scale accelerators or 

any similar equipment that will require radiation 
shielding. Extensive test and operation infrastructure 
already exists in this facility, including cryogenic 
refrigeration, low conductivity cooling water, and 1.5 
MW of installed electrical power feeds. The HAB also has 
additional office space, meeting areas, and a technical 
shop with equipment for general machining. 
 

 
Figure 2: Illinois Accelerator Research Center (Office 
Technical and Education addition) under construction at 
Fermilab. 

 

 
Figure 3: Photo of the interior of the IARC Heavy 
Assembly Building. 

 
A successful program at IARC will lower barriers for 

Laboratory – Industry cooperation on accelerator 
technology and applications and enable an entire new 
class of projects to be undertaken as Government-Industry 
partnerships. In this spirit we have compiled a list of the 
extensive technical infrastructure and test capabilities 
available at Fermilab via the IARC program. Table 2 lists 
fabrication and test capabilities at Fermilab, while Table 3 
lists Fermilab test accelerator and beam test facilities. 
 

Table 2: Fabrications and Test Capabilities at Fermilab 
Facility Capability Specifications 

Technical 
Division 

IB1 

Superconducting 
RF cavity test 

facility. 

3 vertical test Dewars  
3.6 m in depth 
0.86 m in diameter 
1.4 K min temperature 

Conventional 
magnet test and 
mapping facility 

3 horizontal test stands 
Pulsed power supply 750V, 
25 kA, 2 HZ Complete 
magnet mapping capability 

Superconducting 
Magnet Test and 

Mapping 
facility. 

Vertical Dewar 
3.85 m deep 
0.6 m diameter 
1.8 K capability; Horizontal 

Figure 1: The IARC OTE & HAB Buildings shown in
the Technical Division Complex  
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Facility Capability Specifications 
SC magnet test stands 2 or 
4 K  
SC magnet Power supply 
(30 KA, 30 V); Interlocks 
and DAQ  

Cryogenic 
System 

Helium refrigerator: 1,500 
watts at 4.5K or 300 l/hour 
liquefaction 

Technical 
Division 

IB2 

Conventional 
magnet 

fabrications and 
repair. 

25 ft long curing and de-
bonding ovens  
7 ft dia, 250 F, vacuum 
furnace; Lamination 
stacking and winding of 
large conventional magnet 
coils  

Technical 
Division 

IB3 

Superconducting 
magnet 

development 
and fabrication 

SC cable machine;  
SC cable winding line 7 
meter curing presses Nb3Sn 
reaction ovens 

Analytical equipment: 
Scanning electron 
microscope with Energy 
Dispersive Spectroscopy, 
Laser confocal and contact 
surface profilometry, FT-
IR/TGA, Stress/Strain 
equipment, Residual 
resistivity ratio testing 

Technical 
Division 

IB4 

Quality Control 

Cavity 
Processing Lab 

Large CMM machines 
 
State of the art cavity 
tumbling machine Electro-
polish tool for SRF cavities; 
Class 10 clean room High 
purity, high pressure water 
rinse, Small and large 1000 
C vacuum furnaces  

Technical 
Division 

ICB 

High Bay 
Assembly Area 

Large high bay area with 
two 30 Ton overhead 
cranes and extensive 
Cryomodule assembly 
infrastructure  

Technical 
Division 

MP9 

Large Clean 
Rooms 

 
Clean SRF 
assembly 

 
 

Large Vacuum 
Oven 

Large class 10- class 100 
clean room; 
 
Fixtures for the clean string 
assembly of SRF 
cryomodules, Titanium 
welding infrastructure  
 
Large 1000 C high vacuum 
oven. 

Technical 
Division 

MDB 

Dressed Cavity 
Test Facility 

Test of dressed SRF 
cavities at 2 K with pulsed 
or CW RF.  
3 stands in 4 Shielded 
reconfigurable enclosures  
1800 W @ 4K of cryogenic 
refrigerators  
Large vacuum pump 
provides 100 W at 2 K. 
 

Facility Capability Specifications 

ANL-
Fermilab 
Cavity 

Processing 
Facility 

 

Surface 
processing and 
clean assembly 
of SRF cavities 

Class 10 clean room for 
assembly; 2 EP/BCP tools 
for chemical surface 
processing of SRF cavities; 
2 high pressure rinse 
systems; Ultra-clean water 
system; Trained Fermilab 
and ANL staff  
 
Facility located at Argonne 
Nat Lab. 

Accelerator 
Division 
CMTF 

CryoModule 
Test Facility 

Test of SRF cryomodules at 
cryogenic operating 
temperatures and with RF 
Power.  
The facility is equipped 
with two large cryogenic 
refrigerators and can easily 
be adapted for other 
cryogenic testing activities. 

Technical 
Division 
Solenoid 

Test 
Facility 

IB1 & CHL 

Testing of large 
cryogenic 
magnets 

powered and at 
operating 

temperature 

Proximate to the Tevatron 
Central Helium Liquefier. 
This facility and its large 
test Dewar is capable of 
testing very large magnets 
at 4 Kelvin.  

 
Table 3: Fermilab Test Accelerator and Beam Test 
Facilities 

Facility Description 

NML Pulsed 
SRF Facility 

Currently this facility consists of a 40 MeV 
photo-injector and a facility to allow cold test of 
single 1300 Mhz cryomodule. Proposed as the 
basis of a world class Advanced Accelerator 
R&D (AARD) program. (see ASTA below) 

Advanced 
Super-

conducting 
Test 

Accelerator 
(ASTA)  

ASTA is envisioned to contain 3 to 6 ILC/PX 
1300 MHz cryomodules each containing eight 
cavities. Beam lines and test areas will support a 
user facility for a world class advanced 
accelerator research program. ASTA will 
provide intense electron beams from 50 to 800 
MeV/c energies. A small storage ring IOTA 
with the capability of storing either electrons or 
protons is also planned to explore new 
techniques to store intense beams. See: 
http://apc.fnal.gov/programs2/ASTA_TEMP/in
dex.shtml  

Fermilab 
Test Beam 

Facility 
(FTBF) 
At MDB 

A high energy beam facility devoted to Detector 
R&D. The facility consists of two versatile 
beamlines (MTest and MCenter) in which users 
can test equipment or detectors. Details can be 
found at http://www-ppd.fnal.gov/FTBF/. 

MuCool Test 
Area (MTA) 

Used for R&D on ionization cooling 
components for the Muon Accelerator Program 
(MAP). The facility includes an experimental 
hall with radiation shielding, a 600 W cryogenic 
plant , access to 400-MeV high-intensity H- 
beam from the Fermilab Linac, 201 & 805 MHz 
RF power, a large-bore solenoid magnet, liquid 
helium and nitrogen, vacuum and hydrogen 
safety systems,  Details can be found at 
http://mice.iit.edu/mta/. 
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Facility Description 
Project X 
Injector 

Experiment 
(PXIE) 

PXIE is the integrated systems test for the 
Project X frontend. It is expected to accelerate a 
1-mA CW beam up to 30 MeV with 1 mA 
average current. See: http://www-
bdnew.fnal.gov/pxie/ 

SCHEDULE AND TIME LINE 
The near term plans for IARC focus on construction of 

the IARC facilities and development of the business plan. 
This will be followed by launching the Accelerator 
Applications Program and then the Education Program. 

The shell of the State funded OTE Building is finished 
and the building is scheduled to be complete in December 
of 2013. Building layouts that will optimize the different 
functions of IARC are being finalized so that outfitting of 
the OTE can begin in January of 2014. This will allow for 
beneficial occupancy of the OTE building in September of 
2014. 

Preparation of the HAB has 3 concurrent projects 
currently: Removal of old experimental equipment from 
the building, Life Safety Upgrades, and refurbishment. 
The main schedule driving element is decommissioning of 
the Tevatron CDF detector including heavy steel work and 
removal of over 2500 T of experimental equipment from 
the deep pit of HAB. Assuming adequate funding in 
FY14, it is envisioned that HAB Deconstruct and 
Decommission (D&D) will complete by the end of 2014. 
The HAB Life Safety Upgrades are scheduled to be 
complete in October of 2014. 

Completion of OTE, HAB D&D, and HAB life safety 
projects will allow Industrial Partners to begin to utilize 
portions of the IARC facility in early 2015. The HAB 
Refurbishment project will modernize the 2nd and 3rd 
floors of HAB as the space is reconfigured into office, 
meeting, and technical spaces. A new HVAC system and 
controls, new insulated exterior, new windows and other 
modifications will allow the building to meet required 
energy and ADA standards. 

In parallel with the construction of the IARC physical 
plant, the business plan and IARC program will be further 
developed by the IARC Staff, Fermilab Directorate, 
Fermilab DOE Site Office, and DOE Office of High 
Energy Physics leading to the launch of the formal IARC 
Accelerator Applications and Education programs. 

THE PARTNERSHIP MANAGEMENT 
CHALLENGE 

IARC is expected to drive significant changes in the 
way Fermilab interacts with industry. This Partnership 
Management Challenge has three major components: 

 

 Forming new relationships 
 Negotiating agreements 
 Protecting Intellectual Property 

 

Historically, Fermilab’s communication program has 
focused on announcing scientific discoveries and 
promoting the Laboratory’s technology transfer success 
stories to DOE, elected officials, industry, and the general 

public. As IARC develops, Fermilab will need a more 
comprehensive program to advertise licensing 
opportunities; coordinate events to attract new industrial 
partners; enlist the support and participation of industry 
groups and/or venture capital firms; and many other 
activities that require advanced marketing and sales 
techniques. 

On a daily basis, IARC team members may be 
collaborating with other Fermilab scientists and engineers; 
industry or university partners; Department of Energy 
program managers or contracting officers; other research 
facilities, both U.S. and foreign; elected officials; or even 
the public. Each of these stakeholder groups has a 
different culture, a different language, and different 
expectations for partnering with the Lab. One of the top 
priorities for IARC and the Office of Partnerships and 
Technology Transfer (OPTT) is to establish simple and 
efficient processes for initiating, developing, negotiating, 
and administering a variety of partnership agreements that 
will meet the needs of these different stakeholder groups.  

Ultimately, a key outcome of the IARC Program is to 
promote the commercialization of new technologies in 
support of U.S. competitiveness. In order to promote 
commercialization, these new technologies must be 
protected, which represents a major culture shift for 
Fermilab researchers. Intellectual property management is 
a very specialized field of knowledge covering the 
protection and licensing of intellectual property, such as 
copyrights, trademarks, patents, mask works, industrial 
design rights, tangible research products, and trade 
secrets. IARC Program management and OPTT are 
working together to develop an intellectual property 
management program that will provide the tools and 
training to help IARC team members work effectively in 
this new culture. 
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DIAGNOSTIC PROTON COMPUTED TOMOGRAPHY USING LASER-

DRIVEN ION ACCELERATION 

K. Woods#, S. Boucher, RadiaBeam Technologies LLC, Santa Monica, CA 90404, U.S.A. 
B.M. Hegelich, University of Texas at Austin, Austin, TX 78712, U.S.A. 

V. Bashkirov, R. Schulte, Loma Linda University Medical Center, Loma Linda, CA 92354, U.S.A. 

Abstract 
Although the growing utilization of computed 

tomography (CT)-based imaging has led to major 

advances in diagnostic capabilities, it has also resulted in 

higher cumulative radiation doses to patients. In order to 

fully exploit the benefits of high-resolution diagnostic CT 

scans while minimizing the risks of radiation-induced 
cancer, the realization of low-dose CT is crucial. Recent 

research has shown that the use of protons, rather than X-

rays, for CT has the potential to greatly reduce the 

radiation dose delivered to the patient without reducing 

image quality. RadiaBeam Technologies, in collaboration 

with the Loma Linda University Medical Center and the 

University of Texas at Austin, is proposing the 

development of a proton CT scanner utilizing laser-driven 

ion acceleration (LDIA) techniques. The initial design of 

this system is presented. 

NEED FOR LOW-DOSE CT 

With over 62 million scans performed each year in the 

United States alone, computed tomography (CT) is a 

crucial tool for diagnostic radiology. Over the last 15 

years, there has been a large increase in the utilization of 

diagnostic CT imaging procedures and therefore a 

subsequent increase in radiation exposure. As CT scans 

are responsible for nearly 50% of the radiation exposure 
from medical imaging in the U.S., the risks associated 

with its relatively high radiation dose, which can be two 

orders of magnitude greater than corresponding X-ray 

radiographs, become more and more of a concern [1]. 

Dose reduction is especially important for pediatric 

diagnosis, since children are both more sensitive to 

radiation and have more time for developing radiation-

induced secondary cancers.  

PROTON CT 

Recent research has shown that the use of protons, 

rather than X-rays, for CT has the potential to reduce the 

radiation dose by an order of magnitude without reducing 

image quality [2], [3]. Ongoing studies of proton CT 

(pCT) at Loma Linda University Medical Center 

(LLUMC) are being performed to develop this technology 

for improving the accuracy of treatment planning in 

hadron therapy.  

Principles of pCT 

The first requirement for pCT is the production of a 

proton beam with high enough energy to fully penetrate 
the body part to be imaged. Protons with energies 200 - 

250 MeV would be necessary for performing a typical 

head scan, while 330 MeV protons would be able to span 
most human torsos (60 cm range). Position-sensitive 

detectors are placed on either side of the subject to track 

the entry and exit points of each proton. The energy loss 

of individual protons is then measured with an energy 

detector/range counter, as shown in Figure 1. 

 

 

Figure 1: Conceptual design for a pCT scanner [Courtesy 

of R. Schulte, LLUMC]. 

Images can be created from the individual proton 

histories through the use of iterative reconstruction 

algorithms and path concepts such as the “most likely 

path” approach, as illustrated in Figure 2. 
 

 

Figure 2: Monte Carlo simulation – solid lines: the most 
likely path of 200 MeV protons with exit displacements 

of 0 and 4 mm after traveling 25 cm in an object with 

water density; dashed lines: one sigma envelopes from 

Monte Carlo. 

pCT Research at LLUMC 

Over the last ten years, researchers at LLUMC have 

been developing pCT technology for improving the 
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accuracy of treatment planning for hadron therapy. 

Currently, planning for proton therapy is done using X-

ray CT, from which the relative stopping power of 

protons is reconstructed. However, there is a significant 

degree of error associated with this conversion that results 

in a range uncertainty between 3 and 5% for soft tissues 
[4]. This often causes conflict between the physician’s 

desire to completely cover the tumor volume and the need 

to spare healthy surrounding tissue. When protons are 

used for treatment planning rather than X-rays, this 

conversion is bypassed and the stopping power can be 

reconstructed directly. 

Between 2008 and 2010, LLUMC and their 

collaborators developed a Phase I scanner to prove the 

feasibility of pCT [5]. Rather than develop custom 

detectors for this prototype, they used the silicon strip 

detectors and data readout from the Fermi Space 

Telescope, which was a NASA GLAST Mission. They 
also used a multi-segmented crystal calorimeter for 

residual energy measurements, an FPGA-based data 

acquisition (DAQ) system, and a GPU-based 

reconstruction system. The scanner was then tested with 

different phantoms to demonstrate density resolution; the 

radiographs are shown in Figure 3.  

     

Figure 3: Left: Radiograph of a polystyrene head phantom 

with inserts of various densities (bone, polystyrene, 
Lucite, and air); right: radiograph of a hand phantom 

demonstrating high contrast between bone and soft tissue 

[Courtesy of R. Schulte, LLUMC]. 

In 2011, the group began the development of a Phase II 

pCT scanner featuring several major improvements. This 

scanner will have improved detectors with twice the 

active area (9 cm x 36 cm) and slim edges for reducing 

the dead space from overlapping silicon strips. It will also 

feature a simplified energy detector consisting of a 5-

stage scintillator with a photomultiplier tube (PMT) 

readout scheme. The total scan time will be reduced to 
around five minutes through the development of a 

dedicated application-specific integrated readout (ASIC), 

and a GPU cluster will enable reconstruction in under ten 

minutes. This scanner is currently in the final stages of 

development. 

DIAGNOSTIC PROTON CT 

Although the research at LLUMC has clearly 
demonstrated the feasibility of pCT for improved 

treatment planning, the need for massive therapeutic 

proton accelerators and expensive proton gantries makes 

this development impractical for diagnostic applications. 

It can cost up to $150 million to build a proton therapy 

facility [6] (with an additional $21 million in yearly 

operational costs), compared to about $5 million for a 
conventional CT system. 

In order for the diagnostic utilization of pCT to be 

possible, lighter, more compact accelerators that can be 

more easily rotated around the patient must be developed. 

Advantages 

The main advantage of diagnostic pCT is the major 

dose reduction from conventional X-ray CT. The 

estimated dose from a pCT scan is between 0.03 and 0.3 

mGy, which is a potential reduction of about two orders 

of magnitude. This would justify the use of CT for a much 

broader range of diagnostic applications where the 

potential benefits were previously outweighed by the risks 

of excessive radiation exposure, such as pediatric 
diagnosis and patients with conditions requiring frequent 

imaging. 

Another advantage of pCT over X-ray CT is its 

potential for quantitative imaging and its superior 

representation of electron density [4]. pCT has the 

potential to detect very small changes in density, which 

could make it useful for applications such as lung cancer 

screening. It could also provide better bone density 

measurements for patients with osteoporosis and improve 

detection of kidney or urinary stones, which are 

sometimes difficult to see on an X-ray image.  

Collaboration 

To meet this need, an international collaboration of 

scientists, doctors, and engineers has been established. 

The ultimate goal of this collaboration is the development 

of a compact diagnostic CT system for low-dose (sub-

mSv) imaging. The institutions involved and their roles in 

the project are given in Table 1.  

Table 1: Collaborating Institutions and Project Roles 

Institution Project role 

RadiaBeam Technologies Accelerator 

diagnostics and 
components 

Loma Linda University,  
Dept. of Radiation Medicine 

pCT expertise and 
medical input 

University of Texas at Austin,  
Dept. of Physics 

Acceleration scheme 

Univ. of California, Santa Cruz,  
Institute of Particle Physics 

Detector system 

Baylor University, 
Dept. of Electrical and Computer 
Engineering 

Computational 
scheme 

Ludwig-Maximilians-Universität 
München,  

Dept. of Experimental Medical Physics 

International 
collaborator 

University of Haifa,  
Dept. of Mathematics 

Reconstruction 
algorithms 

Proceedings of PAC2013, Pasadena, CA USA WEOCB1

08 Medical Accelerators and Applications

U01 - Medical Applications 771 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Approach 

The crucial reduction in system size and cost for 

diagnostic pCT may be feasible with the implementation 

of innovative Laser-Driven Ion Acceleration (LDIA) 

technology. LDIA of highly energetic ion beams is a 

cutting-edge area in advanced accelerator research. 

Electrostatic fields in excess of 1012 V/m, produced via 
charge separation within a small area of several 

micrometers defined by the laser beam’s focus, are 

theoretically capable of accelerating protons or heavier 

ions to energies suitable for imaging.  

Dr. Manuel Hegelich, the main collaborator at UT 

Austin, is an expert in LDIA and will be leading the 

research efforts for the acceleration scheme. Dr. Hegelich 

was previously at Los Alamos National Laboratory, 

where his group demonstrated laser-driven protons with 

record-breaking energies of over 160 MeV [7]. Although 

this is still not quite high enough for imaging, this project 

will be utilizing a much more powerful laser. With the 
Texas Petawatt Laser at UT Austin, the most powerful 

laser in the world, energies of over 300 MeV should be 

achievable. 

There are several requirements that must be met in 

order to develop a useful, accurate, and commercially 

relevant system. These specifications are outlined in 

Table 2. 

 

Table 2: Requirements for a Diagnostic pCT System 

Specifications  

Energy 330 MeV 

Intensity 106 protons/second 

Detection rate 1 MHz 

Size Single room 

Scan time  ~5 minutes 

Cost Comparable to X-ray CT (~$5 million) 

POTENTIAL CHALLENGES 

Although previous research strongly suggests the 

feasibility of the proposed system, there are several 

aspects of this project that may present challenges. The 

biggest challenge will be the development of a novel 

acceleration scheme to achieve the necessary beam 

specifications for imaging. Current LDIA techniques can 

produce a high-energy beam, but with very high intensity 

(~109 protons/pulse) and extremely low repetition rate. 

This is essentially the opposite of an ideal beam for pCT, 
which would be a rapid stream of individual protons to 

simplify detection and reconstruction. There are several 

acceleration techniques currently being explored to 

overcome this problem, but if the intensity cannot be 

sufficiently reduced, there is also the option of improving 

the spatial resolution of the detectors. In other words, it 

may be possible to compensate for the inability to 

temporally resolve each proton history by instead 

resolving them better spatially.  

The system must also be sufficiently fast to acquire the 

scan quickly enough to ensure patient comfort and 
perform the image reconstruction in a relatively short 

amount of time. To achieve this level of speed, a DAQ 

and reconstruction system similar to LLUMC’s Phase II 

scanner will have to be developed, with a dedicated ASIC 

and GPU cluster. 

Although the development of diagnostic pCT will 

require many years of research, development, and testing, 
the success of such a system would have a major impact 

on diagnostic imaging and patient safety. While there are 

some challenges in the implementation of this technology, 

as previously mentioned, this strong collaboration of 

institutions should have the necessary expertise and 

experience to overcome such hurdles. 
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OPTIMAL 3D QUADRUPOLE SHAPES∗

R. Baartman, TRIUMF, 4004 Wesbrook Mall, Vancouver, BC, V6T 2A3, Canada

Abstract
The usual practice of constructing quadrupoles from

truncated cylindrical hyperbolae is put into question. A
new shape is proposed. This shape has an analytic potential
function. The exact shape of the analytic quadrupole may
be impractical, but in the short case where aspect ratio≈ 1,
pole shapes can be spherical. The optimal spherical radius
is found to be 1.54 times the aperture radius. An example
is also given demonstrating that in the long quad limit, the
aberrations of order 5 and higher are much lower for the
optimized shape.

A somewhat extended version of this paper has been
published previously [1].

INTRODUCTION
The multipole elements commonly used to control

charged particle beams correspond to solution terms of the
Laplace equation ∇2V = 0, namely, in polar coordinates
(r, θ), rn cosnθ in the system where the potential on axis
is zero. Thus n = 2 for a quadrupole, 3 for a sextupole,
etc. This implicitly assumes the elements are infinitely
extended in the axial (z) direction, and of course in real
beamlines, they are not. For n = 2, the intended linear
dependence of the fields upon transverse coordinate is thus
broken by the finiteness of the quadrupole. This results in
nonlinear force terms and aberrations.

It is not obvious how to axially terminate the poles of
a quadrupole. Often, they are simply truncated. Does
the shape in the longitudinal direction matter? And if so,
what shape is optimal? For very long quadrupoles, it can
be argued that hyperbolic equipotential surfaces given by
r2 cos 2θ = constant are optimal. However, this is only
true sufficiently far from the ends; for quadrupoles whose
length is comparable to or shorter than the aperture, the 2-
D hyperbolic shape is clearly not optimal. What then is the
optimal shape of quadrupoles in the short limit? What is
the optimal shape in the long limit? Answering these ques-
tions is the subject of this paper.

Hardness of the Fringe Field
In the limit where the fringe field extent is short com-

pared with the focal length of the quadrupole, the lowest or-
der aberration (cubic force) effect is independent of fringe
field shape. This was shown in 1997 [2].

Let the strength function of the quadrupole be k(z).
Rigourously, this means ∂xxV = −∂yyV = k(z) along
the axis x = y = 0, so that

V (x, y, z)→ k(z)

2
(x2 − y2) as (x, y)→ (0, 0), (1)

∗TRIUMF receives federal funding via a contribution agreement
through the National Research Council of Canada.

In the “hard-edge” limit, k is a step function. But using
a discontinuous step function instead of an analytic func-
tion to calculate the optics leads to dramatically incorrect
results. It is thus regrettable that almost all the major higher
order optics codes allow calculation of third order optics in
the “no fringe field” case. This case is unphysical because
it brings a particle from the field-free region outside the
quadrupole instantaneously into the region where k 6= 0
without traversing intermediate fields. For example, for
electrostatic quadrupoles, this violates conservation of en-
ergy as the potential energy is thereby incremented without
changing the kinetic energy (in magnetic quadrupoles, an-
gular momentum conservation is violated).

The beamline designer may have learned that the third
order aberrations calculated without fringe fields are in-
correct, but he/she is still left with the impression that the
fringe field is at fault and customizing it in some way will
improve the third order optics. Further, of quadrupoles
with the same effective length, those with short fringe
fields are erroneously thought to be superior even though
this often means they have smaller aperture. In fact, such
quadrupoles are inferior, as their fifth order aberrations are
worse: it can be shown that in the hard-edge limit, fifth
order aberrations are singular [3].

ANALYTIC QUAD
A technique for finding the potential in all space given

only the strength function k(z) is given by Derevjankin [4,
this reference is in Russian, but referred to by Vasil’ev [5]]:

V (x, y, z) = −<
{∫ z+ix

z+iy

dt

∫ t

0

k(ζ)dζ

}
(2)

A particularly simple case that is realistic for short quads is

k(z) =
K

2
sech2z. (3)

We find:

V =
K

2
<{− log[cos(x− iz)] + log[cos(y − iz)]}

See Fig. 1 where equipotential contours are plotted using
as scaling potential V0 ≡ V (π4 , 0, 0) = K

4 log 2. The
transverse fields are locally nonlinear; at z = 0, Fx ∝
tanx, Fy ∝ tan y. Nevertheless, the integral of the trans-
verse field is exactly linear:∫ ∞

−∞
Fxdz = Kx, (5)

and similarly,
∫
Fydz = −Ky. The reason for this be-

haviour is that farther from axis, the transverse field is

. (4)
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Figure 1: Equipotentials of Eq. 4. Upper: in z = 0 plane,
contours V = 4V0 (blue),V = V0 (purple),V = V0

4

(beige),V = V0

16 (green), V = −V0

16 (blue), V = −V0

4
(purple), V = −V0 (beige), V = −4V0 (green). Lower: in
y = 0 plane, contours V = 4V0 (blue), V = V0 (purple),
V = V0

4 (beige), V = V0

16 (green).

Figure 2: Fx/x vs. z for x = π/4 (blue), 0.5 (purple), 0.25
(brown), 0.125 (green).

stronger at z = 0, but weaker at the tails (it’s ‘peakier’).
This is clarified in Fig. 2.

Integrated linearity from a locally nonlinear quad is not
a surprise: from the symmetry and Laplace’s equation, it
can be shown that the following expansion holds:

V (x, y, z) =
k

2
(x2 − y2)− k′′

24
(x4 − y4) + ... (6)

Taking derivatives to find the fields, and integrating for con-
stant x, y, we see that Eq. 5 holds for any choice of k(z).

Figure 3: Magnetic field of the 12Q12 quadrupole (dots),
measured at radius of 150 mm in the median plane vs. z in
mm. The 12Q12 aperture radius is 155.6 mm, thus,

√
2x =√

2y = π
4

150
155.6 . The continuous curve is the magnetic field

at this same radius using Eq. 4, normalized to agree at z =
0.

EXAMPLE QUADRUPOLES
The potential V of the sech2 quadrupole is periodic with

period π in the x and y directions. At large z, the cancel-
lation of this grid of alternating sign potentials ensures the
rapid exponential falloff of the field. This is somewhat re-
alistic. In the case of electrostatic quadrupoles, the ground
planes dashed in Fig. 1 can be thought of as some approxi-
mation of the beam pipe. In magnetic quadrupoles the yoke
takes the place of the ground surfaces. The yoke’s proxim-
ity to the pole faces results in a characteristically quicker
falloff as can be seen in Fig. 3, where the ideal sech2

quadrupole is compared with a real quadrupole, namely,
the TRIUMF 12Q12 (more on this quadrupole below).

Four choices of equipotential surfaces are shown in
Fig. 4, oriented so that the quadrupole axis is vertical.
Note the top left case is most like a long conventional
quadrupole; the most significant difference being that the
inside diameter varies along its length, as indicated by the
V = ±V0

16 curves in the plot of Fig. 1. The lower right
case in Fig. 4 would not give the correct fields without the
4 ground planes as the boundaries given by the 4 slender
rods alone are insufficient. But the longer quadrupole (up-
per left in Fig. 4) case would work quite accurately without
the ground planes.

As will be shown, this design has smaller aberrations
than conventional designs, i.e. poles having constant xy
cross section, truncated at each end. The only disadvan-
tage is that the shape is rather more difficult to fabricate,
having curvature on all directions.

Short Quadrupole Shapes
In the lower left of Fig. 4 (where the surfaces are strik-

ingly similar in shape to four American regulation foot-
balls) the potential of the shown surfaces is ±V0 and the
curvature of the pole in the longitudinal direction is the
same as in the transverse direction. This is an attractive
feature because it allows as a good approximation for the
pole to be symmetric along its axis, terminating in a spher-
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Figure 4: The coloured surfaces are 4 sets of equipotential
surfaces of the potential (4). The quadrupole axis is verti-
cal. In each case, the sides of the “box” containing the axes
are also the 4 ground planes. All 4 give identical fields and
the same sech2 on-axis strength function if they are given
the following potentials (left to right, top and then bottom),
±V0/16,±V0/4,±V0,±4V0 (adjacent surfaces have oppo-
site sign).

Figure 5: Cross section at z = 0 of the theoretical ideal
sech2 quadrupole (yellow and green) compared with draw-
ing of the TRIUMF 12Q12 superposed. The yellow and
green poles are circular in the orthogonal cross section, and
hence shaped very much like the American football. The
outer dashed square is at “ground” potential. Of the 12Q12
quadrupole, only the poles and the yoke are shown; coils
are omitted. The black dot right of centre is the location of
the Hall probe for measurements of Fig. 3.

Figure 6: The “football” electrode with superposed, the cir-
cular arc of radius 1.15 times the aperture radius (green),
4/π (1.27) times the aperture radius (blue), and 1.54 times
the aperture radius (red).

ical shape. What is the pole curvature that achieves this?
As the xy cross section is nearly hyperbolic, while the

xz cross section is nearly a circle, it is clear that choosing a
hyperboloid of revolution as shape is no better than choos-
ing a spherical shape. The latter has the advantage that it is
simpler to specify to the machinist.

As evident in the comparison in Fig. 5, the shape used
for practicality, namely cylindrical poles terminating in a
spherical pole-face, omits important parts of the “football”
(the triangular regions either side of the poles in Fig. 5).
This will have two effects: the quadrupole strength func-
tion k(z) will not precisely follow a sech2 law, and there
will be some integrated 12-pole. The former is of little
consequence, but the latter can cause aberration. However,
just as with the case of the 2D quadrupole, we can alter the
radius of curvature of the pole face to compensate the 12-
pole. (20-pole and higher are not of course compensated in
this technique but made slightly worse.)

In order to find the curvature radius that zeroes out the
integrated 12-pole, Laplace’s equation was solved for a
3D boundary model, using OPERA. I am indebted to Chris
Philpott of Buckley Systems Ltd. (New Zealand) for per-
forming the final optimization [6].

The result found is that the radius of curvature in units
of the aperture radius is 1.54± 0.01:

spherical pole-tip radius = 1.54 × (aperture radius). (7)

The uncertainty arises from the grid coarseness and also
from the variation due to surfaces “behind” the pole; sur-
faces which the engineer would be free to optimize for
practicality. The potential on these surfaces also de-
pends upon the insulator design in the case of electrostatic
quadrupoles and the coil layout in the magnetic case.

This curvature is shown as the red curve in Fig. 6: one
observes that it bulges past the “football” curve slightly on
either side of centre. The blue curve is seen to properly
match the “football” curve at the centre, and the green cur-
vature, which is commonly used for such quadrupoles, is
seen to not match the desired curvature at all. Reminder:
the curvature of the ideal football shape in the direction or-
thogonal to the plane of the figure is essentially the blue
curve.

The “12Q12” design
In the past, the short quadrupoles that have used rounded

poles have used curvatures that are too sharp and as a result
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Figure 7: Fourth derivative of k = sech2(z).

the 12-pole does not integrate to zero. See Reeve et al. [7].
Of course, the point harmonic A6(z) is not zero, but ∝
k′′′′(z) even for the ideal pure quadrupole case. See Fig. 7
for k = sech2(z). What is found in actuality is for example
Fig. 11 of Reeve et al. (1976) [7]: the 12-pole looks like
Fig. 7 on top of a nonzero background that is due to the
incorrect pole curvature.

Recently, quadrupoles of the design “12Q12/1.5” were
constructed by Scanditronix Magnet AB [8] for TRI-
UMF [9]. Their integrated multipole components were
measured, also by Scanditronix, using a rotating coil.
These magnets’ radius of curvature near the pole centre is
1.14 times the aperture radius, which is too small by a fac-
tor 1.35, but this was partially offset by using a hyperboloid
rather than a spherical shape. The 12-pole component was
found to be roughly 20 times larger than the other mul-
tipoles: 0.0032 times the quadrupole field, at a radius of
94 mm, where the aperture radius is 155.6 mm.

Long Quadrupole Example

The aim of this example is to demonstrate that the
conventional design quadrupole with a “tophat”-shaped
strength function, has higher aberrations than the sech2

quadrupole. Sech2 quadrupoles need not be short. Refer to
the V = ±V0

16 equipotentials in Fig. 1 to observe the shape
of a long sech2 quadrupole. The main difference in com-
parison with conventional quads is that the strength varies
continuously along the quad. One method of obtaining this
is to flare the aperture, varying it continuously from cen-
tre outward. Admittedly, this complicates the design and
would increase the construction cost, especially for super-
conducting quads.

For illustration, we take as an extreme example the
CERN LHC β? quadrupoles. We take as round fig-
ures, a length of 6 m, aperture radius of 35 mm, gra-
dient of 200 T/m, and use the Enge coefficients of the
“LHCHGQ” [10]. We construct a model sech2 quadrupole
of the same integrated strength (1200 T), and same inte-
grated squared strength of 240,000 T2/m. This latter en-
sures that the third order aberrations are the same [2]. The
Sech2 strength function scaled to satisfy these two integrals

Figure 8: Gradient (in T/m) vs. z (in m) for the CERN LHC
IP quadrupole (purple), compared with a sech2 strength
quadrupole of the same aperture (blue). Note that the latter
quad would be impractical on two counts: its field extends
outside the 6 m space allotted in the LHC, and it would
need to be 1.5 times stronger at its peak. The comparison
is only to illustrate that quads with optimally soft fringe
fields have lower fifth and higher order aberrations.

is

k(z) =

(
300

T

m

)
sech2

( z

2 m

)
(8)

Using COSY-∞ [11] and a proton energy of 7 TeV, we
compared the aberrations to seventh order; these are shown
in Table 1. (For the LHCHGQ, we had to modify slightly
the COSY-∞ routine FFELE as the fringe field given in
ref. [10] has an anomalously large extent). For the imple-
mentation of the sech2 quadrupole in COSY-∞, see Ref. [1].

As expected, the third order aberrations are the same for
the two types. The thin lens formula for the aberrations
is [2]:

∆x′ =

∫
k2dz

(Bρ)2

(
−1

3
x3 − xy2

)
(9)

= −0.000147

m3
x3 − 0.000440

m3
xy2

∆y′ =

∫
k2dz

(Bρ)2

(
−x2y − 1

3
y3
)

(10)

= −0.000440

m3
x2y − 0.000147

m3
y3

These agree well with the values in Table 1, when the thick
lens effect is taken into account. (This reduces the aberra-
tion effect in the focusing direction and exacerbates in the
defocusing direction.)

But at higher than third order, the aberrations are not at
all the same. The fifth order aberrations are about 200 times
smaller for the sech2 quadrupole, and the largest seventh
order coefficients are roughly 100,000 times smaller for the
sech2 quadrupole. For ninth order, the ratio is 108.

It is doubtful that a superconducting quadrupole with
Eq. 8 as strength function is at all feasible, and in any
case would be too long to fit into the interaction region
of the LHC. Further, there is nothing to suggest that the
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LHCHGQ quad sech2 quad
∆x′ or ∆y′ ∆x′ or ∆y′ mn

-0.4877909E-01 -0.4879330E-01 10
0.5406070E-01 0.5407527E-01 01
-0.1154336E-03 -0.1134717E-03 30
-0.3724576E-03 -0.4038506E-03 21
-0.4881636E-03 -0.4714397E-03 12
-0.1822114E-03 -0.1867242E-03 03
0.1017362E-02 -0.2979146E-05 50
-0.7305652E-02 -0.1326917E-04 41
0.4749991E-02 -0.2637724E-04 32
-0.7580379E-02 -0.3096770E-04 23
0.2348281E-02 -0.1566155E-04 14
-0.8101367E-03 -0.3084560E-05 05
-0.1109434 -0.1215269E-06 70
0.9689789 -0.6573820E-06 61
-0.7151169 -0.1949172E-05 52
1.312496 -0.2858019E-05 43
-0.2433022 -0.2866705E-05 34
0.5811675E-02 -0.2532962E-05 25
0.6676453 -0.8507323E-06 16
-0.1404954 -0.1333598E-06 07

Table 1: Aberration coefficients of the LHC “high gradient
quadrupole”, compared with quadrupole of sech2 strength
function. m and n are the exponents of x and y; for exam-
ple, the fourth line is the coefficients for x2y.

aberrations calculated for the LHCHGQ quads in any way
limit the performance of the LHC. However, this compar-
ative study puts to rest the notion that quadrupoles with
smoothly varying strength function, being in a sense “all
fringe field” [7], are optically inferior to more conventional
quadrupoles with harder edges. In fact, quite the opposite
is true.

The k(z) ∝ sech2z/D case is not special; any smoothly
varying k would have similar low aberration properties.
The advantage of the sech2 case is that there is a handy,
simple expression for the potential, and at least in the case
of very short quads, this expression is a good approxima-
tion.

Thus our results can be understood as follows. In the
traditional design, the poles terminate abruptly, and this re-
sults in aberrations that scale with the ratio of beam size
to aperture, raised to a power appropriate for the order of
the aberration. In the case of the design proposed here, the
aberrations scale with the ratio of beam size to quadrupole
length, raised to that same power.

CONCLUSIONS
We have derived an analytic potential for quadrupoles,

both long and short. The strength function, instead of step-
ping up abruptly at the entrance and down at the exit, varies
smoothly throughout the quadrupole. We have shown that
this results in lower field aberrations.
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 NEW METHOD FOR POINT-CHARGE WAKEFIELD CALCULATION* 

Boris Podobedov#, Brookhaven National Laboratory, Upton, NY 11973, USA                       
Gennady Stupakov, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA 

Abstract 
Extending our approach recently described in [1] we 
present a new method to accurately calculate point-charge 
geometric wakefields from wake potentials due to a much 
longer bunch, typically obtained with a time-domain EM 
field solver. By allowing a relatively long bunch in the 
EM solver, this method can significantly reduce the need 
for computer resources as well as drastically shorten the 
computing time. On top of that, the method provides 
valuable physics insights. Since the method, applied to 
longitudinal wakes, was described in [1], the goal of this 
paper is to extend it to transverse wakes. 

METHOD DESCRIPTION 
Knowledge of geometric wakefields is critically 

important for studies of accelerator beam dynamics. 
While analytical solutions are known for a number of 
simple geometries, detailed wakefield calculations for 
realistic vacuum chamber components are typically done 
utilizing time domain EM solvers. They compute the 
fields due to finite length bunches, forcing one to use 
extremely fine mesh (small fraction of the bunch length) 
to compute wakes at small distances. This is where the 
longitudinal wakes are usually dominated by singularities, 
so that a wake potential due a bunch of rms length σ  
scales as 

   
W

σ (z)∝σ −q , q>0 [2,3]. Utilizing fine meshes 

has severe implications for computer memory 
requirements as well as calculation speed. Furthermore,  
EM solvers cannot calculate point-charge wakes, W

δ (z)  

and ( )W zδ
⊥ , - functions that often provide significant 

physics insights and simplify beam dynamics analysis.  
Recently we developed a method to calculate arbitrarily 

short bunch wakes, including point-charge, from the wake 
potentials due to a relatively long bunch, thus avoiding 
the fine mesh requirements in the EM solver. For 
longitudinal wakes the method is applied as follows [1]. 
1. Determine analytical singular wake model for a given 

geometry. For collimator and cavity type structures 
these are usually given by the optical and diffraction 
models respectively, see i.e. [2].  

2. Determine the length parameter λg, which is the first 
z≠0 location where W

δ (z = λg )  has a discontinuity or 

a singularity of its higher derivative with respect to z. 
The recipe is given in [1] and it is illustrated below.   

3. Pick σ0<<λg (but not too short to keep the 
computation time reasonable) and calculate the wake 

potential W
σ0 (z) with an EM solver. 

4. Subtract the singular wake model from the result: 

 D
σ0 (z) =W

σ0 (z)−W,s
σ0 (z) .   (1) 

5. Fit the remainder as follows:     

 
D

σ0 (z ≤ 3σ
0
) = α+β z

2 1+ erf( z
2σ0
)( )

+ βσ0
2π
exp(− z2

2σ0
2 )

,  (2)  

where α and β are fit parameters. Fit range used here, 
|z/σ0|≤3, works very well. However, this choice is 
rather flexible and may be influenced by practical 
trade-offs, i.e. fit quality vs. computation time. 
Maximum z, however, must obey λg-zmax>few σ0.  

6. For arbitrary short σ ≤σ0, the wake is given by: 

 
W

σ (z ≤ 3σ
0
) = α+β z

2 1+ erf( z
2σ
)( )

+ βσ

2π
exp(− z2

2σ 2
)+W,s

σ (z)
,  (3) 

 W
σ (z > 3σ 0 ) =W

σ0 (z) .   (4)  

7. Similarly, for the point-charge: 
 W

δ (z ≤ 3σ 0 ) = α +β z( )H (z)+W,sδ (z) ,    (5) 

 W
δ (z > 3σ 0 ) =W

σ0 (z) ,     (6) 

where H (z > 0) =1  is the step-function required by 
causality (z<0 is ahead of the bunch).  

Summarizing the steps above, the method basically 
states that for 0<z< λg the point-charge wakefield (with 
subtracted singular part) is a smooth, slowly varying 
function. For 0<z<< λg it is well approximated by a linear 
polynomial with coefficients easily found by fitting. 

PARAMETER λg 
λg can be determined by a straightforward geometric 

analysis combined with the causality principle [1]. Figure 
1 illustrates how to find λg for a simple axially symmetric 
cavity. In the left pipe, a bunch moving with the speed of 
light c, carries only static EM fields. As the bunch enters 
the cavity, the fields get disturbed, exciting the radiation 
of EM waves.  Some wave-fronts (i.e. red or orange) 

 

Figure 1: λg for a cavity with rmax/rmin≥2 and g/rmin≥2-1/2. 

 ____________________________________________  
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eventually catch up with the bunch head, thus affecting 
W

δ (z)  for all values of z. Other wave-fronts (i.e. green) 

reflect and get delayed, so they can only affect  
W

δ (z ≥ d ) , where d is the delay times c.  

Each type of reflections has two extreme values, de, of 
the delay, de=dmin and de=dmax. For instance, all the rays 
that reflect once off the 2nd cross-sectional step at r=rmin, 
are delayed between dmin=0 (orange ray) and 
dmax = (4rmin

2 + g 2 )1/2 − g  (green). In general, parameters 
dmin and dmax define the z-range where a given reflection 
type affects W

δ (z) . Thus the points z=de contain the 

discontinuities of the W
δ (z)  function or the singularities 

of its higher derivatives with respect to z. 
The parameter λg can thus be found as the minimum of 

all the non-zero de values over all the possible reflection 
types.  For the geometry of Fig. 1, the reflections off the 
2nd cross-sectional step have the minimum positive de (for 
the green ray), compared to all the other reflection types, 
so λg is given by the formula shown in the figure.   

For shallow cavities, outer-wall reflections result in yet 
smaller de>0, causing the replacement, rmin→ rmax-rmin, in 
the formula for λg. Finally, the smallest de for a short 
cavity is due to double reflections between the cavity 
side-walls, resulting in λg=2g. These three cases include 
all the possible formulas for λg for any rmax, rmin and g. 

For complex geometries the number of different 
reflection types can be large, but since λg is defined by 
the minimum delay, identifying the relevant type is 
straightforward [1]. 

EXTENTION TO TRANSVERSE WAKES 
The method above is directly applicable to transverse 

wakes except for a couple of simple changes. First, since 
these wakes are not singular, formally step 4 becomes 
obsolete. Nevertheless, if a short-bunch asymptotic wake 
model is known, subtracting it and then fitting the 

residual,D⊥

σ0 (z) , may sometimes result in a better model 
of the point-charge wake. This will be illustrated later.  

Second, the transverse counterpart of (5) should be 
generally written with an additional parameter κ,    

  
W⊥

δ (z ≤ 3σ 0 ) = κ +αz+βz2( )H (z) ,  (7) 

thus modifying  (3) and (2) to, respectively, (8) and (9): 

W⊥
σ (z ≤ 3σ

0
) = κ+αz+β ( z2+σ 2 )

2 1+ erf( z
2σ
)( )

+ (α+zβ )σ
2π

exp(− z2

2σ 2
)

,  (8) 

D⊥

σ0 (z ≤ 3σ
0
) =

κ+αz+β ( z2+σ
0
2 )

2 1+ erf( z
2σ0
)( )

+
(α+zβ )σ

0

2π
exp(− z2

2σ0
2 )

. (9) 

 Note that here, the transverse wake parameters α and β 
are different from those in the (m=0) longitudinal wake 
above. Rather, they are related to the corresponding 

parameters of the m=1 longitudinal wake. Also, in most 
cases, W⊥

δ (0) = 0   [3], so the parameter κ is often zero.  
Finally, the transverse and the longitudinal wakes for a 

given structure must have the same parameter λg.  

EXAMPLE FOR STEP-OUT GEOMETRY 
We start by analyzing longitudinal wake potentials due 

to an axially symmetric step-out structure (Fig. 2, inset). 
Three wake potentials, computed with time domain EM 
solver ECHO [4] (used through the rest of this paper), are 
plotted in Fig. 2 (top).  

As σ decreases, the wake potential inside the bunch 
attains larger negative values (W

σ (z) < 0  
corresponds to 

the energy loss of the particle with longitudinal 
coordinate z). In the limit 0σ →  this wake potential 
diverges as 1σ −  and its singular part is given by the 
optical model, see i.e. [2],   

   
W,s

σ (z) =W,opt
σ (z) = −

Z0 c
(2π )1/2π σ

ln rmax
rmin

e
− z2

2σ 2 , (10) 

   W,s
δ (z) =W,opt

δ (z) = − Z0c
π
ln
r
max
r
min
δ(z) ,  (11) 

where Z0 is the free space impedance. 
The same ECHO wake potentials with (10) subtracted, 

are plotted at the bottom of Fig. 2 (dots). Clearly at 
0σ → these curves approach a well-defined limit shown 

by the solid black line. This limit function has a 
discontinuity at z=0, and in the vicinity it can be well 
approximated by (cf.  (5) )  
D

δ (z) = α +β z( )H (z) .   (12) 

Thus, if we determine the parameters α and β, we find 
the (short-range) point-charge wakefield, which can be 
written as (5) with the singular part replaced with (11).   

For this particular geometry λg = 2rmin = 2 cm [1]. 
Following steps 3-5 above, we pick σ0=2 mm<<λg, 
calculate W

σ0 (z)  with ECHO and then determine the 

parameters α and β by fitting (2). All solid curves in Fig. 
2 (bottom) are plotted using these values of α and β.  

 

Figure 2: (inset) step-out geometry; (top) ECHO wake 
potentials;  (bottom) same with singular parts subtracted 
(dots), and (solid) wakes reconstructed from W,ECHO

2mm . 
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Specifically, the green and blue curves plot (2) with the 
shown values of σ, while the black curve for the point-
charge is the plot of  (12). At z>6 mm, all three curves 
merge together as per (4) and (6). Finally, the red curve, 
with σ =5mm>σ0, plots a (numerically performed) 

convolution of the Gaussian bunch shape with D
δ (z)  

given by the black curve.  
Figure 2 illustrates how to find the short-bunch wakes, 

including the point-charge, from EM solver results due to 
a relatively long bunch. While even for this simple case 
no analytical formula  exists for D

δ (z) , the accuracy of 

this method can be tested further by performing ECHO 
calculations with shorter and shorter bunch, and 
observing the results  converge to the black curve [1].  

Similarly, point-charge wakefield reconstruction can be 
performed for transverse wakefields, which we will now 
illustrate for the same geometry of Fig. 2.  As stated 
earlier, transverse wakes are non-singular, so step 4 could 
be skipped. Then the coefficients α, β  and κ are found by 
fitting the σ0=2 mm transverse ECHO wake with (9). 
Substituted in (7)-(8) they define the short-bunch wakes, 
including the point-charge one. At z>3σ0 these wakes are 
given by the transverse analogs of (4) and (6).   

Figure 3 shows the wake potentials found in this 
manner (solid) agreeing very well with the direct 
calculations by ECHO (dots). In addition, the point-
charge wake (black line), agrees well, near z=0, with the 
optical model, [2],  

  
W⊥,opt

δ (z) = − Z0 c
π

(rmin
−2 − rmax

−2 )H (z) .  (13) 

In fact, the fitted coefficient κ is within 2×10-4 of the 
value given by (13) (for z>0), which confirms the 
robustness of our fitting procedure.   

Of course, the point-charge wake model found by our 
method gives a much better approximation away from the 
origin, where the transverse wake significantly deviates 
from the step-function behaviour of the optical model.  

Alternatively, before the fitting, we could subtract the 
asymptotic wake due to (13), W⊥,opt

2mm (z) . This fit, with κ 

set to 0, produces very close results to the fit above, i.e. 
the fitted parameters α are within 0.5% from each other. 
Therefore, in  this  example  subtracting  the   asymptotic  

 

Figure 3: (dots) transverse ECHO wake potentials, and 
(solid) wakes reconstructed from 

  
W⊥, ECHO

2mm . 

model is optional. Sometimes, however, asymptotic 
models are known only up to a numerical coefficient. In 
such cases fitting for the parameter κ is a must. 

EXAMPLE FOR CAVITY GEOMETRY 

 

Figure 4: (inset) geometry; (dots) wakes calculated by 
ECHO and (solid) reconstructed from

  
W⊥, ECHO

1mm . 

Here we apply the method to an axially symmetric 
cavity plotted in Fig. 4. Longitudinal wake reconstruction 
for this structure was described in [1]. For this geometry 
λg≈1.24 cm (see Fig. 1). To proceed with the transverse 
wake reconstruction, we take σ0=1mm<<λg, and calculate 
W⊥,ECHO

1mm . We then subtract the short-bunch wake 

asymptotic, 1mm
,dW⊥

, given by the diffraction model, [2], 

  
W⊥,d

δ (z) = 2kd z1/2 (z > 0) ,   (14) 

  
W⊥,d

σ (z) = kdσ
−1/2 f z σ( )dz∫ ,    (15) 

where f (s) = e−s
2 /4 π

8 s (I−1/4 ( s
2

4 )+ sign(s) I1/4 ( s
2

4 )) ,   

kd = −Z0cπ
−2rmin

−3 2g , and 
1/4I± are the Bessel functions. 

Unlike the previous example, here subtracting the 
short-bunch asymptotic substantially improves the final 
wake model. Indeed, according to (14), the short-bunch 
wakes are dominated by the z1/2 term, which is fitted 
poorly by a polynomial function.  

We proceed by fitting the residual,  
  
D⊥,ECHO

σ 0 (z ≤ 3σ 0 ) ,  

to obtain the parameters α and β, and then reconstruct the 
point-charge wake, (7). With W⊥,d

δ subtracted, it is plotted 

in Fig. 4 (solid black). Figure 4 also shows that the 
reconstructed short bunch wakes (solid color) agree 
perfectly with the direct ECHO calculations (dots).  

In conclusion, we extended the point-charge wake 
reconstruction method of [1] to transverse wakes. 
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SPACE CHARGE MODELS FOR PARTICLE TRACKING ON LONG TIME 
SCALES* 
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R. Potts, University of Tennessee, Knoxville, TN 37996, USA 

 
Abstract 

In order to efficiently track charged particles over long 
times, most tracking codes use either analytic charge 
distributions or particle-in-cell (PIC) methods based on 
fast Fourier transforms (FFTs). While useful for 
theoretical studies, analytic distribution models do not 
allow accurate simulation of real machines. PIC 
calculations can utilize realistic space charge 
distributions, but these methods suffer from the presence 
of discretization errors. We examine the situation for 
particle tracking with space charge over long times, and 
consider possible ideas to improve the accuracy of such 
calculations. 

INTRODUCTION 
Space charge physics has been successfully 

incorporated into numerous computational particle-
tracking studies of linacs, accumulator rings, and rapid 
cycling synchrotrons. These space charge models have 
allowed the successful simulation of phenomena that 
would have been impossible otherwise. Particle-tracking 
simulations for these machines all involve following 
particle distributions over short to moderate time scales. 
With the emergence of ever-higher beam intensities, it is 
now necessary to incorporate space charge effects into 
simulations of storage rings [1]. Calculations for storage 
rings require tracking beams for far longer times than 
those in linacs, accumulator rings, or rapid cycling 
synchrotrons. These long time scales place severe 
requirements on the speed and accuracy of the physics 
models and call for innovative methods of solution. For 
example, Lie Algebraic methods have been used with 
great success in single particle tracking to provide fast 
symplectic high order maps for storage rings. Although it 
is difficult to conceive of full turn maps for collective 
effects, such as space charge, advances will be necessary 
to incorporate this physics reliably into storage ring 
applications. 

The problems of simulating space charge over long 
times arise partly from simplifications in the physics 
required to obtain a computational model and, more 
seriously, from the numerical properties of the model so 
obtained. From the physics perspective, a beam consists 
of many identical indistinguishable particles interacting 
quantum mechanically with each other and with their 
surroundings. In order to perform tracking studies, we 
make a series of approximations to arrive at a picture in 

which we treat the beam as a collection of distinguishable 
particles moving and interacting with each other and their 
surroundings primarily according to classical physics. 
Within this picture, space charge is the inter-particle 
Coulomb force, and its evaluation requires the solution of 
Poisson’s equation. 

Thus, even at the outset, space charge models represent 
a very simplified picture of reality. Their success in 
predicting and describing the physics of accelerators on 
short to intermediate time scales is some testimony to the 
validity of these approximations. However, for extension 
to long time scales, we must keep in mind that many other 
effects, such as lattice imperfections and nonlinearities, 
wake forces, neutral gas ionization and scattering, 
electron cloud interaction, intrabeam scattering, beam 
loss, and others may be important. These effects may be 
relatively unimportant at short or intermediate time scales, 
but critical at longer times. To study them in the presence 
of space charge, it is necessary understand and to mitigate 
the numerically induced noise and errors in the space 
charge models. The challenge of simulating space charge 
over long times lies in the representation of the beam 
distribution and the discretization of the problem. 

CHOICE OF PHYSICAL MODEL 
The first issue in space charge modeling is to determine 

what type of model contains physics sufficient to your 
needs. One criterion is the dimensionality of the model. 
1D longitudinal models are used in longitudinal beam 
dynamics codes and also in conjunction with 2D 
transverse space charge calculations in 3D tracking codes. 
2D transverse models, including bunch factor effects, are 
the most widely used for calculation in rings. If transverse 
properties vary longitudinally or transverse impedances 
are of interest, 2.5D models are necessary. These consist 
of a series of 2D model slices along the longitudinal 
direction that are connected by a common boundary 
condition. 2.5D models provide both the longitudinal and 
transverse space charge force components. All the above 
models are valid only for long bunches in which the 
bunch length greatly exceeds the beam pipe radius. 
Finally, there are full 3D space charge models. These are 
essential for short bunches, where the longitudinal and 
transverse dimensions are comparable, and are widely 
used in linac studies. Computational requirements rise 
steeply with the dimensionality of the model, so it is 
important to adopt the simplest model that contains the 
necessary physics. 

_______________________ 
* ORNL/SNS is managed by UT-Battelle, LLC, for the 
U.S. Department of Energy under contract DE-AC05-
00OR22725 
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REPRESENTATION AND 
DISCRETIZATION 

Important issues that limit the applicability of space 
charge models are their representation of the beam 
distribution and the numerical discretization of the 
problem. Because the space charge forces depend on the 
charge distribution in the beam, the representation of the 
beam distribution in a simulation is very important. One 
simple class of space charge models, called envelope or 
particle core models, represents the space charge 
distribution as a uniform ellipsoidal core that propagates 
according to the envelope equation. The tracked particles 
feel the space charge force due to the propagating core. 
This force is linear inside the core. Envelope models are 
computationally fast and easy to apply. They have been 
used to study halo generation by mismatched beams and 
also the approach to the half integer resonance. One 
limitation of such models is that a constant emittance is 
specified in the envelope and thus constrains the evolution 
of the core. Accordingly, envelope models are simple, but 
far from realistic. 

Conceptually, the opposite approach is to use the 
numerical distribution of tracked particles to provide the 
space charge forces. The implication in using this 
approach is that the tracked beam distribution realistically 
describes the actual beam distribution, which may require 
tracking many particles. Such methods, often called 
particle-in-cell (PIC) methods because of the techniques 
employed to evaluate the collective forces, are much more 
computationally intensive than envelope models and, as 
we shall see, they introduce discretization at more levels. 

An intermediate class of methods for handling space 
charge involves the use of analytic or smoothed 
distributions for space charge evaluation, where the 
parameters of the smoothed distribution are fitted to those 
of a tracked beam consisting of particles. Such hybrid 
methods can, in principle, enjoy the speed and simplicity 
of envelope models while having parameters that evolve 
with the tracked beam distribution. A disadvantage could 
be that, depending on the details of chosen analytic 
representation or smoothing function, important features 
of the tracked distribution may be lost. 

Any numerical space charge model will suffer from 
discretization error, but some methods are subject to more 
error than others. Time discretization is a feature of any 
space charge simulation, regardless of beam 
representation. While space charge forces act 
continuously in classical dynamics, simulations apply 
them as impulses, separated by single particle transport. If 
the time between impulses is too large, accuracy is lost. 
For example, nearby particles may become anomalously 
close in the single particle transport step. At the very 
least, it is necessary to include many space charge 
evaluations per betatron or synchrotron oscillation. 

An additional level of discretization occurs when using 
the tracked particles directly to provide the charge/current 
distribution. Real accelerator bunches typically have 108 – 
1014 particles, while accelerator simulations may use 104 – 

109 macroparticles, with the lower end of this range being 
typical on workstations or small clusters. The impacts are 
an increased graininess of the force distribution and an 
increased potential for large binary collisions. Both of 
these effects introduce noise, or diffusion, into the particle 
evolution. The problem of the enhanced binary collisions 
is often handled by introducing into the inter-particle 
force Green’s functions artificial smoothing parameters 
that reduce the force at close range. 

A final source of discretization in many PIC methods 
relates to the use of spatial meshes. The straightforward 
direct evaluation of pairwise forces between N particles 
requires O(N2) computational work. Faster O(~N) 
methods have been developed. The most popular of these 
methods involve the distribution of the particle charges to 
a selected set of mesh points. This is followed by the 
solution of the resulting potential or forces at the mesh 
points, and then the interpolation of the forces back to the 
particle locations. Computational meshes are used in 
multigrid methods and also in algorithms using fast 
Fourier transforms (FFTs). Many of these are described in 
Refs. [2] and [3]. The approximations in distributing the 
charges to the mesh points and then interpolating the 
resulting forces from the mesh points back to the particles 
introduce additional noise into the space charge 
calculation that can be seen in the motion of individual 
particles. This is illustrated in Fig. 1, where the horizontal 
motion of three particles, initially at (x,y) = (3,0), (0,0), 
and (0,3) mm, selected from a cylindrical constant density 
beam of radius 7 mm in a uniform focusing channel, is 
plotted over 1000 betatron oscillations at the bear tune. 
The space charge tune reduction here is about one third. 
The space charge solution is carried out using a 2D FFT-
based PIC solver. Without discretization noise, the 
amplitudes would remain constant. However, even with 
400000 particles in a 2D problem, the effects of noise in 
diffusing the individual particle orbits are soon apparent. 
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Bare Tune Betatron Oscillations

Initial (x,y) = (3,0) mm
Initial (x,y) = (0,0) mm
Initial (x,y) = (0,3) mm

 
Figure 1. Horizontal motion of three particles in a uniform 
focusing channel with constant space charge, calculated 
using an FFT-based PIC algorithm. Without discretization 
noise, the amplitudes would remain constant. 

Within the realm of fast grid-based methods, techniques 
have been devised to reduce the noise by using the grid 
for evaluating the forces of distant particles and 
calculating the forces due to nearby particles pairwise [2]. 
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Another fast method that uses pairwise force evaluations 
for nearby particles eliminates grid-based discretization 
errors completely. The fast multipole method [4] expands 
the individual particle potentials as multipoles at the 
centers of a collection of square gridded cells containing 
the particles. These expansions are then shifted and 
accumulated through a hierarchy of coarser “parent cells” 
and the resulting totals are converted to Taylor series 
expansions as they are shifted backwards through the 
hierarchy of “child cells”. The result is a set of local 
Taylor series expansions for the potential and force within 
each starting cell. This method solves the N-body force 
evaluation to machine precision when enough terms are 
retained in the multipole and Taylor series expansions. 
Even so, the discretization effects of the time step and the 
numerical particle distribution remain. 

OPTIONS FOR LONG TIME SCALES 
Given the problems of properly representing the beam 

distribution and reducing the discretization noise, the 
question remains: What steps can be taken to extend space 
charge calculations reliably to long time scales? One 
possibility is the sledgehammer approach. It is possible to 
use smaller time steps, more particles, and finer meshes to 
reduce the level of noise due to discretization. This is 
feasible to some extent with the help of modern computer 
technology: clusters, GPUs, etc. Still, this approach is 
expensive and only delays the inevitable effects of the 
numerical noise. Another approach to reduce noise from 
discretization is to eliminate the discretization. At present, 
FFT-based methods are extremely popular for solving 
Poisson’s equation. The fast multipole method can 
eliminate grid discretization errors associated with FFTs. 
However, the effects of the graininess of the particle 
distribution and discrete time steps are still present. 
Another approach with grid-based methods is to study 
different binning or smoothing algorithms for distributing 
space charge from the numerical particle distribution to 
the grid. Like low pass filters, such methods can alleviate 
noise due to gridding and the particle representation. One 
example is the template method of Vorobiev (presentation 
in Ref. [1]) in which the binned point charges on the grid 
are replaced by smoothed elements. Simplified or analytic 
distributions, based on statistically calculated parameters 
of the macroparticle distribution, are also worth exploring. 
For example, Figure 2 shows the evolution of the vertical 
beam size in three different tracking calculations through 
the SNS MEBT. Two of the calculations were carried out 
using grid-based 3D space charge models (PICNIC and 
SCHEFF) in the Parmila code, and the third utilized a 
uniform ellipsoid with parameters taken from tracking a 
distribution with 10% as many particles as in the 3D 
calculations. The RMS beam sizes from the three methods 
are virtually identical, although the ellipsoidal calculation 
required only 20% as much computer time as PICNIC and 

40% as much as SCHEFF. Of course, these linac 
calculations are for short times, but similar hybrid models 
should be explored for calculations at long times. 

 
Figure 2. Vertical beam sizes from particle tracking 
calculations in the SNS MEBT. Space charge models 
include 3D PICNIC and SCHEFF PIC solvers and an 
ellipsoidal uniform density model with parameters set to 
those of a tracked distribution. 

We are exploring all of these approaches in the ORBIT 
Code. At present, we have completed writing and are now 
testing a fast multipole method package. The intent is to 
compare the speed and numerical noise of this method 
with those of our existing FFT-based PIC solvers. In the 
future we plan to develop a number of fast hybrid models 
for long time scale calculations. All of these methods 
must be compared through careful benchmarking. As a 
final remark, we note that an excellent set of benchmark 
tests for space charge has been developed by Giuliano 
Franchetti, and can be found on-line [5]. These provide a 
thorough set of tests for space charge models, including 
some that involve long time scales. 
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TIME-RESOLVED TEMPERATURE MAPPING SYSTEM FOR THE APS

DEFLECTING CAVITIES∗

Y. Yang † ‖, P. Dhakal#, J. Fuerst, J. Holzbauer, J. Kaluzny, J. Mammosser#,

A. Nassiri, H. Wang#, G. Wu, Argonne National Laboratory, Argonne, IL 60439, USA
#Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA

‖Tsinghua University, Beijing 100084, China

Abstract

Time-resolved temperature mapping of a superconduct-

ing cavity can give valuable information on the limiting

process of the cavity performance. A fast temperature

mapping system has been developed at Argonne National

Laboratory (ANL) for a superconducting deflecting cavity

test. The time resolution of the temperature mapping could

be up to 50 µs. Not only the spatial distribution of sur-

face heating but also the thermodynamics can be recorded,

which helps to understand the limitation mechanism. This

new temperature mapping system has helped us to under-

stand the rf performance limitations during the cavity verti-

cal tests. Based on the findings from the temperature map-

ping, proper cavity treatment has been applied and the cav-

ity performances have been improved.

INTRODUCTION

The Advanced Photon Source (APS) at Argonne Na-

tional Lab (ANL) has considered using the superconduct-

ing deflection technique to generate x-rays on the order of

2 ps or less [1]. A single-cell cavity design has been cho-

sen as the baseline design and four superconducting de-

flecting cavities have been fabricated, as shown in Fig. 1.

The cavity is a single squashed-cell cavity with an on-cell

waveguide damper and a Y-end group on the beam pipe [2].

To provide sufficient deflecting modulation to the beam,

a single-cavity deflecting voltage needs to reach 0.5 MV,

which corresponds to a peak surface magnetic field of 106

mT. To accomplish this challenging goal, it is very impor-

tant to understand the cavity performance limitations. Gen-

erally speaking, a number of processes, such as multipact-

ing, field-emission, Q-slope, and thermal quench, might

limit the superconducting cavity performance. All of these

processes will eventually generate heat on the cavity wall.

Temperature mapping is presently one of the most effective

tools to gain insight into the cavity limitations.

Most conventional temperature mapping systems work

for L-band accelerators [3][4]. Hundreds of sensors are re-

quired to cover the cavity surface. However, the sampling

rate is limited to a few Hz, which is not fast enough to get

a resolved signal. The APS deflecting cavity operates at

2815 MHz. The cavity size is much more compact com-

pared to the L-band cavity, thus a fewer number of sensors

are needed to cover the high magnetic field surface. A new

∗Work supported by the U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357
† yaweiyang@aps.anl.gov

On-cell damper 

Y-end group 

Cavity cell 

Figure 1: The APS superconducting deflecting cavity dur-

ing assembling in a clean room. The cavity has a Y-end

group on the beam pipe and a on-cell waveguide damper.

time-resolved temperature mapping system has been devel-

oped for the APS deflecting cavity. It consists of 24 tem-

perature sensors with a time resolution as high as 50 µs. A

number of cavity tests made using this system have helped

us understand cavity performance limitations. Compared

to conventional temperature mapping, time-resolved tem-

perature signals are much superior in classifying the limi-

tations in terms of thermal dynamics. These findings from

temperature mapping have led us to improve the cavity per-

formance with the following treatment.

SENSOR MOUNTING AND DATA

ACQUISITION

We used sensors made from Allen-Bradley carbon resis-

tors. This resistor has a high thermal sensitivity of 10Ω/mK

around 2 K. To thermally isolate the sensor from the he-

lium bath, the resistor was enclosed in a G-10 container

filled with epoxy. In order to make good thermal contact

and provide electrical isolation to the cavity surface, the

top surface of the resistor was ground away until the car-

bon was exposed and then a thin layer of a GE-varnish,

toluene and alcohol mixture was applied.

The APS deflecting cavity operates at dipole mode, and

the highest surface magnetic field region is the iris between

the cavity cell and the Y-end group. The sensors were

mounted around the cavity based on the surface magnetic

field distribution, as shown in Fig. 2. Proper mounting

techniques were developed. A cryogenic cable tie was ap-

plied as a band to mount the sensors around the iris. Two

semi-circle bands made of cryogenic fiberglass weres used

to attach the sensors on the cavity cell. Apiezon N grease
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is applied to all the sensor contacts to ensure good thermal

contact with the cavity.

A-1 

A-2 

A-3 

A-4 

A-5 A-6 

A-9 

A-7 

A-8 

B-6 

B-7 

B-8 

B-9 

B-10 

B-11 

Figure 2: Sensor layout around the cell and the iris looking

from the Y-end group side. The iris on the other side has

similar sensors around the iris.

The data acquisition is based on a National Instrument

data acquisition (DAQ) device. However, direct connection

of the sensor to the DAQ will result in excessive current

to the sensor. A proper circuit is designed to excite the

sensors with a 15-µA current. As shown in Fig.  3 , the

resistance values of the sensors are measured in terms of

the voltage drop across the resistor. The cavity field level

can be measured in terms of the output voltage of the cavity

transmitted power crystal detector. All the data is processed

and recorded by a LabVIEW program.

The software has three operation modes: calibration

mode, continuous measurement mode, and pulse measure-

ment mode. The calibration mode records how the resis-

tance of different sensors changes with the helium gas pres-

sure reading. Those correlations are used to calculate the

temperature rise during the measurement. The calibration

mode operates during the helium-bath cooling from 4 K to

2 K. The sampling rate is only 0.5 Hz, but the accuracy is

better than 0.3 mK. During the cavity test, the software usu-

ally operates in continuous measurement mode. It quickly

records the resistance values of different sensors. Then the

temperature is calculated using the calibrated correlations.

The sampling rate of continuous mode is 300 Hz with an

accuracy of 2 mK, which is fast and accurate enough to

obtain time-resolved heating. The pulse mode records the

sensor reading with highest possible resolution up to 50 µs.

However, the accuracy is limited to about 10 mK and the

measurement only lasts for 2 seconds. This mode is de-

signed to give the highest time-resolution.

CAVITY VERTICAL TEST WITH

TIME-RESOLVED TEMPERATURE

MAPPING

Eight cavity vertical tests have been performed with this

temperature mapping system, and it has helped to identify

the limitations of the cavity performances. With the help

of this system, a number of defect mechanisms have been

identified that have lead us to find appropriate treatment

techniques to eliminate the obstacles and improve the cav-

ity performance.
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Figure 3: Schematic of the measurement circuit. A 15 µA

current is used to excite the thermometer, and the voltage

drop across the resistor is used to measure the resistance

value.

Multipacting

The thermodynamics of multipacting (MP) on the cavity

wall can be obtained using this system. It can be identified

as an abrupt pulse heating when the field level reaches a

barrier and then has a small and abrupt drop. An example is

given in Fig. 4. Sensors A-3 and A-8 detected pulse heating

signals during the vertical test when the cavity surface peak

magnetic field first approached 85 mT.
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K

 

 

A−3

A−8

Figure 4: A soft MP barrier occurred at the A-3 and A-8

sensors when the maximum surface M-field approached 85

mT. Pulse heating can be detected when MP occurs

It can be seen that multipacting induced pulsed heatings

at A-3 and A-8. They did not happen at the same time. On

the other hand, both the A-3 and A-8 sensors were located

at high magnetic field regions. The multipacting at either

point is likely one-point multipacting.

All the multipacting found in the cavity tests turned out

to be soft. The thermodynamic during multipacting pro-

cessing was also obtained. The processing lasted from

tens of seconds to several minutes. After that, the pro-

cessing subsided and the Q gradually returned to normal.

A continuous but not stable heating signal could be de-

tected by time-resolved temperature mapping during the

processing. Figure 5 shows an example of temperature sig-

nals during multipacting processing. The pulse heating sig-

nals became a continuous heating signal when the process-

ing started. The processing happened at two points: the
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A-3 sensor location and the A-8 sensor location. An inter-

esting phenomenon was that the processing at A-3 and A-8

took place alternately, which formed a rectangular-shaped

temperature-rise signal. The processing gradually decayed

as the temperature went down, and cavity Q gradually in-

creased back to a normal level.

860 865 870 875 880

0

50

100

150

second

m
K

 

 

A−3

A−8

Low field processing

High field processing

Figure 5: MP processing happened at A-3 and A-8 sensor

when peak magnetic field approached 95 mT. The sudden

”turn on” of the processing is shown with pulse heating

changing into a continuous heating signal.

High-Field Q-Slope

High-field Q-slope was found in one of the cavities start-

ing at 70 mT. The temperature mapping showed the Y-end

group iris had a strong heating signal all around the iris [5].

The time-resolved signal showed the heating magnitude

was constant at a given cavity field level. After the cavity

showed a Q-slope at high field, the temperature rose expo-

nentially in the power law ranging from 10 to 16. Those

findings were consistent with the finding of Q-slope with

convectional temperature mapping.

Quench Detection

Quench detection becomes more accurate with time-

resolved temperature mapping. The thermodynamics of

quench can be recorded. Figure 6 gives an example of

quench. When quench happened, the A-3 sensor set at the

location of the quench measured a pulse heating reading as

soon as the cavity field dropped to zero. The pulse heating

magnitude was very high (the highest reading was about

1.5K), which lasted about 50 ms. The sensors within 0,5

inch detected a small pulse reading of tens of mK. How-

ever, other hot spot temperatures would drop as the cavity

quenched. The thermodynamics demonstrated by the time-

resolved temperature mapping could help to determine the

quench location with good accuracy.

CAVITY PERFORMANCE

IMPROVEMENT

Of the four fabricated deflecting cavities, two of them

have been explored in detail with this temperature map-

ping system. It has successfully located the defect spots or
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0

1000

m
K

time (s)
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0

100

m
T

A−3 sensor temperature (mK)

Cavity maximum H−field (mT)

113.2mT

Figure 6: Quench pulse heating signal, the quench location

temperature heating can go as high as 1.5K.

the heating area, and helped us to understand the perfor-

mance limitations. Based on the findings from temperature

mapping, the following treatments have helped to improve

performance [6]. In one cavity, global heating was detected

around the iris. A 40µm EP has helped to remove the Q-

slope and improve the quench limit. In the other cavity,

quench was detected at one spot on the cavity equator when

the peak magnetic field approached 95 mT. A welding de-

fect was found at the spot by optical inspection. The sub-

sequent cosmetic E-beam welding smoothed the area and

improved the gradient. Both of the cavities have reached

design specifications.

SUMMARY

We described a time-resolved temperature mapping sys-

tem to characterize the performance limitations of the APS

deflecting cavity. Time-resolved temperature signals can be

used to gain further insight into these limitations. Detailed

studies were performed in two deflecting cavities. Based

on our findings, proper treatment was applied and cavity

performance reached design criteria in both cavities.
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Abstract

The Advanced Photon Source has considered using a
deflecting-cavity-based scheme to produce short pulse x-
rays. A deflecting cavity design has been completed. To
verify the simulation result on this cavity, a copper proto-
type of the design has been fabricated for bench measure-
ment. In this paper, we report our measurement results on
this cavity. All the cavity modes below 5 GHz were iden-
tified by comparing the field distributions with calculations
along different beam paths. After adding the damper, the
measured Qexts of those modes were consistent with calcu-
lated values, which demonstrated that the cavity damping
scheme was sufficient to reduce the wake impedances well
below the safety thresholds.

INTRODUCTION

The Advanced Photon Source (APS) at Argonne Na-
tional Lab (ANL) has considered using a superconducting
deflecting-cavity-based scheme to generate x-rays on the
order of 2 ps or less [1]. The unwanted cavity modes in cav-
ities can drive coupled-bunch instabilities in high-current
storage rings. Thus sufficient damping of those modes was
very important. It is equally important to maximize the op-
erating mode parameters and provide sufficient transverse
kick to the beam. A cavity design has been proposed, as
shown in Fig. 1. This cavity design is a single squashed-
cell cavity with an on-cell waveguide damper and a Y-end
group on the beam pipe [2]. The on-cell waveguide serves
as lower-order mode (LOM) damper. One of the Y-end
group waveguide damper works as a fundamental power
coupler (FPC) and the other two dampers as higher-order
mode (HOM) dampers. The cavity operates at 2815 MHz.

Extensive simulations have been performed, and we
have demonstrated that the wake impedances are well be-
low the stability thresholds [3]. In this paper, bench mea-
surements were performed to verify numerical calcula-
tions. There were mainly two steps in the bench measure-
ment. The first step was to identify the modes by measuring
the field distributions using on-axis and off-axis bead-pulls.
The second step was to characterize the damping perfor-
mance by using actual high-power waveguide damper pro-
totypes [4].

∗Work supported by the U.S. Department of Energy, Office of Science,
under Contract No. DE-AC02-06CH11357

† yaweiyang@aps.anl.gov

LOM damper 
Input coupler 

HOM damper 

Figure 1: The APS deflecting cavity design.

COPPER PROTOTYPE CAVITY
MEASUREMENT

Measurement Technique
The cavity modes were characterized by the Slater per-

turbation technique. With a small perturbing object, usu-
ally a dielectric bead or metal needle, passing through the
cavity beam pipe, the longitudinal electrical field Ez(r, θ)
along the beam path can be measured in terms of the fre-
quency shift due to the perturbation. For a dielectric bead,
the frequency perturbation can be related to the electric
field strength as follows:

−Δω

ω
= g1e

2
‖ + g2e

2
⊥, (1)

where the coefficients g1 and g2 are geometric factors.
They depend upon the bead size, material, and geometry.
Eq. 1 shows that the electrical field in both longitudinal
and transverse directions will contribute to the frequency
change when the bead passes through the cavity. But for the
R/Q measurement, only the longitudinal electrical field is
of interest. In the APS deflecting cavity, there are many
modes that have strong transverse electrical field compared
to the longitudinal electrical field along the beam path. To
get an accurate measurement of the R/Q, a slender bead
with a length at least ten times larger than the diameter is
required due to its insensitivity to the transverse electrical
field with g1 � g2 [5]. However, our bead length needs to
be relatively small to have adequate longitudinal resolution
due to the compactness of the cavity. Given that, it is very
difficult to have such a bead that can separate the transverse
and longitudinal electrical fields. After exploring differ-
ent beads and techniques, we selected a uniform dielectric
bead with g1 ≈ g2 to measure the electric field amplitude
Eabs(r, θ) along different paths. Before the bead-pull mea-

Proceedings of PAC2013, Pasadena, CA USA WEPAC02

07 Accelerator Technology

T07 - Superconducting RF 787 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 2: Copper prototype cavity in bead-pull measure-
ment. The bead transverse location can be changed.

Vertical Direction 

(φ=90o) 

45o  Direction 

(φ=45o) 

 

 
Horizontal Direction 

(φ=0o) 

 
Bead Transverse Location 

(r,φ) 

(r,φ) 

Figure 3: Bead pull measurement along different paths in
horizontal, vertical, and 45o directions.

surement on the copper prototype, we calibrated the beads
with a pillbox cavity, in which the field distributions of dif-
ferent modes had been well understood. The geometric fac-
tors g1 and g2 were obtained by the monopole mode and
dipole mode measurements.

Even though the azimuthal symmetry is broken in the
APS deflecting cavity, the cavity modes can still be ap-
proximately classified as monopole mode, dipole mode,
and quadrupole mode. It is hard to get the mode identity
based on the field distribution Eabs on a single path. To
fully characterize the mode azimuthal property (monopole,
dipole, or higher) and identify the mode, bead-pull mea-
surements were performed with different transverse offsets
in different directions, as shown in Fig. 2 and Fig. 3. We
focused on the horizontal , vertical, and 45o angle displace-
ment. The bead-pull measurements were performed us-
ing an Agilent E6362B network analyzer with a Labview
program. With all waveguide ports and beam pipe ports
shorted and sealed, the cavity mode was excited by a probe
inserted through the beam pipe, and the signal was picked
up through a probe on the waveguide damper or a probe in-
serted into the other side of the beam pipe. The frequency
shift due to the bead perturbation was measured in terms
of the phase shift, which was more sensitive than direct
measurement. Different probes were developed for mode
excitation. By changing the probes and varying the probe
orientation, it was possible to enhance the profile of the
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Figure 4: Measured (a) and calculated (b) field distribution
of the TM010like mode along different paths with an in-
creasing horizontal offset r. The measured R/Q value is
very consistent with simulation.
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Figure 5: Measured (a) and calculated (b) field distribution
of the TM110ylike mode along different beam paths with
an increasing vertical offset r.

mode we were measuring and reject the interfering mode.

Mode Characterization
Comparison of Eabs along different paths turned out to

be a very effective way to identify all the cavity modes.
Figure 4 compares calculated and measured field distribu-
tions of the monopole TM010like mode along different hor-
izontal paths. This mode was the lowest mode of the cavity
and it had very strong beam coupling. Due to the strong
coupling with on-cell waveguide damper, the field ampli-
tude had a gradient along the horizontal direction, which
was confirmed by both calculation and bead-pull measure-
ment. There was negligible transverse electrical field ef-
fect, and the R/Q measurement gave a very consistent re-
sult with the simulation. Figure 5 shows the field distribu-
tions of the operating dipole mode along different vertical
paths. The measured field amplitude was the superposi-
tion of the longitudinal electrical field and the transverse
electrical field; it was very hard to separate the longitudinal
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Table 1: Comparison of Mode Frequencies and Qexts with Prototype Dampers

Mode identity Frequency calc. (MHz) Qext calc. Frequency meas. (MHz) Qext meas.

TM010like 2295.82 67.96 2294.2 76.4
TM110ylike 2812.12 1× 106 2809.8 1.03× 106

TE111xlike 2987.12 273 2985.23 256
TE111ylike 3027.2 515 3026.74 512
TM110xlike 3347.4 10.2 3326.74 24
TM020like 3937.3 200.3 3935.4 152
TM210like 4269.7 4270 4267.7 3890
TE211alike 4505.7 1340 4520.4 1130
TE211blike 4599.7 1376 4610.4 1425
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Figure 6: Measured (a) and calculated (b) field distribution
of the TM210like mode along different beam paths with an
increasing 45o offset.

effect. Thus the measured transverse R/Q was less con-
sistent with the simulation. Figure 6 shows the field dis-
tributions of the quadrupole TM210like mode along differ-
ent 45o paths. Around the cavity center, the field strength
was very low but the field strength inside cavity increased
significantly with a growing offset r in 45o direction, as
demonstrated in simulation and bead-pull measurement.

Mode Damping
After the cavity modes were identified by the bead-pull,

all the waveguide couplers were connected with the proper
loads. Q was measured by S21 transmission between the
probes either inserted into the beam pipe or on the waveg-
uide damper. After adding the damper, the loaded Qs of
the cavity modes (except the operating mode) were much
lower. Normally, we started the measurement with the
same probes mounted in the same positions around the cav-
ity as we did in the previous measurement when all the
waveguides were shorted. The Qexts could be derived by
the difference of the inverses of the measured Qloads. If the
mode Qext was very low, the probe location was adjusted to
have stronger coupling. Table 1 compares the measured Qs
with the calculation by ACE3P. It could be shown that the
measured Qexts of the cavity mode were quite consistent

with the simulation results.
One thing to note is that the measurement of the oper-

ation mode TM110y was different. The mode had a weak
coupling with all the waveguides. To measure the coupling,
a matched tophat was used on the waveguide coupler. The
transmission S21 between the matched tophat and the tuned
beam pipe probe was used to calculate the coupling through
the waveguide.

SUMMARY
A copper prototype cavity has been fabricated and exten-

sive measurements have been performed on the cavity. The
bead-pull measurements were performed for all the modes
below 5 GHz. The cavity modes were identified by com-
paring the measured field distributions with calculations
along different paths. The field distribution of different
modes were consistent with the calculated results. After
adding the prototype damper, the measured Qexts were in
agreement with the simulation results, which indicates that
the fabricated cavity could meet the design criteria and the
wake impedances were well below the stability thresholds
for operating in the APS storage ring with 150-mA current.
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Abstract 
A β=0.085 quarter wave resonator (QWR) with 

resonant frequency=80.5 MHz is used in the Facility of 
Rare Isotope Beam (FRIB). Its baseline structure is 
designed to achieve the FRIB specifications with 
optimum cost to performance ratio. Electro-magnetic 
optimization is introduced in this paper to modify its 
internal geometry to reach instead maximum accelerating 
gradient, while preserving the original flange to flange 
length. Reduced peak magnetic field and increased shunt 
impedance are well achieved in the optimization while 
keeping the same stored energy. The maximum 
accelerating voltage is raised accordingly. Multipacting 
and steering are also analyzed for the optimized cavity. 
This resonator could be used in the ReA linac at MSU and 
in all applications where the maximum accelerating 
voltage should be achieved in a limited space, or where 
the accelerator cost is mainly driven by the resonator 
gradient. 

INTRODUCTION 
The baseline structure of FRIB QWR cavity is designed 

to achieve its goal with optimum cost to performance 
ratio. By further optimizing the baseline cavity, we aimed 
at a cavity design (that we nicknamed "race car") which 
provides significantly more accelerating gradient (Ea) still 
being affordable in cost, like an economy car in the auto 
world. The optimization is achieved mainly by reducing 
the peak magnetic field Bp and increasing the cavity shunt 
impedance Rsh. Lower   Bp can speed up the “car” to 
higher cavity gradient, and increased Rsh allows keeping 
power consumption low, like saving “gasoline” for the 
“car”. With high gradient, low- resonators like this “race 
car” design, compact accelerators which can reach several 
MeV per nucleon in a limited space can be built for 
different applications. In this paper, section 1 introduces 
the method and procedure of the electromagnetic 
optimization. Section 2 discusses multipacting and beam 
steering issues before and after the optimization. 

ELECTRO-MAGNETIC OPTIMIZATION 
The main goal of the optimization is reducing the peak 

magnetic field (Bp) and increasing shunt impedance 
(Rsh/Q) while keeping good values for the stored energy, 
the peak electric field (Ep) and the geometric factor 

(Rs×Q). To achieve the “economy” concept, we should 
limit rising of the cavity cost as little as possible. Thus, 
we maintained the radius of cavity outer conductor and 
optimized the cavity inner part. 

Performance of FRIB QWR 
Before cavity optimization, simulation was performed 

to get the parameters of FRIB QWR with MWS [1]. Table 
1 shows the simulation results (effective length=βλ).  

 

Table 1: Cavity Parameters of FRIB QWR  

Parameter Value Units 

Frequency 80.50 MHz 

Ep/Ea 5.9 Abs. 

Bp/Ea 12.6 mT/(MV/m) 

Rsh/Q 452 Ω 

Rs×Q 22.3 Ω 

 
In superconducting low- resonators, the highest 

reported surface peak fields before quench are 
approximately 80 MV/m and 150 mT in cw mode. So 
there is a tradeoff between Ep and Bp that should be taken 
into account when designing a cavity, and Bp/Ep1.8 
should be nearly an optimum. For the FRIB =0.085 
QWR, Bp/Ep=2.14 which means the cavity can be 
expected to quench at high accelerating gradient due to 
Bp. To raise the maximum achievable gradient to this 
cavity, the most effective method is reducing its Bp.    

Procedures of Optimization 
First step:  
The peak magnetic field of FRIB QWR is located at the 

inner conductor near the short plate (Fig. 1). To reduce the 
Bp/Ep, we optimized the structure of inner conductor by 
scanning two geometric parameters (R1 and L1 in Fig.2). 
 

 
Figure 1: Magnetic field distribution of the FRIB QWR. 
Red means Bp. Cavity stored energy is normalized at 1J.  

 

 ____________________________________________ 
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Figure 2: Diagram of the first step optimization. 

 
The optimized parameters chosen are: R1=90 mm (the 

original value is 52 mm), L1=450 mm (As a reference: 
total length of the cavity is 1041 mm). After the first step, 
Bp/Ep is reduced significantly. But shunt impedance is 
lowered and cavity frequency is increased. 

Second step:  
We reduced the radius of inner conductor (R2 in Fig. 3) 

to increase shunt impedance and increased L2 to tune the 
resonant frequency back to 80.5 MHz. Optimization from 
scanning four parameters (R1, R2, L1 and L2) and the 
optimized parameters are chosen: R1=80 mm, R2=30 mm 
(the original value is 52 mm), L1=793 mm, L2=951 mm 
(the original value is 821 mm; cavity length extends 130 
mm).  
 

 
Figure 3: Diagram of the second step optimization. 

 
Third step: 
 We tried to reduce the peak electric field to further 

improve cavity performance. Ep was located in the region 
of the inner conductor (IC) drift tube (nicknamed 
“donut”), so we optimized its shape. We tried three kinds 
of donuts during the optimization (see Fig. 4). Because 
the simulation results reconfirmed that even with tapered 
IC the original donut has minimum Ep, we kept it. 

 

 
Figure 4: Three kinds of donuts in the third step 
optimization. (1) sphere donut, (2) cylindrical donut, (3) 
the original donut. 

 
A final re-optimization was done by tuning all 

parameters together.  
After these optimization steps, the cavity parameters 

resulted significantly modified regarding the maximum 
gradient capabilities, with rather limited rise of cost. We 

called this cavity design “race car” and its parameters are 
shown in Table 2 (effective length=βλ). 

 

Table 2: Cavity Parameters of “race car” 

Parameter Value Units 

Frequency 80.48 MHz 

Ep/Ea 5.8 Abs. 

Bp/Ea 8.6 mT/(MV/m) 

Rsh/Q 548 Ω 

Rs×Q 20.6 Ω 

 
Comparing Table 2 with Table 1, the improvements 

from the FRIB QWR to the “race car” are as following: 1) 
peak magnetic field was reduced significantly; 2) shunt 
impedance was increased. We can see that Bp/Ep1.5, 
significantly below 1.8. However, since staying at 1.8 
would not reduce Ep anyhow, we decided to minimize Bp 
as much as allowed by our outer conductor diameter. 

Thus, if we assume cavity will not quench below Ep=80 
MV/m, the “race car” should provide a maximum 
accelerating gradient of 13.8MV/m if the effective length 
is defined as Leff≡=0.317 m, and 16.3 MV/m if 
Leff≡D=0.27 m, where D is the real outer conductor 
diameter. If we assume – according to the ReA cavities 
test results – that operation at Bp=100 mT could be safely 
achieved, an acceleration of 3.7 MV in a cavity which is 
only 27 cm long might be feasible, if Ep=67 MV/m can be 
maintained as foreseen for elliptical cavities. This voltage 
until now for this range of beta was planned in operation 
only with cavities of considerably larger size. 

MULTIPACTING AND BEAM STEERING 
The “race car” design exceeds the expected FRIB 

cavity operation gradient, but some issues, such as 
multipacting and beam steering, needed to be studied 
carefully.  

Multipacting Analysis 
In the FRIB QWR, there are two types of multipacting: 

one is located at short plate [2], the other one is between 
inner and outer conductor (IC and OC). Both of them in 
clean cavities can be suppressed in a short time by RF 
conditioning during RF tests. For the “race car” cavity, 
the tapered IC may enhance multipacting near the short 
plate.  

In Fig. 5, simulation of the FRIB QWR’s multipacting 
was verified by the cavity vertical tests [3]. Thus, we can 
use simulations to predict multipacting of the “race car”.  
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Figure 5: Multipacting barrier in simulation and vertical 
tests. In simulation, normalized MP intensity is proportion 
to the total number of secondary electrons in 10 RF 
cycles. In vertical tests, it is proportion to the frequency of 
multipacting (the number of multipacting processing tests 
over the total number of tests). The multipacting at lower 
accelerating gradient occurs between IC and OC while the 
higher one is on the short plate. 

 
We simulated multipacting for both the FRIB QWR and 

the “race car”, and compared them in Fig. 6. As a result, 
taper did enhance multipacting on the short plate. The 
multipacting barrier on short plate of the “race car” is 
shifted to a higher gradient and becomes wider. But the 
overall multipacting intensity doesn’t increase much 
(maximum value increases from 0.7 to 1 in Fig. 6). Thus, 
the “race car” design might need more time than the FRIB 
one for RF conditioning to suppress multipacting. 
 

 
Figure 6: Multipacting comparison between FRIB QWR 
and “race car” by simulations. Normalized MP intensity is 
proportion to total number of secondary electrons in 10 
RF cycles. 

Beam Steering Analysis  
In the FRIB QWR, beam steering can be corrected by 

offsetting the cavity down 1.5 mm [4]. Since in the “race 
car” radius of the inner conductor curvature is reduced 
from 52 mm to 30 mm above the beam axis, the vertical 
electric field distribution (Ey) is changed (see Fig. 7) and 
so the beam steering. Comparing with the FRIB QWR, 
the steering becomes weaker for β<0.085 but larger for 
β>0.085 (see Fig. 8). The disadvantage is that the 
previous correction method with the “race car” is not as 
good as with the FRIB cavity, although looking 

acceptable. Beam port shaping for better correction can be 
considered if necessary.  

  

 
Figure 7: Ey comparison between the FRIB QWR and the 
“race car” cavity.  

 

 
Figure 8: Steering and the correction comparison between 
the FRIB QWR and the “race car”. By offsetting cavity 
down 1.5 mm we will have a minimum steering for the 
FRIB QWR, while for the “race car”, the required 
correction will be 0.8 mm.  

CONCLUSION 
By simultaneously reducing peak magnetic field and 

increasing shunt impedance, the FRIB =0.085 QWR 
geometry was optimized for maximum acceleration 
gradient without increasing the cavity longitudinal  
dimensions but only the vertical length by about 130mm. 
The cost increase for this new geometry appears to be 
rather affordable. This resonator type might benefit the 
ReA linac at MSU and other applications where 
maximum acceleration must be achieved in a limited 
space. Both multipacting and beam steering issues have 
been thoroughly studied with simulations. The 
construction of a prototype is planned for next year.  
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HYDROGEN DEGASSING STUDY DURING THE HEAT TREATMENT OF 
1.3-GHZ SRF CAVITIES 

M.J. Joung1# , H.J. Kim1, A. Rowe2, M. Wong2 
1IBS, Daejeon, South Korea 

2Fermi National Accelerator Laboratory, Batavia, USA 

Abstract 
Superconducting radio frequency (SRF) cavities 

undergo a number of processes as part of its 
manufacturing procedure in order to optimize their 
performance. Among these processes is a high 
temperature hydrogen degas heat treatment used to 
prevent 'Q' decrease. The heat treatment occurs in the 
processing sequence after either chemically or 
mechanically polishing the cavity. This paper 
summarizes the hydrogen measurements during the 
heat treatment of a sample of chemically and 
mechanically polished single-cell and nine-cell 1.3-
GHz cavities. The hydrogen measurements are 
analyzed according the polishing method, the polishing 
history, the amount of time that the cavity was baked at 
800℃, and the temperature ramp rate. 

INTRODUCTION 
The performance of superconducting radio 

frequency cavities is most important fact for a high 
gradient accelerator.  However it is limited by field 
emission and thermal magnetic breakdown.[1] Most of 
the SRF cavities receive surface treatment to improve 
the performance of the cavity. A high temperature heat 
treatment degases the hydrogen gas that comes from 
the polishing process. High temperature heat treatment 
provides some stress-relief in the material in addition 
to degassing hydrogen gas [2] Hydrogen degassing 
studies were carried out at Jefferson Laboratory and 
Institut fuer Kernphysik using defference cavity. [3-4] 
The goal of the analysis in this paper was to evaluate 
whether a dependency exists between the cavity 
surface processing techniques, the kind of cavity and 
the hydrogen evolution during the heat treatment. The 
different polishing techniques and sequence are 
described. The methodology of determining the 
amount of degassed hydrogen is explained. Finally, the  
conclusion shows a comparison of the hydrogen 
amount. 

DESCRIPTION OF CAVITIES & 
PROCESSING HISTORY 

Nineteen single cell cavities and three nine-cell 
cavities, all 1.3-GHz cavities, were analyzed.  All had a 
variety of processing steps.  The cavities were polished 
using either EP (Electropolishing) or CBP (Centrifugal 
Barrel Polishing, or tumbling) to a mirror finish. [5]  

The EP process polishes the surface using electrical 
current in acid solution at 30°C. It is a type of chemical 
polishing. The CBP (or tumbling) process polishes the 

surface using material (media) for many hours between 
30°C and 50°C. It is a type of mechanical polishing.  

The 800°C heat treatment takes place after the 
cavities were polished.  During the heat treatment the 
temperature ramp rate was either 3°C per minute or 
10°C per minute and the soak time at 800°C was either 
2 hours or 3 hours.  Table 1 shows the various 
sequences that different cavities experienced.  It is 
noted that the amount of material removed during 
polishing did not correlate with the amount of degassed 
hydrogen. 

 
Table 1: Polishing and Bake Sequences for the Cavities 

Cavity No. Process 
1, 2, 3, 4, 9, 11, 13, 

14, 15, 16, 17, 18,  20, 
23, 25, 26 

EP / bake 

10, 12 CBP / bake  
7, 19 EP / CBP / EP / bake 

6 EP / CBP / bake 
22, 24 CBP / EP / bake 

5 CBP / bake / EP / bake 
 

MEASURING AND CALCULATING 
THE H2 AMOUNT 

The vacuum furnace has a SRS 100 residual gas 
analyzer that measures the partial pressures of gasses 
during a bake.  The RGA sits outside the furnace’s hot 
zone and on the opposite end of the chamber’s 
cryopumps.  Figure 1 shows the hydrogen partial 
pressure curves for an electropolished cavity, a 
tumbled cavity and the baseline from an empty 
chamber for a temperature soak of 3 hours and a ramp 
rate of 3°C per minute. Of interest is the pressure data 
within the temperature range of 300°C to 300°C, as is 
shown in Figure 1. 
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Figure 1: Typical H2 partial pressures of an 
electropolished cavity, a tumbled cavity, and an empty 
chamber within 300°C to 300°C. 
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A baseline hydrogen pressure curve was established 
by baking an empty furnace chamber.  The empty 
chamber sat at room temperature at a vacuum pressure 
on the order of 1E-8 torr for eighteen days before the 
bake cycle started.      

To calculate the total amount of degassed hydrogen 
from a cavity during a bake, the cavity’s hydrogen 
pressure curve was integrated.  The baseline hydrogen 
curve is also integrated, and the difference between the 
two values is the shaded area shown in Figure 2.  This 
value is then multiplied by the effective pumping speed 
(~500 L/s) within the furnace to provide the total 
degassed hydrogen in units of torr-L.  
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Figure 2: Area between the cavity and baseline H2 
pressure curves. 

HYDROGEN ANALYSIS 
Between Tumbled Cavity and EP Cavity 

This section shows that tumbled cavity has a larger 
amount of hydrogen than the electropolished cavity.  
The tumbled cavities showed a hydrogen peak at 
temperatures between 500°C and 600°C. The hydrogen 
peak was typically an order of magnitude higher than 
the hydrogen level during the 800°C soak.  Figure 2 
compares the hydrogen amount for tumbled and 
electropolished cavities that had a three hour soak and 
a temperature ramp rate of 3°C per minute (cavities 
numbered 1 through 12).  Cavities numbered 6, 7, 10, 
11 and 12 were tumbled cavities. The rest of the 
cavities were electropolished. 

Figure 3 shows the large of amount of hydrogen in 
the tumbled cavities compared with the electropolished 
cavities.  It is likely that an electropolished cavity emits 
a small amount of hydrogen compared to the tumbled 
cavity.  The H+ ions that are produced tend to go into 
the cathode rather than the niobium surface.   Also, the 
oxide surface layer which is produced during EP 
process prevents H+ ions from penetrating easily into 
the niobium material. On the other hands, during the 
CBP process, the niobium oxide layer disappears and 
the H+ ions can penetrate into the niobium material. 
Once the CBP process is complete, the oxide layer is 
reformed.  During the heat treatment process, the oxide 
layer is removed and any hydrogen loaded into the 
niobium is released. 

 

 
Figure 3: Comparing degassed H2 in electropolished vs. 
tumbled cavities. 
 
Between the Single-Cell Cavity and Nine-Cell 
Cavity 

 
Figure 4: Comparing degassed H2 in single-cell vs. 
nine-cell cavities. 
 

Figure 4 shows the amount of hydrogen when 
comparing the single cell and nine cell cavities. 
Cavities 16-20 are single-cell cavities, and the cavities 
22-24 are nine-cell cavities. Cavities 19, 22 and 24 are 
tumbled cavities. The nine-cell cavities show the 
degassed hydrogen amount more than nine times of the 
hydrogen amount from single-cell cavities, as expected. 

By Polishing History 
Each cavity received different kinds of polishing and 

polishing time, listed in Table 1. Two observations 
were found by comparing the polishing histories of the 
cavities. One observation confirms again that the 
amount of degassed hydrogen comes from the 
electropolished cavity is significantly less than the 
amount of hydrogen from the cavity that received CBP. 
The second observation is that the hydrogen amount 
from CBP cavity is larger no matter how many EP 
processes it received. So it turned out that EP process 
cannot remove hydrogen gas that comes from the CBP 
process. But when there is a baking process between 
CBP process and EP process, the baking process 
removes the hydrogen gas from the cavity that is left 
from the CBP process.  
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CONCLUSIONS 
This paper describes how the hydrogen data was 

collected and how the amount of hydrogen was 
calculated. The degassed hydrogen amount from 
electropolished and tumbled cavity was analyzed. It 
was confirmed that tumbled cavities degas a large of 
hydrogen gas compared with electropolished cavities 
and the basic principle was explained in the section of 
hydrogen analysis. It was found that the EP process 
cannot remove hydrogen gas that comes from the CBP 
process. Once the cavity received CBP process before 
baking, regardless of whether or when the cavity was 
EP’d the cavities degases a large of hydrogen amount. 
In comparing the single cell and nine-cell cavities, it 
was expected that the degassed hydrogen amount 
would be more, correlating with surface area.  The 
amount of hydrogen from nine-cell cavities was much 
than expected. More studies will be done to understand 
the reason. The increasing rate of hydrogen amount to 
determine the real pump capacity and calculating the 
RGA accuracy has to be studied further in order to 
optimize the heat treatment process. 
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MEASUREMENT OF A SUPERCONDUCTING SOLENOID WITH 

APPLICATIONS TO LOW-BETA SRF CRYOMODULES* 

S.H. Kim
#
, M.P. Kelly, Z.A. Conway, P.N. Ostroumov, ANL, Argonne, IL 60439, USA 

E.E. Burkhardt, Cryomagnetics, Inc., Oak Ridge, TN 37830, USA

Abstract 

Proton and heavy-ion linacs with superconducting 

cavities require compact lattices to suppress emittance 

growth in the low-velocity region. For beam focusing 

superconducting solenoids are superior in this regard to 

normal conducting quadrupoles. A superconducting 

solenoid with integral x-y steering coils has been 

fabricated for the Project-X Injector Experiment (PXIE) 

half-wave resonator cryomodule. It is capable of 

generating 6 T solenoidal fields and dipole steering fields 

of 30 T·mm field integrals in both of transverse 

directions. We experimentally investigated issues for 

practical use of this solenoid in cryomodules including: 1) 

the superposition of dipole steering fields on solenoidal 

fields, 2) the magnetic axis of the solenoid with respect to 

the mechanical references in cryogenic temperatures, and 

3) the residual magnetic field generated by the solenoid 

on the superconducting RF cavity surfaces even after 

degaussing; a 72 MHz quarter wave resonator was used 

for this experiment. In this paper, we present details of 

experimental setup and results. 

INTRODUCTION 

Proton and ion linacs require a compact focusing lattice 

in the low-velocity region to minimize the required real-

estate and to minimize emittance growth and 

corresponding beam loss [1]. Superconducting solenoids 

are superior in this regard to normal conducting 

quadrupoles. To reduce the real-estate requirements 

further dipole steering coils are integrated with solenoids 

[2]. This superconducting solenoid with dipole steering 

coils is to be installed in a cryomodule with 

superconducting RF cavities so the following questions 

regarding beam and cavity performance need to be 

verified: 1) Are the dipole fields linearly superposed with 

the solenoid fields? 2) Is the solenoid aligned to the beam 

in the cryomodule? 3) Are the residual magnetic fields 

generated by the solenoids small enough not to degrade 

the cavity Q-factor? 

We studied these issues with a superconducting 

solenoid prototype fabricated for the Project-X Injector 

Experiment (PXIE) Half-Wave Resonator (HWR) 

cryomodule [3]. This solenoid generates 6 T solenoidal 

fields and each pair of the dipole steering coils integrated 

with the solenoid produces up to 30 T·mm integrated 

deflecting fields. In this paper, we will briefly introduce 

the solenoid used in these experiments and present the 

dipole field measurements with and without the 

solenoidal field to discuss field superposition. Then, we 

will present magnetic axis measurements relative to the 

mechanical axis and discuss accuracy of this 

measurement method. Another alignment issue, the 

alignment of the solenoid to the beam axis in the 

cryomodule, is not discussed in this paper [4]. Next, 

measurements of the residual magnetic fields generated 

by the solenoid on the surface of a 72 MHz 

superconducting Quarter-Wave Resonator (QWR) will be 

presented with a discussion of the degaussing employed 

to reduce the residual magnetic fields on the cavity 

surface. Finally, a summary of these experimental results 

will conclude this paper.  

FIELD PROFILES AND SUPERPOSITION 

The solenoid contains two bucking coils at either end. 

The bucking coils are wired in series with the main 

solenoid to produce an opposing field polarity relative to 

the solenoidal field. There are no iron return yokes or 

magnetic shields surrounding the solenoid. The bucking 

coils minimize the axial fringe fields and stray fields on 

the cavity surfaces. The measured axial field profile is 

shown in Fig. 1. The measured solenoid field in the high 

field region is in good agreement with the design values; 

this ensures that the focal length will be the same as the 

designed value. The fringe fields are slightly higher than 

the design but are still small enough for the residual 

magnetic fields around the cavity wall to be successfully 

reduced by degaussing as will be discussed later in this 

paper. 

 

 
Figure 1: Axial field profiles on the axis. z is the 

longitudinal position which is 0 in the middle of the 

solenoid. Note that the magnetic field drops at z = ±160 

mm in the measured data and at z = ±180 mm in the 

simulated response correspond to a polarity change in the 

axial field.  

1E+0

1E+1

1E+2

1E+3

1E+4

1E+5

-300 -200 -100 0 100 200 300

A
x

ia
l 

F
ie

ld
 S

tr
e

n
g

th
 (

G
)

z (mm)

Simulation

Measurement

 ___________________________________________     

* Work supported by the U.S. Department of Energy,  

   Office of High Energy Physics and Nuclear Physics, under  

   Contract DE-AC02-76CH03000 and DE-AC02-06CH11357. 

# shkim121@anl.gov 

 

WEPAC05 Proceedings of PAC2013, Pasadena, CA USA

796C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Accelerator Technology

T07 - Superconducting RF



Each dipole steering coil is composed of two racetrack 

shaped coils located outside of the solenoid coil; one is 

oriented vertically and the other is oriented horizontally. 

The dipole fields are measured on the z-axis of the 

solenoid bore with and without the solenoid field on. 

When the solenoid is energized to 6 T, the dipole field is 

5~7% higher than when the solenoid is off, Fig. 2. With 

no current the solenoid coil, which is composed of multi-

filamentary NbTi strands twisted within a copper matrix, 

is supposed to partly shield the dipole fields. However, 

the operating solenoid field of 6 T is high enough relative 

to the lower critical field of NbTi such that the dipole 

fields will be stable in actual operation. In the 

measurements presented here, the solenoid was turned on 

and off at each data point shown in Fig. 2. Notice that the 

measured field is axially symmetric with respect to the 

middle of the solenoid so the dipole coil is mechanically 

stable against Lorentz forces produced by the solenoid.  

 

 
Figure 2: Dipole field profiles of simulation and 

measurement with and without solenoid fields.  

MAGNETIC AXIS OF SOLENOID 

The magnetic axis, here defined as the center of the 

solenoidal equipotential lines, is derived from an angular 

scan of the radial magnetic field using a hall probe. We 

measured the radial component of the magnetic field at 

two longitudinal positions, z = ±64 mm. These locations 

satisfy the following conditions; 1) the radial field is 

linear and 2) the radial field strength is large enough 

relative to the axial field component which reduces 

measurement errors arising from the misalignment of the 

probe. Because of the linearity this field sinusoidally 

oscillates with the azimuthal angle if the magnetic center 

has an offset from the mechanical center of the solenoid 

bore which is the center of probe rotation. The 

relationship between the magnetic field parameters and 

geometries is given by:  

 

Δ�/�� 	= 	�/�,		  (1) 

 

where Δ� is the field amplitude, �� is the field offset of 

the measured magnetic fields, d is the offset of the 

magnetic center from the mechanical center, and R is the 

radius of the angular scan.  

The measurement results are shown in Fig. 3, the 

measured offsets are 0.32 mm at z = -64 mm and 0.27 

mm at z = +64 mm where R = 16 mm. The phase of each 

cosine curve corresponds to the angular offset of the 

magnetic center relative to the x-axis of the solenoid; so 

the magnetic center is located 145 degrees (z = -64 mm) 

and 115 degree (z = 64 mm) from the x-axis of the 

solenoid. Uncertainty in the longitudinal position of the 

measurements is the source of the field-offset difference 

between two curves in Fig. 3.  

 

 

Figure 3: Angular scan of radial magnetic field to find the 

magnetic axis with respect to the mechanical axis (probe 

angle is 0 on the x-axis of the solenoid) measured at two 

different longitudinal positions.  

 

Errors in these measurements are given by these 

factors: 1) uncertainty of the probe position in the radial 

and longitudinal directions, 2) misalignment of the hall 

probe, 3) contribution of the second or higher order of d/R 

because eq. (1) is derived with the first order 

approximation of d/R, 4) instrument errors of the probes 

and the gauss-meter, and 5) wobbling of the rotating rod 

on which the probes are attached during the angular scan. 

The factors from the first to the fourth totally give a 

fractional error of 5% in the result of d, which is 

negligible because typical transverse alignment tolerance 

of this solenoid is 0.25 mm. However, the last factor, 

which originates from the gap between the rotating rod 

and the rotation guide as shown in Fig. 4, gives 

uncertainty in the offset by the same amount of the gap 

distance which is ±70 µm after correction by thermal 

contraction. Multiple scans per angle would reduce this 

error statistically. It is measured once per angle in this 

study. 

RESIDUAL MAGNETIC FIELDS 

The solenoid test with the QWR is done to observe any 

residual magnetic field which is possibly generated by 

materials around the cavity, such as the helium jacket and 

the solenoid housing, magnetized after solenoid 

operation. To minimize the residual magnetic field, we 

degaussed the solenoid with a temporally sinusoidal 

current profile whose envelope is exponentially decayed 

with a decay time of 5 times the sinusoidal oscillation 

period and it finished when the field amplitude of the last 

degaussing cycle was 7 G in the middle of the solenoid. 
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We installed the solenoid with the cavity in a cryostat as 

shown in Fig. 5 and measured magnetic fields during and 

after solenoid degaussing at two representative locations: 

one on the axis where the solenoid field is a maximum 

and the other on the cavity wall, which is the higher 

position in Fig. 5, where the RF magnetic field is a 

maximum when we use the PXIE HWR. 

On the cavity wall, the magnetic field measured during 

the degaussing behaved like a hysteresis curve which is 

supposed to be dominated by the NbTi in the solenoid 

coil [5] and it came to the center of the hysteresis curve 

after degaussing was finished; therefore, there is no 

residual magnetic field after degaussing at that position 

except for leakage of the earth’s magnetic fields, which 

cannot be degaussed by the solenoid, no matter what was 

magnetized during solenoid operation. On the other hand, 

the probe installed on the axis is too coarse to measure the 

residual magnetic field by accuracy of tens of mG 

because it is for measuring high level fields; note that the 

maximum field is 75 G on the axis whereas it is 55 mG on 

the cavity wall. The residual field on the axis was 

measured again after warming up scanning the low field 

probe and it was found that there were ~100 mG residual 

fields around the solenoid and the source of these fields 

was inside the solenoid housing; other than that, there are 

no significant residual field more than 10 mG except for 

leakage of earth’s magnetic fields. For accurate 

measurements, we set the solenoid alone inside a good 

magnetic shield. The measurement results are shown in 

Fig. 6. Even though there still remain the residual 

magnetic fields inside the solenoid, the degaussing 

worked successfully so that the residual field at the 

position of the cavity surface is 2~3 mG. 

  SUMMARY 

With the PXIE solenoid, we experimentally verified 

that 1) the dipole field of the steering coil is well 

superposed to the solenoid field and this coil is 

mechanically stable on solenoid operation, 2) the 

magnetic axis can be found with accuracy of less than 

100 µm by scanning hall probes, 3) residual fields 

generated by the solenoid can be reduced to a few mG at 

the cavity surface by degaussing the solenoid.  

 

 
Figure 4: Setup for angular scan of the radial magnetic 

field. Hall probes are attached on the rotating rod which is 

composed of bakelite while the rotation guide is 

composed of aluminium and the solenoid housing is 

composed of stainless steel. 

 
Figure 5: Magnetic field measurement setup in the 

cryostat. The QWR is hung on the cryostat lid. Each 

probe measures the magnetic field normal direction to the 

cavity wall; higher position on the cavity wall: low field 

probe (Bardington Fluxgate Magnetometer, Mag-01), 

lower position on the axis: high field probe (Lakeshore 

Hall Probe, HMCT-3160). 

 

 
Figure 6: Axial scans of the residual magnetic field 

generated by magnetized materials in the solenoid. It is 

measured with the solenoid alone. The solenoid flange is 

placed at z=0 and the cavity flange will be placed at z=75 

mm. The radial position of the “off-axis” scan is r=56 mm 

where the measured residual magnetic field is maximum.  
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Abstract 
A 5-cell SRF cavity operating at 704 MHz will be used 

for Coherent Electron Cooling Proof of Principle (CeC 
PoP) system under development for the Relativistic 
Heavy Ion Collider (RHIC) at Brookhaven National 
Laboratory.  The CeC PoP experiment will demonstrate 
the new technique of cooling proton and ion beams that 
may increase the beam luminosity in certain cases, by as 
much as tenfold.  The 704 MHz cavity will accelerate 
2 MeV electrons from a 112 MHz SRF gun up 22 MeV. 
Novel mechanical designs, including a super fluid heat 
exchanger, helium vessel, vacuum vessel, tuner 
mechanism, and fundamental power coupler (FPC) are 
presented. Structural and modal analysis, using ANSYS 
[1] were performed to confirm the cavity chamber and 
helium vessel structural stability and to calculate the 
tuning sensitivity of the cavity. This paper provides an 
overview of the design, the project status and schedule of 
the 704 MHz 5-cell SRF for CeC PoP experiment. 

INTRODUCTION 
The BNL3 5-cell 704 MHz SRF linac that is being 

designed and fabricated in collaboration between BNL 
and Niowave, will be used as the main 20 MeV 
accelerator for CeC PoP experiment under construction at 
IP2 of RHIC at BNL [2]. Phase II of this experiment is to 
be completed by the end of shutdown 2014 and will 
include the 704 MHz SRF linac. At the same time, with 
this project, BNL is pursuing R&D towards the electron-
ion collider (eRHIC). This paper provides an overview of 
the design and structural analysis of the 704 MHz SRF 
linac. Two 5-cell Niobium cavities have been fabricated. 
The first one, BNL3-1 was manufactured by AES and the 
second one, BNL3-2 by Niowave.  

704 MHZ DESIGN  

Design Features 
The 704 MHz 5-cell cavity cryostat consists of an 

internal phase separator, control valves, 5-cell cavity, two 
magnetic shields and a helium gas cooled thermal shield, 
a superfluid heat exchanger and an electrical heater. The 
helium supply and return lines are bayonet connections 

for quick assembly [3]. The layout of the 704 MHz SRF 
5-cell SRF linac is shown in Figure 1. 

 
Figure 1: Layout of the 704 MHz SRF cryomodule. 

The bottom of the helium vessel is a cylinder that 
incorporates the 5-cell cavity with the upper section 
modified to include the superfluid heat exchanger. Due to 
space constraint at IP2, the helium vessel was designed 
with the minimum real estate possible in order to keep the 
cryostat within the available space. The stiffeners shown 
in Figure 2 were added to the side of the helium vessel in 
order to reduce the deformation which translates to the 
cavity by deforming it through the supports attached to 
the helium vessel.  

 
Figure 2: Layout of the 704 MHz cavity in a helium 
vessel. 

Cavity Support 
The support for the 5-cell cavity was designed in order 

to increase the natural frequency of the cavity in the 
helium vessel. The cavity is supported by three 1/8” 
Grade 5 titanium rods, symmetrically distributed around 
the beam axis. The support is located after the second 

 ___________________________________________  
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cell, closer to the tuning bellows as shown in Figure 1. 
The support was designed to have no effect on the 
mechanical tuning of the cavity. 

Mechanical Tuning System 
The BNL3 cavity mechanical frequency tuning system 

was adopted from a design that has been successfully 
implemented by Dresden in Germany for their 
superconducting RF Photo-Injector [4]. The main reasons 
to use this design is for the mechanical advantage of the 
lever arms, the large tuning range, high resolution, 
hysteresis-free and linear operation. The design was 
modified to integrate a piezoelectric actuator for fast 
tuning and to accommodate larger cavity dimensions.  

Fundamental Power Coupler 
The fundamental power coupler is used to deliver up 

to 20 kW CW RF power to the SRF cavity. A cylindrical 
ceramic window is used to transmit the RF power from a 
reduced-height WR1150 waveguide to a coaxial line and 
to seal the cavity vacuum. The outer conductor of the 
coaxial line will be cooled by 5 K helium gas, and the RF 
window and inner conductor will be cooled by water. The 
final model of the fundamental power coupler is shown in 
Figure 3.  The window material is 96% alumina with a 
dielectric constant of 9.4. The simulated S parameters are 
shown in Figure 4. 

 
Figure 3: Fundamental power coupler model. 

 

 
Figure 4: S-parameters for the FPC. 

ANALYSIS 

5-Cell Cavity 
As mentioned earlier, structural and modal analyses, 

using ANSYS were performed to confirm the cavity 
chamber and He vessel structural stability and to calculate 
the tuning sensitivity of the cavity. When helium pressure 
is applied on the cavity, its deformed shape will change 
the resonance frequency. The sensitivity of the cavity is 
10 Hz/mbar bases on the analysis. The location of the 
stiffeners between the cavities of the 5-cells had to be 
validated at maximum pressure condition (23 psia relief 
valve set pressure). 

The second part of the analysis was to find the 
maximum allowable deformation of the cavity before 
yielding. One end was fixed in all degrees of freedom 
while allowing the other end to only move in the y 
direction. A 384 lbs force deformed the cavity by 
0.442 mm with a maximum stress of 7507.4 psi. The yield 
strength of Niobium is 7500 psi. This corresponds to a 
tuning sensitivity of 171.6 kHz/mm. The relaxed and 
deformed shapes of the cavity are shown in Figure 5. 

 

 
Figure 5: Relaxed and deformed shapes of the cavity. 

Tuning Bellows 
The tuning bellows was designed using titanium Ti-

6Al-4V Grade 5 because of its high tensile yield strength 
of 120000 psi. The analysis was done at the maximum 
pressure condition (23 psia relief valve set pressure) 
applied on the inside of the bellows. The applied pressure 
resulted in a total deformation of .0065” and a maximum 
stress of 19927 psi in the convolutions of the bellows. 
Based on the results from the analysis, the helium vessel 
is determined to be safe under operating condition 
(14.7 psi) and the maximum condition (23 psi). 

Modal Analysis 
The goal was to design the struts to support the helium 

vessel and 5-cell cavity inside the vacuum cryostat, in 
order to keep the natural frequency above or close to 
90 Hz. In the analysis, the three struts were at a 60o angle 
from the horizontal, symmetrically placed around the 
helium vessel about the axis of the beam on each side of 
the centre plane. Instead of using a solid rod for the struts, 
they are made of hollow ½” OD 0.022” WT Tube Ti 
Grade 2 in order to reduce the heat leak into the helium 
vessel and stiffening the structure. Based on the results 
from the analysis, the first mode reached 88.3 Hz. 
Although it is below 90 Hz, it is determined to be 
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sufficient. Table 1 shows the results from ANSYS 
simulations.  

 

Table 1: Mode Frequencies from ANSYS Modal Analysis 

Mode Frequency [Hz] 

1 88.3 

2 113.8 

3 150.7 

Helium Vessel 
The deformation of the side of the helium vessel 

affects the 5-cell cavity by applying a force on it through 
the cavity support and deforming it. Under the maximum 
pressure condition (23 psi relief valve set pressure) the 
location of the stiffeners on the side of the helium vessel, 
shown in Figure 3, was optimized using ANSYS. The 
shape and size of the stiffeners was limited to the space 
available inside the heat shields. The maximum 
deformation of the helium vessel is 0.015”, which 
deforms the 5-cell cavity by 0.007” in the radial direction. 
The maximum stress in all the components affected, are 
within the allowable limits. The deformed shapes of the 
helium vessel and 5-cell cavity are shown in Figure 6 and 
Figure 7.  
 

 
Figure 6: Deformed shape of the helium vessel. 

 

 
Figure 7: Deformed shape of the 5-cell cavity. 

FABRICATION 
Bulk buffer chemical polishing (BCP) of BNL3-1 

(120 m) was completed at AES and the cavity was 
baked at BNL at 600°C for 24 hrs. After baking, the 
cavity was sent back to AES for light BCP and HPR. 
BNL3-1 cavity is shown in Figure 8. 

 
Figure 8: BNL3-1 cavity. 

The second cavity, BNL3-2, and a cryomodule for 
CeC PoP are on order from Niowave. The fabrication and 
processing (bulk BCP, 600ºC vacuum bake, light BCP 
and HPR) of the cavity was completed recently at 
Niowave and BNL. The test in our vertical test facility for 
both cavities is scheduled for later this year. The better 
performed one of the two cavities will be integrated in the 
cryomodule.  

CONCLUSION 
The superfluid heat-exchanger, the tuner system and 

the cryogenic components make the mechanical design a 
challenging task. A preliminary design review of the 
cryomodule was completed in September at Niowave. We 
are working closely with Niowave to finalize the design 
and integration of the tuner system in the cryostat. The 
fabrication of the helium vessel and several components 
attached to the helium vessel is schedule to begin within 
the next couple weeks. The 704 MHz SRF linac is 
scheduled to be installed during RHIC summer shutdown 
2014. 
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Abstract 
A Quarter-Wave Resonator (QWR) type SRF gun 

operating at 112 MHz will be used for Coherent Electron 

Cooling Proof of Principle (CeC PoP) system under 

development for the Relativistic Heavy Ion Collider 

(RHIC) at Brookhaven National Laboratory (BNL). The 

CeC PoP experiment will demonstrate the new technique 

of cooling proton and ion beams that may increase the 

beam luminosity in certain cases, by as much as tenfold. 

The 112 MHz cavity is designed to generate a 2 MeV, 

high charge (several nC), low repetition rate (78 kHz) 

electron beam using a new fundamental power coupler 

(FPC) design approach. Structural and thermal analysis, 

using ANSYS were performed to confirm the FPC 

structural stability and to calculate the deflection due to 

heat load from RF power generation. This paper provides 

an overview of the design, structural and thermal analysis, 

test results, and FPC tuning drive system for the 112 MHz 

gun. 

INTRODUCTION 

A 112 MHz superconducting quarter-wave resonator 
will be used as the injector for CeC PoP experiment under 
construction at IP2 of RHIC at BNL [1]. Phase I of this 
experiment is to be completed by the end of RHIC 
shutdown 2013 and will include the 112 MHz 
superconducting QWR and the fundamental power 
coupler that will be discussed in details in this paper. The 

paper provides an overview of the design, structural and 

thermal analysis, test results, and FPC tuning drive 

system for the 112 MHz gun. 

112 MHZ FPC DESIGN AND 
FABRICATION 

Design 
The FPC is a coaxial structure, which provides tunable 

RF coupling and presents small interference to the 
electron beam output [2]. The FPC design couples the RF 
power into the cavity from the exit beam pipe of the 
cavity and allows the electron beam to travel through the 
hollow inner conductor of the FPC. An external linear 
motion system will be used to adjust the penetration of 
the coupling tube in order to fine tune the frequency of 
the cavity as well as to adjust the coupling strength [2]. 

The FPC was design to meet all the parameters listed in 
Table 1. 
Table 1: Parameters of the Fundamental Power Coupler 
for 112 MHz QWR SRF gun 

RF frequency 112 MHz 

Frequency tuning range with FPC 3 kHz 

FPC travel range 40 mm 

Qext of FPC, min. 1.25107 

Max. RF power loss on the FPC inner conductor 898.6 W 

Max. RF power loss on the FPC outer conductor 554.6 W 

Available RF power 2 kW 

 

 The complete and detailed layout of the 112 MHz 
QWR and the FPC are shown in Figure 1 and Figure 2. 

 

Figure 1: Layout of 112 MHz FPC in the QWR. 

 

Figure 2: Detailed Layout of 112 MHz FPC. 

   In order to power the FPC, a BeCu connector was 

designed. The connector threads into the inner conductor 

of the FPC and slides inside an air cooled 7/16 UHF UHV 

cryogenic feedthrough designed by BNL. The FPC will 

be powered on both sides as shown in Figure 3.  

 ___________________________________________  

* Work is supported by Brookhaven Science Associates, LLC under 
contract No. DE-AC02-98CH10886 with the U.S. DOE. 
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Figure 3: View of the vacuum feedthrough for connection 
of the coaxial cable to the FPC. 

Analysis 
One issue with the FPC design was to provide adequate 

cooling for removing heat due to RF power losses on the 

surfaces of the inner and outer conductor when the gun is 

operating. The outer conductor includes the copper plated 

bellows. Structural and thermal analyses, using ANSYS, 

were performed to confirm the FPC structural stability 

and to calculate the deflection and maximum temperature 

due to heat load from RF power generation. The 

distribution of RF power dissipated on the FPC inner and 

outer conductors is shown in Table 2.  

Table 2: Distribution of RF power loses on the FPC 

RF Power Loses Value 

On inner conductor hollow section 894.3  W 

On inner conductor solid section 4.3 W 

On bellows of outer conductor 554.6 W 

On flange 21.9 W 

 

In order to find out if cooling was needed for the 

bellows on the outer conductor of the FPC, ANSYS was 

used to determine the maximum temperature on the 

overall system. Several heat fluxes were applied on the 

inner surfaces corresponding to the values in Table 1 and 

a natural convection by air. A heat transfer coefficient of 

15 W/m
2
K was applied on the outer surfaces. A 

maximum temperature of 460 K was observed at the 

depth of the convolution. The result from ANSYS for the 

natural convection cooling of the outer conduction of the 

FPC is shown in Figure 4.   

 

 

Figure 4: Temperature profile on the overall FPC. 

The inner conductor of the FPC will be cooled using a 

temperature controlled water source. As shown in 

Figure 1, the inner conductor has a solid and hollow 

section. The solid section is designed to stiffen the 

structure and space out the channels from the 4K region 

of the QWR. The hollow section consists of two water 

channels, one on the upper half and the other one on the 

lower half. Both channels are connected towards the solid 

end of the FPC. The water flows through the upper half 

first and exits through the lower half of the FPC with a 

calculated temperature difference of approximately 1 K 

between inlet and outlet.  The cooling system parameters 

are shown in Table 3.  

Table 3: Cooling System Parameters FPC 

Parameters Value 

Water volume flow rate, Q 4 GPM 

Pressure drop < 2 PSI 

Local heat transfer coefficient, h 3217.4 W/m2K 

Inlet-Outlet temperature difference 0.88 K 

 

The ANSYS results shown below in Figures 5, 6, and 7 
indicate that the FPC will reach a maximum temperature 
of 305 K and a maximum deflection of 0.001” [3]. 

 

 

Figure 5: Temperature profile on the FPC inner 
conductor. 

 

Figure 6: Temperature profile on the FPC water 
inlet/outlet flange. 

 
Figure 7: Deflection of FPC under thermal and structural 
load. 
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Fabrication 
The FPC was designed by BNL and fabricated in 

collaboration with Stony Brook University. The copper 
plated and the shielded bellows of the outer conductor of 
the FPC shown in Figure 2 were designed to provide a 1 
inch travel with a low spring constant of 84 lbs/in in order 
to reduce the moments on the linear motion system. The 
plated bellows shown in Figure 8 have a minimum of 
25 µm thick layer of copper on the inside of the 

convolutions.  
 

 

Figure 8: 112 MHz FPC copper plated bellows. 

   The inner conductor of the FPC was fabricated using 
304 stainless steel because of its mechanical properties 
and for manufacturing purposes. The final assembly was 
copper plated with a 25 µm thick layer for the RF path, 

then plated with a 1 µm thick layer of gold to maintain a 
mirrored surface finish and bring the emissivity to as low 
as 0.02. This is done in order to reduce heat radiation to 
the 4 K environment of the 112 MHz superconducting 
QWR gun and prevent the cooling water from freezing in 
case of a failure. 

 

 

Figure 9: 112 MHz FPC gold plated inner conductor. 

112 MHZ FPC MOTION SYSTEM 

   The linear stage motion system for the FPC was 
designed and fabricated in collaboration between BNL 
and Ibex Engineering. The design uses a granite base in 
order to reduce deflection and vibration. The linear stage 
was successfully tested and met all the requirements listed 
in Table 4.   

Table 4: Parameters of 112 MHz FPC linear stage 

Parameters Value 

Travel range 40 mm 

Response frequency 10 Hz 

Position resolution 500 nm 

Positioning accuracy  ± 5 µm 

Repeatability (no backlash- and hysteresis-free) < ±500 nm 

Straightness over travel range ± 5 mm 

Flatness over travel range ± 5 mm 

Speed > 1 mm/s 

Acceleration                                        > 60 mm/s2 

Position readback resolution < 1 µm 

Moment M1 transverse to the direction of travel 250 lbs.in 

Moment M2 in the direction of travel 1000 lbs.in 

 

 

Figure 10: 112 MHz FPC linear motion system. 

CONCLUSION 

We successfully designed and manufactured all the 

components of the FPC. Most of the components have 

been tested individually to ensure that they meet all the 

requirements. The 112 MHz superconducting QWR gun 

is scheduled to be tested with the FPC and the cathode 

stalk during RHIC Run14. A safety interlock system is 

being designed to blow the cooling water in the FPC to 

prevent catastrophic failure, with the water freezing, in 

case of RF power loss. 
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Cornell University, Ithaca, NY 14850, USA. 

Abstract 
A Temperature mapping (T-map) system for 

Superconducting Radio Frequency (SRF) cavities consists 
of a thermometer array positioned precisely on an exterior 
cavity wall, capable of detecting small increases in 
temperature; therefore it is a powerful tool for research on 
the quality factor (Q0) of SRF cavities. A new multi-cell 
T-mapping system has been developed at Cornell 
University. The system has nearly two thousand 
thermometers to cover 7-cell SRF cavities for Cornell’s 
ERL project. A 1mK resolution of the temperature 
increase T is achieved. A 9-cell cavity of TESLA 
geometry was tested with the T-map system. 

INTRODUCTION 
The quality factor (Q0) of Superconducting Radio 

Frequency (SRF) cavities is a critical topic in the SRF 
field. High-Q cavities are able to save cryogenic 
capacities of accelerators. The definition of Q0 is given by 
equation (1), where w is the angular frequency of the 
cavity, U is its stored energy, Ploss is the power loss on the 
cavity surface. The Q0-value ranks the cavity’s efficiency. 
If we define a geometry factor (G) as function (2), the Q0 
may be written as the ratio of the geometry factor and the 
surface resistance (Rs).  
 

 (1) 

 2	

2	
 (2) 

The geometry factor is a constant determined by cavity 
geometry shapes, thus the Q0 is dictated by cavity surface-
resistance. 

The T-map system, a thermometer array uniformly 
attached on a cavity exterior surface, is a powerful tool for 
surface resistance research. It is able to detect tiny heating 
on cavity wall during feeding RF power into cavity. 
Hence by the heating map of whole cavity, it is possible to 
calculate power loss and surface resistance, furthermore to 
calculate the Q0-value of the cavity. The Q0 of a multi-cell 
SRF cavity measured from RF is derived from the total 
value of all cells. The relationship between total Q0 of a 9-
cell cavity and Q0-value of each cell at pi-mode is given 
by equation (3) 
 1 1 1

 (3) 

Here is total Q0 of a 9-cell cavity, and	  is Q0 of 
cell n. The total Q0 is unable to reflect which cell has low-
Q and degrades the whole cavity. However, T-map can 
diagnose the Q0-value of each cell by summing each cell’s 
power loss. Hence T-map gives more information about 
cavity performance than RF measurement alone.  
  T-mapping history can be traced back to the 1980s. 
Cornell University was a pioneer in developing a 1-cell T-
map system for 1.5GHz SRF cavity research [1, 2, and 3]. 
Now Jefferson Lab and Fermilab also have 1-cell or 2-cell 
T-map systems. These systems are used for fundamental 
SRF research via single-cell cavities. Therefore the 
development of a multi-cell T-mapping system is 
necessary and ultra-important. DESY and Los Alamos 
have multi-cell T-mapping systems for ILC 9-cell cavities 
[4, 5]. Those systems are mainly used to detect quench 
location. 

TEMPERATURE-MAPPING SYSTEM 
DESCRIPTION 

This multi-cell T-mapping system has been developed 
for the Cornell ERL project which requires the Q0-value 
of 7-cell cavities to achieve 2×1010 at accelerating 
gradient 16MV/m [6]. For a 1.3GHz SRF cavity, the 
heating from RF causes on average about a 10mK 
temperature rise on the exterior wall at 25MV/m in a 2K 
helium bath [7]. Thus the resolution of this T-map is 
required to be approximately 1mK.  

Thermometers and Boards 
The Cornell multi-cell T-map has nearly two thousand 

thermometers. The temperature sensor is a 100Ω carbon 
Allen-Bradley resistor (5% 1/8 W). Carbon is a 
semiconductor, its resistance increases exponentially 
when temperature drops. Figure 1 (a) shows the schematic 
of sensor and its picture. APIEZON grease was applied on 
the varnished side of the thermometers prior to inserting 
the boards in cages. The sensor is able to detect the 
temperature rise of the cavity wall with 25% efficiency 
[3]. Two sets of 3-cell boards and one set of 1-cell boards 
were used for 7-cell SRF cavity. A 3-cell board has two 
channels addressed to the sensors for 3-cells. The sensor 
boards are spaced azimuthally every 15° around the 
cavity; totally it has 24 boards around the azimuth. Each 
cell is covered by an 11×24 thermometer array. Figure 1 
(b) shows a 3-cell and a 1-cell board. The quantity of 
thermometers for the whole 7-cell cavity is 1848. Cornell 
constructed a new test insert for hanging the multi-cell 
cavity with full T-map. In Figure 1 (c) the left image 
shows the Cornell multi-cell T-map attached on middle 7-
cells of a 1.3GHz 9-cell cavity; the right image is a picture 
showing several boards removed to expose the cavity. The 

——————— 

*This work has been supported by NSF award PHY-0969959 and DOE
award DOE/SC00008431 
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insert has a feedthrough on the top-plate for extracting T-
mapping cables out of the Dewar. A coupler motor and 
Ion pump were built on the insert as well, which allows us 
to adjust the coupler position as well as to keep the cavity 
under high-vacuum during the RF test. Three well-
calibrated Cernox thermometers were attached on the 
insert for T-map calibration. 

 
Figure 1: (a) Thermometer schematic, (b) T-map boards, 
(c) T-map insert. 

CRYOGENIC TEST 
We tested a 1.3GHz 9-cell cavity which is TESLA 

shape with the T-mapping system. The cavity was 
vertically electro-polished about 5µm, followed by high 
pressure water rinsing and clean assembly in a class 10 
clean room. No 120°C baking was applied on the cavity. 

Calibration and Sensitivity 
A well-calibrated Lakeshore Cernox thermometer is 

utilized as a temperature reference for the helium bath 
during cooling down from 4.2K to 1.6K. Figure 2 (a) is a 
sensor’s calibration curve. 

  
Figure 2 (a): 1/T vs. resistance curve during cooling 
down, (b) standard deviation vs. sampling number. 

A polynomial function was adopted to fit the curve, 
shown in equation (4). 
 1

 (4) 
  
Here T is the bath temperature, R is the resistance of the 
carbon resistor, an, bn, cn, and dn are fitting parameters for 
sensor n. By using fitting curves, it is possible to calculate 

 which represents the sensitivity of each T-mapping 

sensor. An Allen-Bradley resistor value is about 12kΩ at 

1.6K,  is approximately 30Ω/mK; and  is about 

10Ω/mK at 2K.  
Noise comes from the environment and the electronic 

system. Increasing measurement sampling number is an 
effective way to reduce noise from the electronic system. 

The PIXI controller can sample the sensor voltages at a 
500 KHz rate, and average readings for 2N samples. 
Figure 2 (b) shows the standard deviation of resistance 
decreasing with increasing sampling number. The dash 
line in the plot is a theoretical curve which is the standard 

deviation versus	 1 2⁄ 	. The standard deviation is 
reduced to about 2Ω, when N is set to 14, corresponding 
to a sampling number of about 16000. We don’t choose a 
higher N value because higher N will significantly extend 
scan time. The noise from the electronic system is about 
200µK in a 2K helium bath; and 67µK in 1.6K helium. 
The total scan time is about 100s. 

Thermal conductivity of grease as well as press-force of 
sensor against cavity-wall affects T-map noise level as 
well. Figure 3 is a lateral view of the subtraction between 
two T-map scans without applying RF field in 2K Helium 
bath. The total noise of the T-map system is about 1mK 
which achieved our initial goal.  

 
Figure 3: 3-sigma noise level of T-map system. The one 
sigma noise is only about 0.2mK. 

Testing Results of T-map 
The 9-cell cavity A9 was tested in a 2K helium bath 

and quenched at 21MV/m in pi-mode. The T-mapping 
boards covered the middle 7 cells of the cavity. 
Temperature-map data was taken at an accelerating 
gradient very close to quench. Figure 4 (a) depicts the 
temperature-rise (T) map.  

 

(a)    (b) 

Figure 4: (a) Map of temperature increase for 7-cells of an 
ILC cavity, (b) Detail T-map view of the dominantly 
heated Cell 1. 

Most heating-spots were found on the top cell which is the 
top second cell of the 9-cell cavity. The highest T is 
about 0.2K.  

Figure 5 is the summary of T versus H2 curves; the 
axis on the right is the Q0 of the cavity. Equation (5) 
depicts the  and H2 relationship of the sensor  n. Here Rs n

 is the surface resistance close to the sensor n,   is the 
surface magnetic field at the sensor n, as the T-map 
sensors only cover the high magnetic-field region of each 
cell, thus . 

Δ
1
2 	 	  (5) 
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Figure 5: T vs. H2 curve. 

The slopes of T versus H2 curves indicate Rs at the 
sensors from equation (5). Three slopes were observed. 
The slope I started from an acceleration gradient from 0 to 
15MV/m. The surface resistance was consisted by BCS 
resistance and residual resistance. The slope II started at 
an accelerating gradient (Eacc) 15MV/m where the onset 
of Q-slope is. The surface resistance was increased due to 
the Q-slope. The heating increased dramatically around 
19MV/m at the Multipacting barrier of the TESLA-shape 
cavity. The Multipacting triggered the first quench and 
processing of the cavity. After the Multipacting had been 
processed out, the heating increased with H2 by the slope 
III until hard quench (21MV/m). The slope III indicates 
the surface resistance was increased further by flux 
trapping after the first quench. 

Converting  to Power Loss and Quality 
Factor 

By summing the temperature rising of individual cells, 
we obtain power loss and quality factor of cavity and each 
cavity cell, shown in Figure 6 (a) and (b). 

   
Figure 6 (a): Q0, Ploss comparison between calculated from 
T-map and measured from RF. (b) The quality factor of 
individual cells compared to total Q0. 

The measurement curves match the calculated curve 
when the accelerating gradient is higher than 15MV/m 
where the heating started. Below 15MV/m, the heating 
from the cavity is too small to be detected accurately. The 
results from T-map indicate the measured cell 1 generated 
the most power loss on the surface, and degraded the total 
Q0 starting from 15MV/m. The equation (3) suggests that 
the total Q0 of the cavity is limited by the Q-value of the 

worst cell. The cavity test results also indicate that the Q-
slope is possible to be a localized effect. 

Surface Resistance Map 
A surface resistance map is calculated from the  of 

each thermometer, which is given by equation (6). 
 2 ∆

 
(6) 

Figure 7 shows a surface resistance map when the cavity 
was at 21MV/m, close to quench. 

 
Figure 7: Map of the surface resistance Rs. 

The maximum Rs value is close to 8000nΩ, and the 
average value of all Rs map is 74.26nΩ which agrees with 
the value (80.84nΩ) calculated from equation (1) by using 
the geometry factor and Q0. The error of the surface 
resistance is about 16.8% calculated from the 
measurement error of T, accelerating gradient (Eacc) and 
Q-value by uncertainty propagation formulas. 
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INVESTIGATION OF THE SURFACE RESISTIVITY OF SRF CAVITIES 

VIA THE HEAT AND SRIMP PROGRAM AS WELL AS THE MULTI-CELL 

T-MAP SYSTEM* 

M. Ge
#
, F. Furuta,  D. Gonnella, G.H. Hoffstaetter, M, Liepe, H. Padamsee,  

Cornell University, Ithaca, NY, 14853, USA

Abstract 
The thermal feedback model with the linear BCS 

resistance which were believed not strong enough to 

explain medium-field Q-slope (MFQS) is still valid. The 

HEAT and SRIMP program (H&S program) which 

adopted the SRIMP code for BCS resistance calculation 

allows inputting full material parameters, hence is able to 

simulate different cavity cases e.g. baked, unbaked, 

BCP’d, EP’d, and so on. The results agree with the 

measurement data from the low-field up to the hot-spots 

onset field. With the T-map data, it’s a clear view that the 

localized hot-spots occur above MFQS region and caused 

high-field Q-slope.  

INTRODUCTION 

The surface resistance of superconductor under RF 

field is a critical topic, because it determines the Q-value 

of SRF cavity in accelerating fields. The thermal feedback 

model with the linear BCS resistance was developed for 

Medium-Field Q-Slope (MFQS) study [1]. However, the 

thermal feedback model was believed not strong enough 

to account for the observed MFQS [1, 2, and 3]. In this 

work, we explain the thermal feedback model with linear 

BCS model is still valid for MFQS and the localized hot-

spots cause the Q-slope in high fields. 

HEAT AND SRIMP PROGRAM 

The surface resistance of superconductor under RF 

field includes two parts, one is BCS resistance (RBCS) and 

the other is residual resistance (R0), shown in equation 

(1). And equation (2) is the simplified RBCS forms. 

 �� = ���� + �� (1) 

 ���� = 	 
1� ��exp 
−
Δ
�� 

(2) 

Here, the factor A is a constant which determined by 

material property such as mean free path (l) etc.,	Δ  is the 

energy gap, f is the frequency.  

The traditional HEAT program [4] uses Pippard 

approximation [5]: 

������� = 

�2.78 × 10� Ω� "�# 
148#"  exp %−1.81&�#�
# ' 

(3) 

# = �
�( ,	 " = �

2.86+,-, &�#� = %./0 12#�2 3'
4 �5

 

(4) 

where f is the frequency of the RF field, T is the 

temperature. However in equation (3) and (4), it doesn’t 

consider the Nb property. Comparison between baked and 

un-baked cases, the mean free path l is reduced by baking. 

Hence the factor A in equation (2) is changed and 

decreases the BCS resistance after baking. But equation 

(3) and (4) are unable to reflect the changes.  

The improved HEAT program, HEAT and SRIMP code 

(H&S code), uses SRIMP [6, 7] to replace the equation 

(3) and (4). The SRIMP was written by Jurgen Halbritter 

for the BCS surface resistance calculation. The method of 

calculation incorporates the full BCS theory. Five 

material parameters are required to describe the 

superconductor:  

• The superconducting transition temperature Tc; 

• The energy gap (entered as Δ ��⁄ ); 

• The London penetration depth, 7 at T=0; 

• The coherence length, 8 at T=0; 

• The electron mean free path, l, at 4.2K. 

MULTI-CELL T-MAP SYSTEM 

The T-map system is known as a powerful tool for 

surface resistance research. It’s able to detect tiny heating 

on exterior wall on cavities. Cornell University developed 

a multi-cell T-map system [8].  

SURFACE RESISTANCE ANALYSIS 

The EP’d and BCP’d Cavity Cases 

Figure 1 is the comparison Q vs. E curves between 

H&S program calculation and RF measurement from 1.7 
to 2K. The plot shows the calculation agrees with the 

measurement results well. The cavity is TELSA single-

cell cavity NR1-3. The cavity was EP’d and 120°C baked. 

During the test, the cavity was FE and quench free. 

 

Figure 1: Comparison of H&S calculation and RF 

measurement at different temperatures for EP’d cavity. 
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The Q0 versus Temperature data measured at low 

accelerating field was fitted by the SRIMP to obtain the 

material parameters described in previous section. In the 

fitting, we use surface RRR value to represent electron 

mean free path [9].  

Here we selected the residual resistance, energy gap, 

and surface RRR as fitting parameters. The cavity was 

120°C baked; therefore the surface RRR was reduced to 

4.4. Converted the surface RRR to electron mean free 

path, the value is about 119 Angstrom. The detail of the 

conversion is discussed in the reference [9].The BCS 

resistance is minimum when mean free path is around 120 

Angstrom [1]. 

Figure 2 shows the comparison of the BCP’d cavity 

case. The cavity is the 7-cell cavity ERL 7-4 for Cornell 

ERL project. The cavity was BCP’d more than 1009:; 

then the cavity was furnace treated under 650°C vacuum; 

after light-BCP, the cavity was 120°C baked in furnace 

followed by HR rinsed; and then the cavity was HPR’d 

and assembled in class 10 cleanroom. 

 

Figure 2: Comparison of H&S calculation and RF 

measurement at different temperatures for BCP’d cavity. 

The SRIMP code fitting from the Q0 versus temperature 

data indicates that the R0 is about 5.6 ;Ω; the energy gap 

is 1.825; and the surface RRR is about 4.56. Using these 

parameters as the input of H&S program, the result agrees 

with the RF measurement very well at different 

temperatures. 

The Baked and Unbaked Cavity Cases 
In EP’d and BCP’d cavity cases, it suggests that 

120°C baking plays an important role in reducing the 

BCS resistance to minimum. The H&S program is able to 

reflect the baking effect. In the Figure 3, there is the 

comparison between the cavity NR1-2 baked and un-

baked cases. The NR1-2 cavity was EP’d about 309:, 

and was tests before and after 120°C baking. Table 1 

shows the material parameters comparison fitted by 

SRIMP. The surface RRR was reduced from 38 to 6.9, 

and energy gap was increased from 1.86 to 1.956. The 

changing of the parameters reduced BCS resistance from 

13.78;Ω to 6.02;Ω at the accelerating gradient equalling 

2MV/m; however the residual resistance was increased 

from 4.5	;Ω to 10.16	;Ω; the total surface resistance was 

reduced from 18.27	;Ω to 16.18	;Ω at 2MV/m, which is 

shown in Table 2.  

 

Figure 3: Comparison of H&S calculation and RF 

measurement between the baked and the un-baked cavity. 

Table 1: Material Parameters Comparison of NR1-2 

Parameters Baked Un-baked 

Tc (K) 9.2 9.2 

Energy gap 1.959 1.86 

7(A) 360 360 

8(A) 640 640 

Surface RRR 6.9 38 

Residual resistance (R0) 

(;Ω) 
10.16 4.5 

 

Table 2: Surface Resistance Comparison of NR1-2 

Parameters Baked Un-baked 

BCS resistance at 

2MV/m (;Ω) 

6.02 13.78 

Residual resistance (;Ω) 10.16 4.5 

Surface resistance at 

2MV/m (;Ω) 

16.18 18.27 

Q0 at 2MV/m 1.72 × 104� 1.52 × 104� 

In the un-baked cavity case, the H&S program’s 

calculation agrees with the measurement data up to 

25MV/m above which the obvious discrepancy occurs. 

The cause of the discrepancy is the localized hot-spots 

based on the T-map data which will be shown in next 

section.  

The Localized Hot-spots and High-field Q-slope 
From the cavity NR1-2 measurement data (the un-

baked case), we found that all the hot-spots present above 

the 25MV/m where the onset of the Q-slope is.  

 Figure 4 (a) is the temperature map of the cavity NR1-

2 at 32MV/m, and (b) is the temperature map after the 
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baking. By the contrast, we clearly see the hot-spots were 

suppressed by the baking, and the Q-value was recovered. 

Before the baking, the cavity was no quench; and the 

performance limited by RF power source. After the 

baking, the cavity limited by the hard quench at 32MV/m.  

    
(a) Before the baking, (b) After the baking  

Figure 4: Temperature map comparison of NR1-2 before 

and after the baking at 32MV/m. 

The sensor in 11
th

 row and 20
th

 column shows the 

highest temperature increase in the Figure 4 (a), and the 

value is closed to 0.11K. The Figure 5 shows the heating 

versus accelerating gradient (Eacc) of the sensors (11, 20), 

(4, 6), (6, 17), (3, 22). The comparison curve from the 

sensor (3, 3) was selected because the sensor located in 

non-heating region. 

 

Figure 5: The temperature increases vs. accelerating 

gradient.  

The H&S program is able to calculate the surface 

resistance of the hot-spots based on the T-map data. The 

program treats the residual resistance within one sensor 

coverage area as uniformed; in other words, the program 

utilizes the average residual resistance value within one 

sensor. To obtain the power loss on one hot-spot, the 

program gradually increases residual resistance thus 

increase the heating on exterior wall. The calculation 

ceases when the heating on exterior wall matches the T-

map data. The power loss in none hot-spots region is 

mainly caused by BCS heating. Summing the power loss 

on each sensor region, the cavity Q0 is obtained. The 

Figure 6 depicts the calculated Q0 of NR1-2 compared 

with the RF measurement data. The scattering of the 

calculated result depends on the quality of the T-map 

data, e.g. the quantity of the broken sensors which misses 

the hot-spots detection. 

 

Figure 6: The Power loss on the Hot-spots comparison 

between H&S program and RF measurement. 

CONCLUSION 

The thermal feedback model with linear BCS resistance 

is valid for the medium-field Q-slope analysis. The H&S 

program’s calculation indicates that the residual 

resistance is field-independent below the hot-spots onset 

field (25MV/m for NR1-2), and the residual resistance 

became field-dependent after the onset.  

The distribution of the residual resistance isn’t 

homogeneous. The high residual resistance region formed 

the hot-spots which degraded the Q-value in high-field.  

The H&S program’s calculations match up the 

measurement data perfectly. In this paper we checked the 

BCP and EP case as well as baked and un-baked case. It 

can be used to estimate the best performance of SRF 

cavities. 
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CORNELL’S MAIN LINAC CRYO-MODULE PROTOTYPE 
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Daniel Sabol, James Sears, Eric Smith, Vadim Veshcherevich 
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Abstract 
In preparation for building an energy-recovery linac 

(ERL) based synchrotron-light facility at Cornell 
University which can provide greatly improved X-ray 
beams due to the high electron-beam quality that is 
available from a linac, a phase 1 R&D program was 
launched, addressing critical challenges in the design. 
One of them being a full linac cryo-module, housing 6 
superconducting cavities operated at 1.8 K in continuous 
wave mode, 7 HOM absorbers and 1 magnet/ BPM 
section. The final design will be presented and a report on 
the fabrication status that started in late 2012 will be 
given. 

INTRODUCTION 
An NSF funded R&D program for the 5-GeV 

superconducting energy-recovery linac (ERL) [1] at 
Cornell University includes the design, build and 
thoroughly test all aspects of a complete cryomodule.   

The almost 10 m long module (see Fig. 1) houses 6 
superconducting cavities, operated in CW mode at 1.8 K. 
These 7-cells, 1.3 GHz cavities with an envisaged Q of 
2*1010 will provide an energy gain of 16 MV/m. Each 
cavity is fed by a 5 kW power coupler. The Higher Order 
Modes (HOMs) absorbers are placed next to each cavity 
to obtain an efficient damping for the high beam current 
and short bunch operation. The series linac module will 
have a quadrupole/ steerer section which is omitted in the 
prototype as it technically does not present a challenge.  

 
Figure 1: Cryomodule prototype. 

COLD MASS SUPPORT SYSTEM 
The beam-line string is suspended under the Helium 

Gas Return Pipe (HGRP) which acts as the beam-line 
backbone and is supported by three support posts to the 
vacuum vessel (see Fig. 2). The support system provides 
precision alignment and thermal insulation of the 
beamline string. 

The HGRP is made of a Grade 2 Titanium pipe, with an 
outer diameter of 280 mm. With a 1 ton weight force of 
the beamline string, the maximum vertical displacement 
of the HGRP is estimated to be 0.1 mm and the natural 
frequency would be 88 Hz, indicating that a 3-posts 
support system is well suited to ensure an acceptable 
vertical displacement and vibration characteristics. 

  
Figure 2: Cold mass support system. 

The post has a same design as those used in the TTF 
cryomodule, which is an assembly of a low thermal 
conduction composite material pipe (G10 fiberglass pipe) 
and four stages of shrink-fit metal discs and rings. The 
two stainless steel disc/ring sets are connected 
respectively to the room temperature and to the 2 K cold 
mass environments. The two aluminum disc/ring sets 
provide thermal intercepts at 40 K and 5 K, with the 40 K 
set also providing structural support to the 40 K thermal 
shield. The heat load through conduction of each post (see 
Fig. 3) is estimated to be 8.58W to 40K, 0.54W to 5K and 
0.05 W to 1.8K, respectively. 

 
Figure 3: Support post. 

The vacuum vessel is 965.2 mm in diameter, with a vessel 
cylinder made of carbon steel (A516 GR70) and stainless 
steel flanges that use O-ring seals.  For the prototype the 
interior of the carbon steel portion will be painted with a 
low vapor pressure vacuum compatible epoxy, while the 
exterior will be painted with a marine paint product.  

CYOGENIC PIPING SYSTEM 
The cavities will be cooled by liquid helium sub-cooled 

to 1.8 K. Due to the fact that the half linac will be 350 m 
long, a big aperture (280 mm diameter) for the HGRP was 
chosen to provide the low flow impedance needed 
without excessive pressure drop. Connected to the HGRP 
at a single point in each module is a 100 mm diameter 2-
phase helium manifold, show in Fig. 4. The purpose of 
this large 2-phase tube is to allow adequate surface area 

 ___________________________________________   

#r.eichhorn@cornell.edu                

Proceedings of PAC2013, Pasadena, CA USA WEPAC11

07 Accelerator Technology

T07 - Superconducting RF 811 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

for evaporation and a sufficiently large cross-section for 
gas flow through it to the HGRP to avoid generation of 
waves on the liquid surface which could result in pressure 
fluctuations affecting frequency tuning of the cavities [2]. 

 
Figure 4:  1.8K flowchart. 

A 5 K-6.5 K loop is used to cool the intercept all 
transitions to warmer temperatures in order to assure a 
minimal heat transfer to the 1.8 K system. A 40-80 K loop 
provides cooling for the coupler intercepts, cools the 
thermal radiation shield of the module and removes the 
heat generated in the Higher Order Mode (HOM) 
absorbers.  

As show in Fig. 5, six lines of 50mm diameter run 
through the entire half-linac. In each module, local 
manifolds of smaller diameters deliver the cryogens via 
four valves (1.8 K, pre-cool, 4.5 K, and 40 K) which 
manage the flow division amongst the modules. The 
location and stiffness of piping supports were considered 
in the design to make sure the resonant frequencies are 
higher than 60 Hz (see Fig. 6 for details).  

 

 
Figure 5:  Piping system inside the cryomodule. 

 

 
 

Figure 6: Natural frequency of the 1st mode of 2-phase 
pipe and the model showing the supports. 

THERMAL SHIELD AND COOL DOWN 
The radiation and convection heat loads are reduced by 

operating the shield at 40K and wrapping it with 30 layer  
multilayer insulation (MLI) blankets, in a vacuum 
environment. The magnetic shield, which is made of 0.5 
mm Mu-metal sheets, will be mounted to the exterior of 

the 40K thermal shield to screen the Earth’s field and any 
other stray magnetic field from the cavities. 

The thermal shield is made from aluminum AL 1100-
H14 sheets, with the upper section being thicker to 
support the weight. The sheets as shown in Fig. 7 are 
connected with fasteners as a rigid assembly with a good 
thermal contact. Reinforcement rings are attached to 
increase the mechanical stability. 

 
Figure 7:  Upper and lower sections of the thermal shield. 

To avoid excessive stress due to asymmetric cooling 
during the cool-down process, some slots (Fig. 8) are 
machined at the upper-lower section to unload the force.  

 
Figure 8:  Joints between top and bottom sheets. 

The thermal shield will be cooled by the 40 K delivery 
line which is connected to one side. As a result, the cool-
down process will be asymmetric requiring a more 
detailed analysis.  

Static heat loads includes conduction through the 
support post and radiation from room temperature 
vacuum vessel. With 30 MLI blankets covered on the 
shield, the radiation heat fluxes from room temperature 
are assumed to be 1.25 W/m2. In the extruded pipe for the 
40 K helium gas delivery, a convective heat transfer 
coefficient of 0.11 W/cm2-K was estimated. The 
simulated results indicated that with a slow cooling rate of 
4 K/hour, the temperature gradient reaches a maximum of 
15 K on the entire shield, occurring 20 hours after the 
start of the cool down. Results are given in Fig. 9). Once  
 

 
Figure 9: Temperature gradient on 40 K shield as a 
function of time during cool-down. 
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fully cooled down, the steady state maximum temperature 
gradient will be only 2.6 K. At the worst scenario when 
the temperature gradient over the shield reaches the 
maximum, the thermal shield will be bent with a 
maximum relative deformation of 4.6 mm (Fig. 10), and 
the maximum stress will be about 60 MPa occurring at 
the corner of the slots. 

 

 
(a) 

 
(b) 

Figure 10: Temperature distribution on the shield (a) at 20 
hours after cool-down started and (b) at steady state. 

ALIGNMENT AND ASSEMBLING 
The HGRP defines the reference for the precision 

alignment of the beam-line string. Relative vertical 
alignment is ensured by precision machining on the 
interfacing surfaces of the supports, with a single machine 
tool setup at the final stage after all welding is done and a 
vibration stress relief is performed. The transverse and 
longitudinal alignment is obtained by the alignment pins 
on the support plates. The alignment key or a flexible 
cavity support allows the beam-line components to slide 
longitudinally relative to the HGRP during thermal 
cycling. 

To accommodate the HGRP thermal contraction at cold 
relative to the vacuum vessel, the two side posts are  
slidable over the top flanges while the central post is 
locked in position. Details of the design are shown in Fig. 
11. The central position of the side posts are pre-shifted at 
room temperature and will be concentric to the vacuum 
vessel flange at cold.  

 

 
Figure 11: Post alignment components. 

The prototype design foresees that it could be a spare 
module in the series linac that the final welding or 
connection for the cryogenic pipes will be made in-situ. 
In addition, the design also allows easy dismounting the 
whole assembly for replacing some components. The 
assembly sequence is that the beam-line string will be 
assembled in the clean room, and then attached to the 
HGRP. Once the cold mass is assembled, it will be rolled 
into the vacuum vessel on its rail system (see Fig 12). 

 

Figure 12: Prototype assembly sequence. 

STATUS AND OUTLOOK 
The major components of the cryomodule prototype are 

under fabrication. We anticipate starting the assembly 
process in November 2013, and have it completed and 
ready for test by the end of 2014.  
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Abstract

The SIS structure—a thin superconducting film on a bulk

superconductor separated by a thin insulating film—was

propsed as a method to protect alternative SRF materials

from flux penetration by enhancing the first critical field

Bc1. In this work, we calculate the gibbs free energy of a

vortex in a superconductor, and we show that an isolated

thin film can enhance Bc1, but when it is placed in a SIS

structure, due to the gradient in field across the film, we

show that in fact Bc1 = 0. We argue that the SIS struc-

ture is not beneficial for SRF cavities, but it may be useful

in DC and low frequency applications. However, due to

recent experiments showing low-surface-resistance perfor-

mance above Bc1 in cavities made of superconductors with

small coherence lengths, we argue that enhancement of Bc1

is not necessary, and that bulk films of alternative materials

show great promise.

INTRODUCTION

SRF researchers have begun a significant effort to de-

velop alternative materials to niobium, superconductors

that could offer higher accelerating gradients Eacc and/or

lower surface resistances Rs at a given temperature. There

are several promising candidates, but most of them suffer

from two potential liabilities. First, they have relatively

small first critical fields Bc1, the magnetic field at which

it becomes energetically favorable for a vortex to be inside

the superconductor. Second, they have relatively small co-

herence lengths ξ. Vortex penetration is prevented at fields

significantly above Bc1 by an energy barrier, but surface

defects on the order of ξ can reduce this barrier. These ma-

terials have ξ on the order of a few nm, compared to tens

of nm for niobium, making even very small defects a po-

tential vulnerability. As a result, there has been significant

concern in the SRF community over whether vortex dis-

sipation will occur if these materials are exposed to fields

that bring them into the metastable state between Bc1 and

Bsh, the superheating field at which the energy barrier is

reduced to zero for an ideal surface.

A. Gurevich proposed [1] a method to avoid the poten-

tially vulnerable metastable state altogether. Pointing to

∗Work supported by DOE award number DE-SC0002329 and in part

by the EU under REA grant agreement CIG-618258.
† sep93@cornell.edu

the enhancement of parallel Bc1 in films with thickness d
smaller than the penetration depth λ, he suggested coating

a niobium cavity with alternating layers of insulator (I) and

thin film superconductor (S). With such a SIS structure, he

proposed it might be possible to take advantage of the high

Bsh and low Rs of the alternative superconductors used in

the thin films without the disadvantage of their small Bc1.

SRF researchers have been putting significant effort into

developing SIS multilayers, and they are producing excel-

lent work [2, 3, 4, 5, 6, 7, 8].

CALCULATING BC1

Tinkham [9] defines Bc1 as the field at which “the Gibbs

free energy [has] the same value whether the first vortex

is in or out of the sample.” For a SIS, the sample under

consideration should be the full structure [10]. Stejic et al.

[11] calculate the Gibbs free energy of a vortex in a thin

film superconductor immersed in a parallel external field.

They show that Bc1 of the film is enhanced relative to the

bulk value, according to

Bc1 =
2φ0

πd2

(

ln
d

ξ
+ γ

)

(1)

where φ0 is the flux quantum, γ = −0.07 and d << λ.

However, if a SIS structure is used to screen Nb SRF cavi-

ties, the geometry is quite different than that of an isolated

film. How does Stejic’s expression for Bc1 change when

the film is screening a bulk superconductor? In this case, it

will have a B-field gradient across it, which will affect the

free energy. We can use the same formalism as Stejic to

calculate the Gibbs free energy for this case, and use it to

find Bc1 and Bsh[12].

Consider a single layer SIS structure, as shown in Fig. 1.

A strongly type II superconducting film of thickness d, pen-

etration depth λf , and coherence length ξf is separated

from a bulk superconductor with with penetration depth λb

by an insulating film of thickness δ. The superconducting

film is screening the bulk from a parallel magnetic field

with amplitude B0. The screened field inside the bulk re-

gion has amplitude Bi. In our geometry, the x-axis is per-

pendicular to the film, pointing into it, with origin at the

interface with the exterior. The z-axis is aligned with the

magnetic field.
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Figure 1: Geometry of the structure under consideration.

The amplitudes of the magnetic field and the vector poten-

tial are plotted as a function of distance into the structure.

Stejic shows that the Gibbs free energy of a vortex in a

superconductor can be determined from the value of two

magnetic fields evaluated at the vortex location r0: the

Meissner-screened external field BM and the field gener-

ated by the vortex in the film BV .

G =
φ0

µ0

(BV (r0)/2 +BM (r0)) (2)

BM can be found by minimizing the free energy in the

structure when no vortex is present. This procedure gives:

BM =
B0 +Bi

2

cosh x
λf

cosh d
2λf

−
B0 −Bi

2

sinh x
λf

sinh d
2λf

(3)

where Bi is given by

Bi = B0

[

δ + λb

λf

sinh
d

λf

+ cosh
d

λf

]

−1

(4)

Stejic gives a relatively simple expression for BV for the

case when d << λ, but this would restrict us to very thin

films. To study the full range of thicknesses, we turn to the

more general expression from Shmidt [13] (this expression

assumes r0 = (x0, 0)), which agrees with Stejic’s expres-

sion for very small films:

BV =
2φ0

λ2d

∞
∑

n=1

∞
∫

−∞

dk

2π
eiky

sin(πnx/d) sin(πnx0/d)

k2 + (πnx0/d)2 + 1/λ2

(5)

We can check our procedure by choosing d >> λ, such

that the film behaves as a bulk supercondcutor. This calcu-

lation is shown in the top plot of Fig. 2. B = Bc1 when

the free energy outside the superconductor is equal to that

when a vortex is deep in the bulk. B = Bsh when the bar-

rier to flux penetration is reduced to zero (this plot is very

similar to the one from Bean and Livingston’s 1963 paper

[14]).

We can study a single thin film (not in a SIS structure)

by setting Bi = 0 in Eq. 3. This calculation is shown in

the center plot of Fig. 2 (the free energy outside the film is
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Figure 2: Gibbs free energy at various fields for a single

vortex in (top) bulk Nb3Sn, (center) a 50 nm Nb3Sn thin

film, and (bottom) a SIS structure with a 50 nm Nb3Sn film

on a Nb3Sn bulk. Bc1 is the smallest field at which there is

a position inside the structure where the free energy for a

vortex is smaller than the value outside. Bsh is the field at

which the energy barrier to vortex penetration disappears.

The top and center plots show the Bc1 enhancement for

a thin film compared to a bulk. The bottom plot shows

that for a SIS structure Bc1 = 0. The expression for the

thin film Bc1 is not valid for the SIS structure because it

assumes that the first stable vortex position will be at the

center of the film. However, for the SIS structure, the first

stable vortex position occurs on the side of the film adjacent

to the insulating layer.
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subracted from each of the plots for clarity). In this case,

there is no bulk, so the first location at which the free en-

ergy drops below the external value at high fields is in the

center of the film. This would be the stable position for

a single vortex above Bc1. Both Bc1 and Bsh are much

higher for the film than the bulk.

Finally, we plot the free energy of vortex in a single SIS

structure in the bottom plot of Fig. 2. In contrast to the pre-

vious case, only one side of the thin film is exposed to the

external magnetic field. The field at the other side is smaller

due to screening by film. Since BV = 0 at the edges of the

film, Eq. 2 shows that the free energy in the insulating

layer is lower than the free energy outside. The film pro-

vides screening at any finite B0 below the second critical

field, so for B0 > 0, the energetically favorable configu-

ration is for flux to be trapped in the insulating layer. As

we explain below, this implies that in practice for the SIS

structure, Bc1 is zero.

Why is Eq. 1 describing the enhancement of Bc1 in a

lone thin film not applicable for the SIS structure? This

expression assumes that the first stable vortex position will

occur in the center of the film. It predicts when the free

energy at the center of the film will dip below the value

of the free energy in the exterior. However, for the SIS

structure, the free energy at the insulator side of the film

will dip below the exterior value at fields much smaller than

this.

DISCUSSION AND CONCLUSIONS

In this paper, we have shown that contrary to sugges-

tions that SIS structures enhance Bc1, in fact they reduce

it to zero. In [15], it is also shown that the Bsh of an SIS

structure is only marginally larger than the bulk value and

only for a small parameter space, and that using a mul-

tilayer only decreases Bsh of the film. In addition, [15]

shows that SIS structures exhibit unmanageable levels of

heating above Bsh at high frequencies. Therefore, it seems

that SIS structures are not beneficial for SRF applications.

However, they may be useful in DC and low frequency ap-

plications, where it should be possible to set up a gradient

in the phase of the order parameter in the thin films, allow-

ing them to screen very large fields.

Based on the results of this study, the authors of this pa-

per recommend that SRF researchers developing alterna-

tive materials concentrate their efforts on bulk films. Bulk

films are quite simple to fabricate compared to SIS films,

but they offer a similar ideal SRF performance. And al-

though we have shown that it is not possible to augment

Bc1 with SIS structures, there is still great promise for al-

ternative materials. Because of recent experiments showing

that low-surface-resistance operation above Bc1 is possible

with cavities made from short coherence lengths supercon-

ductors [16] [17], we now know that the potential of bulk

films has not yet been realized.
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STUDIES OF THE SUPERCONDUCTING TRAVELLING WAVE CAVITY 
FOR HIGH GRADIENT LINAC* 

Pavel Avrakhov#, Roman Kostin, Alexei Kanareykin (Euclid TechLabs, LLC, Solon, Ohio), Nikolay 
Solyak, Vyacheslav P. Yakovlev (Fermilab, Batavia)

Abstract 
Use of a travelling wave (TW) accelerating structure 

with a small phase advance per cell instead of standing 
wave may provide a significant increase of accelerating 
gradient in a superconducting linear accelerator. The TW 
section achieves an accelerating gradient 1.2-1.4 larger 
than TESLA-shaped standing wave cavities for the same 
surface electric and magnetic fields [1]. Recent tests of an 
L-band single-cell cavity with a waveguide feedback [2] 
demonstrated an accelerating gradient comparable to the 
gradient in a single-cell ILC-type cavity from the same 
manufacturer. This article presents the next stage of the 3-
cell TW resonance ring development which will be tested 
in the travelling wave regime. The main simulation results 
of the microphonics and Lorentz Force Detuning (LFD) 
are also considered. 

INTRODUCTION 
 The primary advantage of a superconducting travelling 

wave accelerating (STWA) structure is an increased 
accelerating gradient up to a factor 1.24 for the same 
surface magnetic and electric field ratios Epeak /Eacc and 
Bpeak /Eacc as for re-entrant [3] standing wave (SW) ILC 
[4] cavity. However, the TW regime for a high gradient 
linac requires too high level of RF power flux in the 
accelerating structure. Typical pulse power for L-band 
TW linac is a few hundred MW which is 103 times more 
than feeding power for superconducting SW cavities. 
Concept of the traveling wave resonator with a 
superconducting TW structure allows to keep pulse power 
on a reasonable low level 

Figure 1 presents the first developed and tested 1.3 
GHz prototype of a travelling wave SC resonator which 
consists of a single-cell cavity and a waveguide (WG) 
feedback [2]. The 1-cell model has the same shape as a 
regular full-sized cavity, which helped to understand the 
problems with mechanical manufacturing, assembly, and 
welding of this geometry as well as the surface processing 
issues. 

 
Figure 1: The single-cell model of a travelling wave cavity 
with waveguide loop. 

Two single cell resonators were manufactured at 
Advanced Energy System, Inc. (AES) and processed in 
Argonne and Fermi National Labs. Despite the fact that 
the STWR processing was without electropolishing, high 
gradient tests showed that the surface electric and 
magnetic fields reached the same values as 31 MV/m of 
TESLA-shaped cavity with no field emission. There were 
problems with the waveguide processing such as high 
pressure rinsing. But these problems did not lead to 
quenching in the waveguide because the surface electric 
and magnetic field amplitudes in the feedback loop were 
2-3 times less than in the accelerating cavity. It should be 
noted the 1-cell STWR model could be tested only in SW 
regime.  

The next step in SC TW cavity studies will be 
developing and manufacturing a multicell cavity and 
testing it in the travelling wave regime. 

A NEW 3-CELL SC TW RESONATOR 
DESIGN STUDIES 

According to plan, a new 3-cell TW cavity design 
(schematically depicted in Figure 2) was developed [5] 
and now is prepared for fabrication. In spite of the fact 
that the 3-cell structure has only one regular cell (in the 
middle of the cavity), it retains the same field distribution 
as for the full-sized 1 meter, 15-cell pattern. 

 

 
Figure 2: Traveling wave resonator with 3-cell TWaccel- 
erating structure and two coaxial couplers. 

 
As a standard for SC accelerating structure research it 

is testing on vertical test stand (VTS). Low level RF 
source of about 200-300 W at VTS requires the use of 
superconducting cavities with a high loaded quality factor 
Qload of about 108. Well known problems for the SC high 
Qload resonators are microphonics and Lorentz force 
detuning at the high gradient testing. But the TW 
structure detuning has specific feature when compared 
with the SW cavity - the degradation of the travelling 
wave regime. Unfortunately, TW operation cannot be 
restored only by frequency tuning as in the 
superconducting SW structure. Figure 3 illustrates 

Inp #1 Inp #2 

 ____________________________________________  

*Work supported by US Department of Energy 
# p.avrakhov@euclidtechlabs.com 
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forward and backward waves in the 3-cell 
superconducting travelling wave resonator (STWR) with 
2.8 mm niobium walls deformed by external pressure. It 
is evident that a ±0.1 mbar pressure jump completely 
ruins the travelling wave regime in the non-reinforced 
STWR. 

 
 Figure 3: Microphonics detuning of the perfectly matched 
3-cell superconducting travelling wave resonator with 2.8 
mm niobium walls (pressure jump 10 Pa from 20 mbar to 
20.1 mbar). 

 
There are many ways to reinforce a low profile 160mm 

× 20mm rectangular WG, the most pressure-sensitive part 
of the STWR, but those involve other technical 
requirements for SC TW ring like the thermal 
conductivity of the WG wall and the capability for precise 
tuning. It imposes restrictions on the wall thickness and 
the WG loop shape. For instance, a WG loop with walls, 
more than 4 mm thick, could be overheated in CW 
regime. The most appropriate design, in our view, it is a 
waveguide with stiffening ribs on wide, or on both wide 
and narrow sides. Niobium ribs are a well-known way to 
reinforce large superconducting cavities such as 325 MHz 
SSR1, or low frequency 650 MHz 5-cell cavity for 
Project-X [6]. 

 

 
Figure 4: Amplitudes of forward (dash) and backward 
(solid) waves vs external pressure for 4 different designs 
of the 3-cell STWR: black curves - the non-reinforced 
model (all walls 2.8mm); blue curves – the model with 
cavity ribs only (thickness 4mm); green curves – the 
model with waveguide ribs only (4mm×10mm and 20mm 
between ribs); red curves - the most stiffened model with 
the cavity and waveguide ribs. 

Figure 4 presents our efforts to reinforce the 3-cell 
STWR model to reduce the influence of microphonics. 
Stiffening ribs on the WG loop and on the cavity part 
dramatically improves the TW regime. Measured through 
the critical parameter dφ/dP, where dφ is the phase shift 
caused by a pressure deviation dP, the last design has as a 
57 and 12.6 times reduction (compared with the base 
design) of the microphonics sensitivity for waveguide 
loop and cavity part respectively.  

It should be noted that the presented above results were 
obtained for fixed amplitudes and phases of the input 
signals: Pinp1 = Pinp2, and a 90° phase difference between 
inputs. However, these parameters are fully controllable, 
and can considerably expand the acceptable external 
pressure variation. Figure 5 shows an example with 
suppression of microphonics detuning in the most 
stiffened STWR model only by adjustments of the inputs 
amplitude and phase. In this case the backward wave at a 
new operation frequency was completely suppressed, but 
the forward wave amplitude was kept almost the same 
(~94%). A 12% increase in power is required to obtain 
the nominal value of the forward wave amplitude. 

 

 
Figure 5: Forward and backward waves (FW & BW) 
under a 10 Pa external pressure variation in the TW 
resonator with stiffening ribs on the WG and the cavity 
parts: red curves – no tuning Pinp1/Pinp2 = 1/1, 
Δφbetween_inp1&inp2 = 90°; blue curves – after tuning 
Pinp1/Pinp2 = 1.52/0.48, Δφbetween inp1&inp2 = 96.3° 

 
High gradient tests of the 1-cell STWR model have 

shown strong Lorentz forces in SW mode. Figure 6 
demonstrates a comparison between the experimental 
results and the ANSYS simulation of the LFD in the real 
1-cell cavity TW1AES002 (see Figure 1). 3-cell model 
simulations give similar cavity detuning behaviour.  

 
Figure 6: Lorentz force detuning data for 1-cell STWR 
cavity TW1AES002: experiment and simulation. 
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The next series of graphs in Figure 7 illustrate 
simulations of a fine tuning procedure under strong LFD 
(Eacc = 31 MV/m, ring circulating power 631 MW) for the 
stiffened 3-cell STWR design. The frequency shift for this 
3-cell model was -774 Hz and the TW regime was 
completely destroyed by LFD (Fig. 7-b).  

 

after strong LFD: a) perfectly matched STWR before 
LFD; b) strong LFD under circulating power 631 MW; c) 
tuning by waveguide matcher deformation (+0.61 µm); d) 
the next stage of tuning is two inputs signal adjusting 
(Pinp1/Pinp2 ≈ 1.245/0.755, Δφbetween_inp1&inp2 = 115°, TW 
mode frequency shift is  ΔfTW = -774.4 Hz) 

 
This example of a strong LFD (about thirty STWR 

bandwidth) shows two needed stages of tuning – walls 
shape deformation by a special device named “matcher” 
(see in Figure 8) and more precise tuning by the 
redistribution of feeding power in the RF inputs. The first 
stage is stronger and might adjust both the TW mode and 
the STWR frequency. The input amplitude and phase 
control cannot change the cavity frequency and has a 
narrower acceptable range for detuned parameters. But 
according to our simulations (see Fig. 5) the fine tuning of 
RF inputs signals could be enough to withstand 
microphonics detuning in the stiffened STWR. 

NEW 3-CELL DESIGN OF THE 
SUPERCONDUCTING TW CAVITY 

The present design of the 3-cell STWR based on the 
obtained simulation results matched with the Fermilab 
VTS parameters. As SW superconducting accelerating 
structures the TW cavity has stiffening rings on 
accelerating cells and, in addition, stiffening ribs on the 
WG loop (see Figure 8). A new element for a VTS tested 
prototype will be waveguide matcher which will be used 
to maintain TW mode in the STWR. This will be 
achieved through one lever construction with two stepper 
motors and a movable pushing element. The first stepper 

motor (not seen in Fig. 8) is for WG shape deformations, 
which push or pull the pushing element. The second 
stepper motor is for moving the pushing element along 
the feedback waveguide in a specially designed cage. 
These stepper motors can provide up to a 10 nm 
displacement because of their gear ratios of up to 105 and 
their 1 mm shaft thread. Necessary matcher requirements 
obtained through the 3-cell model simulation are range 
and minimal step for shape deformation ±90µm / 20nm, 
and the longitudinal position ±4mm / 0.5µm, respectively.  

There are five sleeves with conflate flanges for 
mounting pick-up antennas: three on the WG bend for 
calibration and TW directivity measurements, and two on 
the WG loop bottom side for power feeding.  

 

Figure 8: The 3-cell STWR assembly. 

CONCLUSION 
The results obtained in the STWR model simulation 

gave an understanding of the way to build a new 3-cell 
TW cavity design. Power limitation, strong microphonics, 
and Lorentz force detuning lead to reinforced niobium 
cavity, and a new tuning device in the new 3-cell design. 
Methods to create and support the travelling wave regime 
in this structure were discussed. 
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  Figure 7: Tuning of the stiffened 3-cell STWR model 
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STUDY ON PARTICULATE RETENTION ON POLISHED NIOBIUM 
SURFACES AFTER BCP ETCHING* 

I. Malloch#, C. Compton, L. Popielarski, Facility for Rare Isotope Beams (FRIB), Michigan State 
University, East Lansing, MI 48824, USA

Abstract 
Niobium surface defects and inclusions can be 

introduced during the manufacturing processes used in the 
production of SRF cavities. Bulk removal methods 
(sanding, polishing, etc...) are frequently utilized to 
remove or smooth away these defects on the surface of 
the niobium metal. It is hypothesized that these 
mechanical removal methods are capable of trapping 
performance-degrading particulates, which are then 
exposed during subsequent chemical processing, 
potentially contaminating the cavity prior to RF testing. 
This paper summarizes results of a series of surface 
roughness and etching experiments performed to 
determine the relationship between the extent of polishing 
and trapped particulate, and to determine a method for 
mitigating this particulate contamination through BCP 
etching. The relationship between these experiments and 
RF cavity performance will be explored as well. 

INTRODUCTION 
The construction of the Facility for Rare Isotope Beams 

(FRIB) driver linac will require more than 350 niobium 
superconducting radio frequency (SRF) cavities. Four 
types of cavities will be used in the linac: 80.5 MHz β = 
0.041 and β = 0.085 quarter-wave resonators, and 322 
MHz β = 0.29 and β = 0.53 half wave resonators. Each of 
these cavities must be fabricated with utmost precision to 
ensure proper functionality of the cavities during RF 
testing and during the operation of the completed 
accelerator. Of the many critical aspects of these RF 
cavities, the surface finish of the niobium exposed to RF 
fields is paramount to the proper functionality of these 
cavities during testing. Unfortunately, despite the best of 
intentions and the most well-defined procedures and 
quality assurance protocols, issues can arise that 
compromise these niobium surfaces. Weld spatter 
deposited on the niobium during electron-beam welding 
of cavity components, foreign debris and inclusions 
imbedded in the niobium during sheet rolling or part 
stamping, and gouges or scratches occurring due to 
mishandling or machining errors can all impact the 
quality of the cavity surface [1]. Fortunately, these defects 
can frequently be fixed by means of mechanical abrasion. 
While these repairs are necessary, unfortunately, the use 
of abrasive media to repair the niobium surface can cause 
lasting degradation of the surface finish, and, as a result, 

potential degradation of cavity performance due to 
particulate contamination on the cavity surface. This 
study seeks to examine the lasting impact of these repairs, 
and to determine a method for mitigating the 
consequences by means of processing and analyzing a 
series of niobium samples. 

EXPERIMENTAL 
Two lots of niobium samples were used in this 

experiment. Each lot consisted of a series of small grain, 
high-RRR (>250), 3 mm thick sheet stock samples, shear-
cut to approximately 2.5 cm square. Each sample was 
stamped with a serial number, photographed, degreased 
with acetone, ultrasonic cleaned, and precision measured 
for thickness (±0.0025 mm) with an NDT Systems Model 
TG900 ultrasonic thickness gauge. 

As is typically performed with RF cavities, following 
cleaning, the samples were chemically etched with a 
standard solution of buffered chemical polish (BCP). The 
BCP mixture used at FRIB is a 1:1:2 mixture of 
concentrated hydrofluoric (49% w/w), nitric (70% w/w), 
and phosphoric (85% w/w) acids. The first lot of samples 
was divided into eight sub-lots. The sub-lots were each 
submerged in BCP and etched for between 60 and 480 
minutes, removing up to 300 microns of niobium from the 
surface of the samples. Upon completion of the etching, 
the samples were thoroughly rinsed with ultrapure water 
(UPW) and set to dry in an ISO 5 cleanroom. Once dry, 
the surface roughness (both Ra and Rz) at six different 
locations on each sample was measured with a Fowler 54-
410-500 X-Pro Portable Surface Roughness Tester. 

 
Figure 1: A niobium sample on the microscope stage as 
seen through the SEM’s vacuum viewport. 

To simulate a portion of an RF cavity repaired with an 
abrasive media, the second lot of samples was “polished” 

___________________________ 
* This material is based upon work supported by the U.S. 
Department of Energy Office of Science under Cooperative 
Agreement DE-SC0000661, The State of Michigan, and Michigan 
State University 
# malloch@frib.msu.edu 
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for five seconds per sample with a pneumatic Dyno-File 
tool equipped with a medium-grit aluminium oxide 
conditioning belt. Ultrasonic thickness measurements 
showed that the abrasion did not remove an appreciable 
amount of material from the sample surface. Following 
the abrasion of the samples, they were divided into sub-
lots, and ultrasonic cleaned once more. Once clean, the 
abraded samples were etched in the same manner as the 
as-received samples, then were rinsed and dried in the 
cleanroom and measured for surface roughness. 

Once the surface roughness characterization of the 
samples had been performed, a representative set of 
samples were analyzed with a CamScan 44FE Field 
Emission Gun Scanning Electron Microscope to allow the 
topography and particulate retention of the samples to be 
observed in great detail (Fig. 1). 

DISCUSSION 
The development of the surface roughness for the as-

received samples followed the same well-defined pattern 
that had been reported previously for chemically polished 
niobium surfaces [2, 3]. The surface roughness, Rz, prior 
to etching was very small, though it steadily increased for 
the first ~100 microns of etch removal. At this point, it 
began to plateau, and stayed relatively constant for the 
remainder of the etching procedure. The more surprising 
outcome was the evolution of the surface roughness for 
the abraded samples. Not surprisingly, the initial surface 
roughness of the abraded samples was significantly higher 
than was observed on the as-received samples (Fig. 2). 

 
Figure 2: As-received niobium sample (left) compared to 
an abraded sample (right). Note the difference in surface 
roughness, both in the picture and in the SEM scans. 

 Once etching was commenced, the surface roughness 
fell sharply during the first 50 microns of removal, at 
which point the roughness began to climb, then plateau in 
a manner consistent with the as-received samples. The 
surprising finding was that the surface roughness of the 
abraded samples never converged with the as-received 
samples (Fig. 3). A similar pattern was observed with Ra 
measurements. The implication here is that under the 
conditions explored in this experiment, once a niobium 
surface has been abraded, the surface roughness will not 
return to a state consistent with a surface that has not been 

altered with an abrasive media. As can be seen in Figure 
4, while the samples look very similar to one another with 
the naked eye, microscopy shows that they are not. Note 
the difference in the overall surface finish, and observe 
the valley that runs through the center of the image. These 
crevasses were seen in several locations on the abraded 
samples up until at least 100 microns of niobium had been 
removed from the surface. This has the potential to have 
serious consequences on RF cavity performance [4], since 
the increased surface area of a rougher material allows 
more room for particulates to become trapped on the 
surface, potentially resulting in field-emission and cavity 
quenching during operation. 

 
Figure 3: Plot of etch removal vs. surface roughness for 
the as-received and abraded niobium samples for different 
etch removal amounts. 

 
Figure 4: As-received niobium sample (left) compared to 
an abraded sample (right) following 70 microns of 
etching. Abraded sample has visibly worse surface finish 
under the microscope. 

In addition to the concerns about the roughness of the 
niobium surface, there was also evidence to suggest that 
on top of the passive role that abrading can play in 
particulate retention, particulate was actively being 
ground into the surface of the niobium. These particulate 
were only exposed after significant amounts of etching 
had been performed (Fig. 5). While these particulate are 
not necessarily a guarantee of a bad cavity test, they are 
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certainly not preferable, and can contribute to less than 
optimal cavity performance, especially at high-field. 

   
Figure 5: SEM scans of an as-received sample (left) and 
an abraded sample (right) after more than 100 microns of 
etching. Note the unusually high concentration of black 
particulate spots on the abraded sample. 

SRF Cavity Repair: A Case Study 
A β=0.085 quarter-wave resonator intended for use in 

the ReA3 coldmass was recently processed in the FRIB 
chemical etching and cleanroom facility. Once assembled 
and pumped down, the cavity demonstrated a large weld 
leak between the helium vessel and RF space along one of 
the cavity’s flanges. At this point, the cavity was sent for 
repair at an electron-beam welding facility. During 
welding, suspected contamination in the weld area caused 
a significant amount of weld spatter to be deposited on 
the RF surfaces inside of the cavity.  

 
Figure 6: Liquid particle count comparison between a 
normal and repaired cavity during high-pressure rinsing. 

The same abrasion method used in this experiment was 
used to remove the spatter and smooth out the resulting 
imperfections on the cavity surface prior to a chemical 
etch and high-pressure rinse (HPR) being performed. 
Liquid particle counts taken during the HPR were more 
than five times higher than were historically observed for 
a cavity of this type (Fig. 6). HPR was continued for an 
additional two hours, at which point the particle counts 

began to fall back to an acceptable range. Unfortunately, 
the subsequent cavity assembly and leak check revealed 
another leak requiring additional repair, so no comparison 
between cavity test results could be established. Despite 
the fact that no test results were gathered for this repaired 
cavity, data gathered over the course of many cavity 
processes indicates a correlation between low particle 
counts during HPR and superior cavity performance. 

CONCLUSION 
While the repair of surface defects on SRF cavities is 

often a necessity, careful consideration should be given to 
the methods and materials used. If abrasives must be 
used, as small of a surface area as possible should be 
affected. Care should also be taken to adjust processing 
procedures following these repairs to ensure the highest 
quality product possible. At a minimum, extended etching 
and high-pressure rinse cycles are recommended prior to 
assembly for RF testing. The necessity of repairs should 
be considered as well. Frequently, damage or inclusions 
on welded surfaces can cause defective welds; these must 
be repaired. However, if these issues are seen on other 
cavity surfaces, chemical polishing alone can often 
mitigate the damage without causing long-term impacts to 
the quality of the cavity surface. These less aggressive 
repair solutions should be pursued whenever possible. 
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SRF CAVITY ETCHING DEVELOPMENTS FOR FRIB CAVITY 
PROCESSING* 

K. Elliott#, I. Malloch, L. Popielarski, N. Putman, Facility for Rare Isotope Beams (FRIB), 
Michigan State University, East Lansing, MI 48824, USA 

Abstract 
Updates to the FRIB beta=0.53 half wave resonator 

(HWR) design have provided an opportunity to test new 
buffered chemical polish (BCP) flow control techniques. 
New processing fixtures have been fabricated and used to 
process the FRIB beta=0.53 HWR. This paper will 
present details of the fixture mechanical design iterations, 
the resulting BCP flow simulations, a qualitative 
evaluation of the agreement between simulations and 
measured results, and developments in process validation 
techniques. 

INTRODUCTION 
Buffered chemical polish (BCP) processing techniques 

continue to progress with the FRIB β=0.53 half wave 
resonator (HWR) cavity. With the updated cavity design 
we were able to use new fixturing concepts and take a 
variety of measurements to better understand the 
processing parameters. The new β=0.53 HWR cavity has 
an internal volume of 76 L, and an internal surface area of 
1.4 m2. 

The objectives for the design of the new chemistry 
fixtures were to reduce fixture complexity, reduce fixture 
installation time, and increase the etch uniformity. 

FIXTURE DESIGN 
Twelve different configurations were analyzed to 

determine the best concept for achieving uniform etch 
removal. Seven of the configurations were a derivative of 
the directional quill injection system used on the previous 
β=0.53 HWR cavity [1]. The other five configurations 
consisted of a single directional quill. Ultimately the 
single directional quill was chosen. The analysis of the 
single directional quill, and the four injection quill design, 
can be seen in Figure 1.    

  

Figure 1: Left, analysis of four quill injection system. 
Right, analysis of single quill injection system. 

The single quill configuration shown in Figure 2 was 
chosen because it appeared to deliver equivalent mixing 
of the BCP compared to the four quill configuration, 
while reducing the complexity of the BCP delivery 
plumbing. The quality of the BCP mixing is determined 
qualitatively by choosing the fixture concept which 
produces the least velocity variation across the 
superconducting surface of the cavity.  

Figure 2: Single injection quill used for FRIB β=0.53 
HWR cavity BCP processing. 

One of the stated goals of this fixture iteration was to 
reduce installation time. This was done in two ways. First, 
the force needed to make the o-ring seal on each flange 
was carefully examined and revised. Second, we 
attempted to eliminate the need for tools during the fixture 
installation. 

Past chemistry flanges were designed with a hole 
pattern to match the mating flange on the cavity. For 
example, one of the 2.75” ConFlat flanges of the 
prototype β=0.53 HWR cavity had six ¼” clearance holes 
(See Figure 3). Once the fasteners are were tightened 
there was nearly 12,000 lbs of force on the flange, though 
it is not known what portion of that force was transmitted 
to the o-ring.  

O-ring Analysis 
The Parker Hannifin o-ring handbook [2] indicates that 

only 20-30% compression is necessary to make a static o-
ring seal. Given the o-ring hardness, thickness, and 
desired percent compression, the Parker Hannifin o-ring 
handbook indicates that 10-20 lbs of force per linear inch 
of o-ring is required to make a reliable seal. This means 
that only 300 lbs of force is needed for this seal.  

A stainless steel backing plate was added to each flange 
to ensure that the tension from the fasteners was evenly 
distributed to the o-ring and, the number of fasteners was 
reduce from six to two. Because a well lubricated 1/4” 
fastener requires only 7.5 in*lbs of torque to produce 150 
lbs of tension (half of the required 300 lbs), thumb screws 

 ___________________________________________  
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were used in place of hex head cap screws. This 
eliminated the need for hand tools, and reduced the total 
BCP processing flange installation time from ~30 minutes 
to ~5 minutes. 

 

Figure 3: Left, new BCP blank flange design. Right, old 
BCP blank flange design. 

EVALUATION OF SIMULATION 
Ultrasonic thickness measurements (USTM) were taken 

on the new HWR cavity before and after each bulk etch 
step. The bulk etch removal for this cavity was taken in 
steps of 45 µm, 55 µm, and 30 µm respectively. The 
ultrasonic thickness measurements show strong 
correlation between the predicted flow path and the 
resulting etch patterns. Notice the high etch region which 
begins below the cavity beam port and broadens as the 
BCP impinges on the cavity surface. The black triangles 
in Figure 4 highlight this behavior. The new fixtures 
provided a more uniform etch in most locations on the 
cavity. One exception to this uniformity is the area near 
the radio frequency (RF) antenna ports indicated by the 
arrow in figure 4. The weld bead around this port allowed 
a gas bubble to form, reducing the local etch rate. 

 
 

Figure 4: Left, Predicted flow pattern. Right, resulting 
etch removal measured by USTM. 

PROCESS VALIDATION 
Three different techniques were used to measure the 

amount of etching done to the cavity’s RF surface. Those 
techniques were, ultrasonic thickness measurements, mass 
change analysis, and heat production analysis. 

Ultrasonic Thickness Measurements 
This method requires the user to take ultrasonic 

thickness measurements at numerous locations on the 
outside of the cavity before etching, and then repeat those 
measurements after etching. The thickness of material 
removed can then be calculated at each measurement 

location. This method is useful for determining locations 
of high etch removal, but it is also time consuming. If the 
removal has been calculated for the majority of the 
cavity’s surface area all data points can be averaged to 
yield an accurate overall etch removal.  

Mass Change Analysis 
Unlike USTM’s, this method does not provide 

information about removal rates in specific locations on 
the cavity. It is a useful way to quickly determine the 
overall etch removal. This method requires a mass 
measurement be taken before and after etching. Equation 
1 below is used to calculate the average material removal 
from the cavity. = −× . . (1)

 
Where m is mass, ρNb is the density of niobium, and 

S.A. is the surface area of the cavity. 
Application of this method can be challenging because 

it requires a very accurate measurement of mass to yield 
accurate etch removal measurements. 

Heat Production Analysis 
Because the reaction between BCP and Niobium is very 

exothermic [3] a measurement of heat produced during 
the etching process can be used to determine the amount 
of niobium removed from the cavity’s internal surface. 
The change in temperature of the flowing BCP is used to 
determine the amount of heat produced during the cavity 
etch. Equation 2 (below) is used to calculate the amount 
of heat which is put into the BCP. ( ) = ( ) × × , × ( ) (2)

 
Where   is the volumetric flow rate of the BCP, ρBCP is 

the density of the BCP, cp,BCP is the heat capacity of the 
BCP, and ΔT(t) is the temperature as a function of time. 
Now that the heat production known equation 3 (below) 
can be used to determine the amount of niobium removed 
from the cavity surface. = ( )( )× × × . .  (3)

Where M(Nb) is the molar mass of niobium, and hRXN is 
the heat of the reaction. 

One advantage of this method is that it can be applied 
during the etching process to determine when the cavity 
has received the desired amount of etching, and the 
resulting measurement is not affected by localized etch 
patterns. 

Measurement Method Comparison 
As mentioned earlier, this cavity was etched in three 

steps of 45, 55, and 30 micrometers respectively. Each 
measurement technique was used at every stage of the 
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etching process. The result of each measurement 
technique are summarized in Figure 5 below.  

 

 
Figure 5: Comparison of measurement techniques for 
each stage of β=0.53 cavity bulk etch. 

 
USTM is the most accurate technique at this time. The 

results of heat production analysis are in close agreement 
with the USTM method, as seen in Fig. 5. Measurements 
taken for the mass change analysis were done with a scale 
which had a resolution of .2 lbs., this can lead to 
measurement error of 7.5 µm. 

CONCLUSION 
Fluid flow simulations have proven to be effective in 

qualitatively predicting localized etch rates. 

Understanding predicted flow patterns will lead to 
accurate modeling of etch removal across the cavity’s 
internal surface. After the removal patterns are understood 
the use of USTM’s is no longer necessary. Instead mass 
change analysis or heat production analysis can be used to 
quickly and accurately verify etch removal. 
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MAGNETIC SHIELD OPTIMIZATION FOR THE FRIB 
SUPERCONDUCTING QUARTER-WAVE RESONATOR CRYOMODULE* 

Y. Xu#, A. Fox, M. Johnson, M. Leitner, S. Miller, K. Saito, FRIB, East Lansing, MI 48824, USA

Abstract 
The Facility for Rare Isotope Beams (FRIB) required 

49 cryomodules containing 330 superconducting low-beta 
resonators, which have to be shielded from the earth 
magnetic field.  Comprehensive magnetic shielding 
simulations have been conducted for 80.5 MHz β=0.085 
cryomodules exposed to earth fields of 0.5 Gauss in 
different coordinate directions.  The magnetic shield has 
to attenuate the earth magnetic field by a minimum factor 
of 33 (to less than 15 milli Gauss) in order to limit flux 
trapping in the resonators during cool-down.  In the 
reported optimization studies, permeability of the 
magnetic shielding material, shield thickness, and number 
of magnetic shield layers have been varied.  Different 
design concepts including global and local magnetic 
shielding have been evaluated.  In addition, the design 
concepts are compared based on the cost of material, 
fabrication and assembly, the design complexity and 
compatibility with the overall cryomodule design to 
obtain an optimum solution. 

INTRODUCTION 
There are 49 cryomodules that will be built in FRIB: 

three 80.5 MHz β=0.041 cryomodules, eleven 80.5 MHz 
β=0.085 cryomodules, two 80.5 MHz β=0.085 matching 
cryomodules, twelve 322 MHz β=0.29 cryomodules, two 
322 MHz β=0.29 matching cryomodules, eighteen 322 
MHz β=0.53 cryomodules, and one 322 MHz β=0.53 
matching cryomodule. 

All cryomodules have to be shielded to attenuate the 
earth magnetic field in order to limit flux trapping in the 
cavities during cool-down to less than 15 milli Gauss.  
Two main different design concepts, room temperature 
global and low temperature local magnetic shielding as 
shown in Figure 1, have been compared on 80.5 MHz 
β=0.085 cryomodule from the attenuation ability, cost of 
material, fabrication and assembly, to the design and 
assembly complexity.  The global magnetic shield locates 
between the vacuum vessel and the thermal shield and 
encompasses the entirety of cold mass, while the local 
magnetic shield is assembled around the resonators.  Two 
local magnetic shielding designs are compared.  One is to 
shield each resonator with individual shield, the other is 
to group the nearby resonators as much as possible. 

ANSYS Magnetostatic is implemented to study the 
effects of permeability of material, size of magnetic 
shield, and the contribution from steel vacuum vessel.  
The magnetic flux on resonators is obtained to validate 
the effectiveness of the magnetic shield designs. Finally, 
Quality Function Deployment (QFD) is applied to 
compare different design concepts. 

 
Figure 1: Global shield (top) and local single shield 
(middle) and local multi shield (bottom). 

PERMEABILITY STUDY 
The design of the magnetic shield starts with the proper 

material selection.  Magnetic shielding materials should 
be chosen for their characteristic, usually in respect to 
permeability and saturation.  

Manufacture Data 
Amuneal Manufacturing Corporation compares the 

permeability of two products, Cryoperm 10 and 
Amumetal, as a function of ambient temperature shown in 
Figure 2 [1].  Amumetal has the maximum permeability at 
room temperature and is degraded at cryogenic 
temperature.  Therefore, it is appropriate for the room 
temperature global magnetic shield.  The permeability of 
Cryoperm 10 reaches its maximum at very low 
temperature (around 30 K) but is degraded at room 
temperature.  Hence, it is proper for the low temperature 
local magnetic shield.   

 
Figure 2: Permeability of Amumetal and Cryoperm 10 
versus ambient temperature. 

Recently, Amuneal developed a new shielding material 
Amuneal 4K (A4K) for cryogenic applications.  A4K is 

 ___________________________________________  

*Work supported by US DOE Cooperative Agreement DE-SC0000661
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claimed to have higher permeability than Cryoperm 10.  
Therefore, A4K will be employed in FRIB local magnetic 
shield design.  However, Cryoperm 10 permeability will 
be utilized in the simulation for the sake of 
conservativeness. 

 Table 1 lists the permeability and saturation values of 
Amumetal and Cryoperm 10.  Since a saturated shield is a 
poor attenuator, the selection of magnetic shield material 
must have adequate saturation characteristics. 

Table 1: Permeability and Saturation 

Material 
Saturation Permeability

(Gauss) μ Max μ 40 

Amumetal 8,000 400,000 60,000

Cryoperm 10 9,000 250,000 65,000 

Measured and Simulation Data 
It should be noted that the permeability provided above 

is the data obtained in the laboratory and has the optimum 
performance.  However, the actual permeability of the 
shielding material depends on the heat treatment, 
fabrication and handling process of the material.  Studies 
from CEA show that the actual performance of Cryoperm 
at low temperature is not as good as the one provided by 
manufacture.  Therefore, simulations on FRIB Cryoperm 
magnetic shield are conducted at different permeability 
and compared with the measurement from other labs to 
determine a practical value of permeability.  The 
comparison is made at the same shield thickness 1 mm.   

Simulation of attenuation from FRIB local magnetic 
shield at different permeability with and without the 
vacuum vessel, 17500, 32500 and 65000, are displayed in 
Figure 3.  It shows that the attenuation increases as the 
increase of the permeability.  The measurement of CEA 
provides the attenuation from magnetic shield be 25 and 
that from both the magnetic shield and vacuum vessel be 
100 [2].  In addition, the measurement of FNAL shows 
that the attenuation from both magnetic shield and 
vacuum vessel in their cryomodule is 120 [2]. 

 
Figure 3: Permeability study. 

The length of CEA test magnetic shield is 1.3 m, which 
is about the same as that of FRIB (1.25 m).  Therefore, 
the performance of CEA and FRIB magnetic shields are 
similar.  Although the permeability is not measured 
directly, it is reasonable to apply 32500 in the simulation 
to make direct comparison with the measurement of CEA.  
The length of FNAL 1.3 GHz cryomodule magnetic 
shield is 1 m, which is smaller than that of FRIB.  Hence, 

higher attenuation is expected since the smaller the size 
the better the performance (also explained by Figure 4). 

EFFECT OF MAGNETIC SHIELD 
LENGTH AND THICKNESS 

Attenuation simulations on global magnetic shield with 
full, half, one third and quarter length are conducted and 
displayed in Figure 4.  The shorter the magnetic shield 
length, the smaller the effective radius of the shield, hence 
the better its performance.  Simulations on thickness 1.6 
mm and 3.2 mm shields show that the attenuation 
increases 1.5 times as the shield thickness doubles.  The 
theoretical study demonstrates that as the decrease of the 
effective radius of the shield, the attenuation ratio 
converges to 2 as the shield thickness doubles.  For an 
infinitely large shield, the attenuation converges to 1 and 
is not affected by the shield thickness and material 
permeability.  Therefore, the attenuation ratio is expected 
to be between 1 and 2 as the shield thickness doubles. 

 
Figure 4: Effect of magnetic shield length and thickness. 

STEEL VACUUM VESSEL 
The contribution of steel vacuum vessel on the 

attenuation is displayed in Figure 3.  Similar to the 
magnetic shield, the performance of vacuum vessel also 
depends on the material permeability, thickness and the 
vessel size.  It can be observed from both the FRIB 
simulation and the CEA measurement that the 
contribution from the vacuum vessel is remarkable, 
especially with thick vessel wall (19 mm for FRIB). 

GLOBAL MAGNETIC SHIELD 
In the global magnetic shield design, no covers is 

implemented because of the relative small penetrations.  
The earth field is 0.5 Gauss in magnitude and varies in 
different directions for a thorough study.  It is found out 
that the attenuation is the worst when earth field is -30⁰ 
from the horizontal plane, which is the earth field 
direction at the FRIB location. 

Global magnetic shield simulations are conducted on 
1.6 mm, 3.2 mm and two layers of 1.6 mm shields with 
the contribution of vacuum vessel and the attenuation is 
24, 34 and 34, respectively.  Two layers of 1.6 mm shield 
is supposed to have better performance than one layer 3.2 
mm shield.  However, because of the space limit between 
the vacuum vessel and thermal shield in FRIB design, the 
spacing between two layers is very limited.  Therefore, 
the enhancement on performance is not observed. 
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Since the requirement for magnetic shield is the ability 
to attenuate the earth field by a minimum factor of 33, 
single layer of 1.6 mm shield is not appropriate for FRIB 
QWR cryomodule.  The magnetic flux density profile on 
x-y plane with 3.2 mm magnetic shield is displayed in 
Figure 5.  Dark blue represents the  field below 15 milli 
Gauss.  Therefore, 3.2 mm Amumetal global magnetic 
shield is able to meet the FRIB design requirement. 

 
Figure 5: Magnetic flux density with global shield. 

LOCAL MAGNETIC SHIELD 
The same as the global magnetic shield simulation, the 

earth field is -30⁰ from the horizontal plane and has 
magnitude of 0.5 Gauss in both local single shield and 
combined shield simulations.  Tubular covers are 
necessary for the openings of power coupler, cryogenic 
supply, beam port and resonator supporting rail 
penetrations.  The height of the cover is proportional to 
the diameter of the opening since magnetic fields can 
travel into an opening a distance equal to five times the 
diameter of the opening. 

 
Figure 6: Magnetic flux density with local single shield. 

 

 
Figure 7: Magnetic flux density with local multi shield. 

Simulations on local single shield and local combined 
shield indicate that the magnetic fields on resonator 
surfaces in both cases are less than 15 milli gauss (shown 
in dark blue in Figure 6 and Figure 7). 

QFD 
Quality function deployment (QFD) is a “method to 

transform user demands into design quality, to deploy the 
functions forming quality, and to deploy methods for 
achieving the design quality into subsystems and 
component parts, and ultimately to specific elements of 
the manufacturing process.” [3] as described by Dr. Yoji 
Akao, who originally developed QFD in Japan in 1966. 

The most important criteria is the inducted field less 
than 15 milli Gauss at resonator surface.  It is shown in 
Figure 8 that all the designs meet the requirement but 
with different efforts.  Global magnetic shield design 
requires more effort hence “bad relationship” is specified. 

Other important factors include: design, assembly and 
fabrication complexity; compatibility with design of other 
systems such as bottom up design, cold mass, thermal 
shield, vacuum vessel, and cryogenic system; cost 
including material, fabrication and assembly cost.  For 
example, the cost of 0.125” Amumetal global shield is the 
highest because of the highest material cost.  In addition, 
the 2 layer 0.062” Amumetal global shield has the lowest 
compatibility with bottom up design, minimum spacing 
requirement and post-assembly accessibility to power 
coupler.  In summary, the local A4K magnetic shield is 
the best design concept, especially with the multi-
resonator configuration. 

 
Figure 8: QFD of magnetic shield design concepts (Θ: 
positive relationship; Ο: neutral; ▲: bad relationship). 
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TUNING PROCESS OF SSR1 CAVITY FOR PROJECT X AT FNAL* 

T. Khabiboulline, D. Passarelli, L. Ristori, V. Yakovlev  

 
SSR1 is a family of single spoke resonators to be used 

in Project X at Fermi National Laboratory. These cavities 
operate in CW regime having nominal frequency of 325 
MHz and optimal beta of 0.22. SSR1 cavities will 
accelerate H- ions after the Half Wave Resonator (HWR) 
section from 9 MeV to 32 MeV. In the near future this 
cavity will be used in Project X Injector Experiment 
(PXIE), which contains the ion source, the LEBT, the 
MEBT, the RFQ of Project X, and a cryogenic 
temperature section, having one HWR and one SSR1 
cryomodule. SSR1 cavities have been built and tested at 
FNAL, the preparation of these resonators includes RF 
tuning which is the main focus of this paper. The 
frequency of the cavity is carefully chosen prior to the 
vertical test, and it is adjusted before welding the helium 
vessel to obtain 325 MHz nominal frequency for the 
dressed cavity in operating conditions. Several SSR1 
cavities have been tuned at FNAL, the procedure, the 
hardware and the data are presented. 

 
SSR1 cavities have been built and tested at Fermilab 

[1] [2]. During cavity production it is necessary to set 
frequency goals throughout the entire process, to match 
the final target frequency of 325 MHz for a cold jacketed 
SSR1. After assembling and welding of the niobium, the 
cavity arrives at Fermilab and undergoes several quality 
control steps: visual inspection, CMM measurements, RF 
QC and leak check. The frequency is monitored 
throughout the entire cavity processing; when the cavity 
is received from the vendor several measurements are 
taken: fundamental frequency, high order modes 
frequencies, and field flatness. SSR1 cavity processing 
includes baking at high and low temperature and chemical 
polishing, bulk and light BCP. The leak check and the 
chemical processing are two main causes of frequency 
shifts. During the first vacuum check the cavity geometry 
is deformed by the atmospheric pressure, which shrinks 
the structure inducing permanent plastic deformations, 
even though very small. The average for SSR1 due to 
the leak check is -80 kHz. The bulk BCP removes 150 m 
in average from the cavity surface, while the light 
chemical processing results in 30 m material removal. 
The  produced by the bulk BCP has been averaged 
over 10 cavities and it is 150 kHz, while the one due to 
light BCP is 30 kHz.  Transition ring [3] and helium 
vessel welding makes the frequency change as well; the 
two processes have been recently started at FNAL. All 
these are causes of frequency deviations; in order to 

control and compensate for these shifts it is necessary to 
tune the cavities with a proper fixture. 

 
The first tuning step of SSR1 comes for the preparation 

to the vertical test, the frequency is adjusted to 324.6 
MHz in order to reach approximately 325 MHz once the 
cavity is cooled down to 2 K in the test dewar. Usually 
the cavity received from the vendor has a resonant 
frequency of 325.6 (±0.2) MHz, after the leak check, first 
bake and bulk chemistry it is usually higher by 70 kHz. 
The total frequency shift to apply is approximately 1 
MHz, taking into account the cavity sensitivity 540 
kHz/mm (simulated) [4] and the spring constant 21 
kN/mm, the tuning requires a robust fixture capable of 
delivering forces of several tens of kN. Figure 1 shows 
the tuning machine for SSR1 cavities, it consists in a box 
equipped with two rods which allow pushing or pulling 
on the cavity beam pipes. Two load cells measure the 
forces applied on each rod, four displacement gauges give 
reading of the deformations the cavity is subject to, and 
they are mounted between the beam pipes and the coupler 
ports. A set of antennae is mounted on the coupler ports 
to allow recording the frequency step by step with a 
network analyser. 

 
Figure 1: SSR1 tuning machine with a cavity in it. 

To understand how the frequency changes when the 
tuning machine acts on the resonator, let us keep in mind 

 
.                                     (1) 

 is the stored energy in the cavity in initial conditions, 
 is the volume before tuning and  is the volume after 

deformations are applied. Since the rods are acting on the 
beam pipes the high electric field area is modified, 
consequently the change in frequency will have the same 
sign of the change in cavity volume: bigger volume 
means higher frequency.  

Tuning Procedure 
Before starting tuning the cavity, it has to be installed 

in the machine, which means have it fit centred in 

_________________________________________  

- -  
#berrutti@fnal.gov  
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between the two rods to avoid any asymmetric 
deformation of the cavity structure. The tuning consists in 
applying a force on the cavity and then release it coming 
back to relaxed position. This is done in several steps, 
gradually, to avoid any abrupt change in the cavity 
geometry; RF measurements are taken for the stressed 
and relaxed conditions at each cycle. This process is 
repeated until the target frequency is achieved. Figure 2 
shows the frequency of SSR1-112 during the tuning, one 
can see how for small forces applied the process is 
reversible and the frequency in the relaxed state is equal 
to the one before pushing or pulling. When the force 
overcomes the elastic limit of the material the cavity starts 
yielding, and as result the frequency for the relaxed cavity 
changes. 

 
Figure 2: SSR1-112 frequency during tuning. 

 Frequency of the relaxed cavity is represented by the 
lower values for the pulling and higher values for the 
pushing. Despite the desired negative frequency shift, the 
first part of the tuning involves pulling which makes the 
frequency become higher. The reason why the tuning 
starts with pulling is to harden the material by stretching 
it; the frequency is not modified significantly usually a 
shift ranging from +80 to +100 kHz is sufficient. After 
the first pulling the real tuning by pushing starts, many 
cycle are usually required and the total force required can 
reach over 7000 lbf.   

 
Figure 3: relaxed cavity frequency shift vs. force. 

The figure above shows the  due to plastic 
deformation of the cavity, the pulling required almost 
4300 lbf while the pushing is over 7200 lbf, the non-
linearity of the last part of the plot is due to the yield of 
the material. When the value of frequency for the relaxed 
cavity is approaching the target, it is extremely important 
to increase the force by small steps since the material is 
yielding, and the frequency changes are much faster with 
the applied force. During the tuning it is possible to 
measure physical quantities related to cavity 

displacements, force applied and frequency shifts, in 
general it is interesting to look at frequency sensitivity as 
a function of the displacement and cavity spring constant. 
The frequency sensitivity  measured in kHz/mm can be 
calculated from the plot of the frequency as a function of 
the average displacement, reported in figure 4. One can 
see two lines, one for the relaxed, one for the loaded 
cavity. The average of the parameter  for all the cavities 
tuned is 460.7 kHz/mm, which is lower than the one 
predicted by simulations (540 kHz/mm). This mismatch is 
partly due to the residual asymmetry in the deformation 
induced by the rods; the error in evaluating the 
displacements is also not negligible, in addition the 
simulated sensitivity may differ from the real value. 

 
Figure 4: SSR1-112 frequency vs. average displacement. 

Figure 5 shows the average displacement as a function of 
the force applied, from this plot it is possible to extract 
the spring constant value of the cavity evaluated as , 
where  is the difference in force applied; it is expressed 
in kN/mm, its average value is 22.2 kN/mm. 

 
Figure 5: average displacement vs. force. 

 Tuning After Transition Ring Weld 
In the latest design of SSR1 helium vessel [4] a 

transition ring is used to attach the niobium cavity to the 
stainless steel vessel [3]. The ring is attached to the cavity 
by electron beam welding, see figure 6, this operation is 
done after the resonator qualifies from the VTS. Recently 
Fermilab received two SSR1 cavities which had the 
transition ring welded, SSR1-107 and SSR1-108. The 
expected frequency shift was initially thought to be very 
small, while it turned out to be around 500 kHz. The 
cause of this shift is the contraction of the beam pipe area 
on the transition ring side; the weld induces the material 
to shrink while it cools down, pushing the beam pipe in 
and consequently reducing the resonant frequency. 
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Figure 6: SSR1 cavity with transition ring. 

To prove this, bead pull measurements were taken on 
SSR1-108 before and after the weld, the normalized field 
amplitude plots are presented in figure 7, up side refers to 
the side of welding. Looking at figure 7(a) the maximum 
of the accelerating field is on the down side, opposite to 
the weld side, while for figure 7(b) the higher point 
appears on the transition ring side. Higher field means 
shorter gap, so this is an evidence of the shrinkage due to 
the weld. 

  
(a) (b) 

Figure 7: SSR1-108 field flatness before (a) and after (b) 
transition ring weld. 

SSR1-107 has been tuned to compensate for the effects 
of the transition ring weld, following the procedure 
described in the previous paragraph but applying 
asymmetric forces to bring the gap length back to original 
value.  

 
Fermilab recently received the first SSR1 cavity with 

helium vessel, in order to monitor the resonant frequency 
measurements have been taken during the entire welding 
process. Figure 8 shows the frequency history of SSR1-
107 during the welding of the stainless steel helium 
vessel; the main steps are highlighted on the graph. The 
most critical procedure is the welding of the beam pipes 
to the vessel which brings up the resonator frequency 
significantly. The welds on the outer helium vessel shell 
do not induce significant shift, while the two ports 
(coupler and vacuum) may interfere with the helium 
vessel parts and put stress on the cavity: the lower peak in 
the yellow part of the graph is due to the ports pressing 
against the vessel parts, they have been machined during 
the welding procedure to solve this issue. The first cavity 
ended up having a total frequency shift of 264 kHz during 
the dressing process, the procedure and the design of the 

helium vessel parts will be revised in order to obtain 
lower shrinkage effect on the cavity geometry. 

Figure 8: frequency shifts induced by helium vessel 
welding. 

Once the resonator has been dressed it does not fit in 
the tuning machine anymore. A new fixture has been 
created to adjust the dressed SSR1 frequency: it consists 
in two stainless steel bars connected to the helium vessel 
on the tuner supports. Figure 9 shows the dummy tuner 
that will be used to adjust the frequency of the jacketed 
cavities; the device will allow tuning by pushing and 
pulling, unlike the real tuner device which will be able to 
compress the cavity only [4]. One rod is installed on each 
bar to allow tuning on the cavity wall, only on the side 
opposite to the transition ring, which has been connected 
to a bellow to allow movement.  

 
Figure 9: SSR1-107 dummy tuner assembly. 

 
Over  ten  SSR1  bare  cavities  have  been  tuned

 successfully
 

at Fermilab, a new helium vessel design
 has been

 
introduced and the first prototype has been

 built. The
 

tuning procedure has been described and  all
 the  issues

 
have  been  addressed.  Currently tests  and

 measurements
 

are  in  progress  on  SSR1-107, to
 characterize  all the  features  of  the  jacketed  cavity;
 tuning will  be  done using the dummy tuner fixture, to
 assure that the target 325 MHz frequency is achieved. 

 
[1] V. Yakovlev et al., MOP015, Proceedings of SRF 2013, 

Paris, France. 
[2] L. Ristori et al., FRIOB02, Proceedings of SRF 2013, 

Paris, France. 
[3] L. Ristori et al., WEPPC058, Proceedings of IPAC2012, 

New Orleans, Louisiana, USA. 
[4] L. Ristori et al., WEPPC057, Proceedings of IPAC2012, 
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SINGLE SPOKE RESONATOR INNER ELECTRODE OPTIMIZATION 

DRIVEN BY REDUCTION OF MULTIPOLES* 

P. Berrutti#, T. Khabiboulline, L. Ristori, N. Solyak, V. Yakovlev, 
Fermilab, Batavia, IL 60510, USA

Abstract 
Accelerating cavities based on coaxial resonators, half 

wave and spoke resonators for example, do not have 
azimuthal symmetry. This lack of symmetry introduces a 
transverse field perturbation which affects negatively the 
beam dynamic, since the particles traveling through the 
structure are crossing two accelerating gaps separated by 
the inner electrode. The field asymmetry induces an 
asymmetric transverse momentum gain which, once 
expanded in multipoles, appears to be due to a quadrupole 
perturbation. Depending on the cavity geometry and 
particle velocity, the influence of electric and magnetic 
fields may vary quite significantly. One solution to obtain 
symmetric transverse fields in spoke resonators consists 
in modifying the inner electrode shape from a pole to 
amore elaborated structure resembling an X or a Y letter 
shape. The application of these changes symmetrizes both 
electric and magnetic fields and reduces the multipoles 
amplitudes to negligible values. This paper presents the 
study aimed at reducing the multi-pole amplitudes for 
SSR2 cavity for Project X; the presented procedure, in 
general, is valid for any spoke cavity. 

INTRODUCTION 

Coaxial resonators are widely used for low-beta 

applications At Fermilab one family of half wave 

resonators (HWR) and two families of single spoke 

resonators (SSR) will be used in Project X. The geometry 

of both HWR and SSR is obtained from a coaxial line 

approximately half of a wave length long. The 

accelerating gaps of these cavities are formed by the inner 

and outer conductors of the coaxial resonator. Particles 

are travel along an axis perpendicular to the inner 
electrode. Let us assume that the particles are traveling 

through the gaps along the z axis, the lack of azimuthal 

symmetry leads to a different transverse momentum gain 

on x and y axes, acting as a quadrupole on the beam [1]. 

This issue has already been examined at Fermilab [1], [2] 

and a solution has been implemented to overcome HWR 

field asymmetry [3]: the central part of the inner electrode 

was modified using a radially symmetric circular shape. 

Such modification allows to obtain regular transverse 

electric field reducing asymmetric effects on the beam 

envelope. When the same approach was used on SSR2, 
the second family of spoke resonators for Project X, 

results were quite unexpected: the field asymmetry was 

even higher than before. This was caused by the magnetic 

transverse fields, which are not negligible in SSR2 
cavities.  

TRANSVERSE FIELD ASYMMETRY 

Half wave and spoke resonators accelerating mode is 

quasi-TEM mode, that has non-zero transverse 

components on paths slightly off the ideal electric axis of 

the cavity. Considering the z axis as the longitudinal 

direction, electric and magnetic fields will be present in x 

and y. In figure 1 transverse field components of SSR2 

cavity are plotted along z, for an offset of ten millimetres 

on the x-y plane: along x axis Ex and Hy are present, while 

for an offset on y direction Ey and Hx. 

 

Figure 1: SSR2 electric and magnetic transverse fields. 

A particle traveling with a radial offset r will 

experience a transverse kick due to the electric and 

magnetic fields:         ∫                             (1)         ∫                           .  (2) 

Where   is the impedance of free space,       and   

is an angle, taken with respect to the x axis: α=0 
corresponds to x axis and α=π/2 refers to y axis. The 

momentum gain can be calculated in the whole beta range 

for the accelerated particles, and its components can be 

evaluated separately to highlight the difference between 

electric and magnetic contribution. The electric field line 

are directed from the spoke to the outer walls, while the 

magnetic field lines spin around the inner post, hence the 

magnetic field component orthogonal to the electrode will 

be higher than the one parallel to it. Figure 2 shows SSR2 

single spoke geometry, the green arrows on the left (a) 

represent a sketch of the electric field lines while the 
orange circles on the right (b) show the magnetic field 

spinning around the electrode. 

 _________________________________________  

*Work supported by D.O.E. Contract No. DE-AC02-07CH11359 

#berrutti@fnal.gov                
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(a) (b) 

Figure 2: field line sketch of a spoke resonator (a) electric 

and (b) magnetic [1]. 

Assuming that the inner post lies along y, the magnetic 

field component orthogonal to the spoke will be Hx and 

the parallel one will be Hy; see plots in fig. 1 for 

comparison. All the transverse momentum gain 

components have been plotted in figure 3, the entire 

energy range of SSR2 cavity in Project X has been 

analysed (approximately from 40 MeV to 160 MeV). The 
left plot shows the electric field contribution; on the right 

the magnetic momentum gain is shown. Looking at fig. 3, 

it is immediately clear that the magnetic asymmetry is not 

negligible, especially for the higher beta region. 

  

(a) (b) 

Figure 3: (a) electric and (b) magnetic transverse 

momentum gain [1]. 

As a figure of merit for field asymmetry the following 

parameter Q can be used:                                           (3) 

This parameter, evaluated on the full particle energy 

domain of SSR2, has been plotted in figure 4; its value is 

independent from the gradient or peak field because it is 

normalized over the sum of the two components:         and          . 
Calculating a multipole expansion of the transverse 

kick, it is possible to show that the asymmetry parameter 

is a measure of the quadrupole amplitude over the 

monopole. 

ELECTRODE DESIGNS SHOWING 
NEGLIGIBLE FIELD ASYMMETRY 

In order to bring symmetry to the cavity geometry it is 
necessary to re-design the inner electrode of the coaxial 

resonator. This modification consists in replicating half of 

the electrode with periodicity in the x-y plane, so the 

result will be an electrode resembling the shape of a letter 

Y or X. These two designs show very weak transverse 

field asymmetry for both electric and magnetic 

components. In the following subsections each design and 

its fields are described. 

 

 

Figure 4: SSR2 single spoke asymmetry parameter vs. 

particle beta 

Y-Shaped Spoke  

The Y-shaped spoke, see fig. 5(a), consists of an inner 

electrode replicated and equally spaced at 120 degrees in 
the x-y plane. In figure 5(a) the x-y cross section of the Y-

spoke design is shown, particles travel along z axis which 

is perpendicular to the cut plane used to shoot the picture.  

  

(a) (b) 

Figure 5: (a) Y-spoke design cross section, (b) X-spoke x-

y section. 

The transverse electric and magnetic fields benefit from 

the modified electrode. Transverse fields on a 10 mm 

offset are plotted in figure 6(a), electric on the left 

magnetic on the right. The x and y components of the two 

fields are in separate plots because an overlapping will 

not allow distinguishing one from the other, since they are 

almost identical. In figure 7 (a) the asymmetry parameter 

Q has been plotted versus the particle beta in the energy 

range of Project X, its maximum value is just ≈ 3% of the 
maximum Q for the single spoke. Figure 8 shows the 

magnetic (b) and the electric (a) transverse momentum 

gain on a 10 mm offset from the centre of the beam tube, 

the magnetic components (on the right) show some 

residual asymmetry. 

X-Shaped Spoke 
The X-spoke design has been made by intersecting two 

single spoke electrodes rotated by 90 degrees from each 

other; figure 5(b) shows the x-y cross section of the cavity 

geometry. Transverse field components and the transverse 

kicks are almost identical; this design does not have 

noticeable field asymmetry. Figure 9 shows the transverse 
momentum gain calculated for the full beta range, electric 

components are plotted on the left (a) and magnetic on the 

right (b). Since      and      electric and magnetic are 

identical in the plots, it is worth looking at the parameter 

WEPAC22 Proceedings of PAC2013, Pasadena, CA USA

836C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Accelerator Technology

T07 - Superconducting RF



Q versus particle beta: figure 7 (b) shows how small the 

residual asymmetry is. The parameter Q for this cavity 

dropped to the 10-5 range. 

  
(a) (b) 

Figure 6: SSR2 transverse field on 10 mm offset (a) Y-

spoke, (b) X-spoke. 

  
(a) (b) 

Figure 7:  Q parameter vs. beta (a) SSR2 Y-spoke, (b) 

SSR2 X-spoke. 

  
(a) (b) 

Figure 8: SSR2 Y-spoke transverse kicks vs. beta, (a) 

electric and (b) magnetic. 

 

  
(a) (b) 

Figure 9: X-spoke transverse kick components, (a) 

electric and (b) magnetic. 

MULTIPOLE ANALYSYS 

A more complete approach to the problem of transverse 

field asymmetry involves the expansion of      (the 
radial component of the transverse kick) in multipoles. 

One should to start by calculating the transverse kick at a 

given radial value, for all the angles on the x-y plane. 

Subsequently it is possible to decompose          in 

harmonics to evaluate the dipole, quadrupole, sextupole 

and octupole amplitudes. Figure 10(a) shows the angular 

dependence of         for all the three different 

designs of SSR2, calculated at r=10 mm for a 

synchronous particle (beta = 0.47) longitudinal energy 

gain of 4.5 MeV. 

  
(a) (b) 

Figure 10: (a)      as a function of the angle α, (b) 

Fourier sum of the radial kick, constant component 

excluded. 

Figure 10(b) shows the Fourier series of     , the plot 

does not include the constant radial component, included 

in 10(a) instead. In 10(b) the amplitudes of X and Y-

spoke have been multiplied by a factor 100. Table 1 
reports the values of the multipoles amplitudes, up to 

octupole; it confirms how beneficial the modification to 

the inner electrode is, quadrupole amplitude is 

highlighted. 

Table 1: Multipoles Amplitudes Calculated at r=10 mm and 

4.5 MeV Synchronous Particle Energy G . 

Amplitudes Single spoke Y-spoke X-spoke 

1st[keV] 5.812e-14 2.57E-01 6.31E-14 

2nd[keV/mm] 3.391 1.76E-03 0.000717 

3rd[keV/mm2] 4.331e-16 2.43E-03 2.77E-16 

4th[keV/mm3] 4.747e-4 9.52E-07 9.67E-05 

5th[keV/mm4] 4.957e-18 3.58E-07 5.58E-18 

6th[keV/mm5] 2.338e-08 1.53E-07 2.89E-08 

7th[keV/mm6] 1.367e-19 4.31E-09 2.91E-20 

8th
[keV/mm

7
] 2.719e-10 3.49E-10 6.35E-10 

CONCLUSIONS 

Alternative designs for a spoke resonator have been 

presented; the work has been driven by reduction of the 

field asymmetry which leads to a quadrupole perturbation 

on beam dynamic. Quadrupole amplitude has been 

reduced significantly and the X and Y-spoke designs have 
symmetric transverse fields (electric and magnetic). The 

approach to cavity design presented in this paper can be 

used for any spoke resonator which shows transverse field 

asymmetry. 
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MULTIPACTING SIMULATIONS OF SSR2 CAVITY AT FNAL* 

P. Berrutti#, T. Khabiboulline, L. Ristori, G. Romanov, A. Sukhanov, V. Yakovlev, 
Fermilab, Batavia, IL 60510, USA

Abstract 
SSR2 is the second family of single spoke resonator 

under development at Fermi National Accelerator 
Laboratory (FNAL). These cavities will be placed in 
Project X front-end after SSR1 spoke resonators, which 
have already been built and tested and FNAL. Spoke 
cavities are affected by multipacting and the nature of 
their 3D geometry does not allow simulating the 
multipactor process using 2D tools. 3D tracking 
simulations, of electrons inside the cavity volume, have 
been carried out using CST Particle Studio. Different 
Secondary Emission Coefficients have been applied to the 
cavity walls in order to understand how strongly the 
multipacting depends on material properties. The power 
levels used in simulations cover the whole operating 
gradient range of SSR2 cavity. Results of these 
simulations are compared to the one given by SSR1 
model, which demonstrated good agreement with 
experimental data. The purposes of this paper are to 
present the results gotten from the tracking solver, to give 
a prediction of what will be the multipacting scenario for 
SSR2 cavity and if there will be any dangerous zone for 
operation. 

INTRODUCTION 
Multipacting affects SRF cavities from high energy 

elliptical cavities to coaxial resonators for low-beta 
application. This work is focused on multipacting in low-
beta structures; the main aim is to present the results of 
SSR2 cavity for Project X. SSR2 is a spoke resonator in 
development for Project X at Fermilab [1], it operates at 
325 MHz and its optimal beta is 0.51. The design has 
been finalized recently it was necessary to understand at 
what level this resonator is affected by multipacting (MP), 
what the critical gradients are and where the MP develops 
in the cavity geometry. The software used for MP 
simulations is CST Particle Studio which provides a 
particle tracking solver that uses the field from the eigen-
mode solver of Microwave Studio. The figure of merit 
chosen as a final result of tracking simulations is the 
growth rate, which gives information on how fast the 
number of particles increase with time. Simulation of MP 
in SSR2 cavity have been run for three different niobium 
secondary emission yields (SEY): in CST environment 
the highest emission for niobium is given by the wet 
treated material, a bake out model gives the intermediate 
one and the lowest yield is given by the discharge cleaned 
niobium. The growth rate has been calculated in a wide 
range of gradients and the MP locations have been 
identified for the major MP barriers. The experience of 
Fermilab with MP in low-beta structure started with 
SSR1, which is the lower optimal beta spoke resonator for 

Project X, operating at 325 MHz as well. Multipacting in 
SSR1 cavity has been simulated, using the same approach 
as for SSR2, and these results have been compared with 
experimental data from multipacting barriers found 
during the vertical test of SSR1 cavity [2], [3]. All this has 
been done in order to compare SSR1 and SSR2 
multipacting simulations, and to understand how reliable 
and accurate the results of these simulations are. 

SIMULATION SET UP 
In order to simulate multipacting using CST particle 

studio it is necessary to create a shell all around the cavity 
volume to have an emitting material. The outer layer has 
been grown from the outside of the vacuum volume of the 
cavity, without interfering with the inner ideal surface. 
Figure 1(a) shows the geometry of SSR2 used for 
multipacting simulations in the x-y cut plane view. Once 
created the emitter shell the primary particle sources 
needed to be built. They were placed on the geometry 
taking advantage of the symmetry of the spoke resonator. 
Figure 1(b) shows the particle sources chosen for SSR2 
MP simulations; red surfaces indicate sources of primary 
electrons. This set up has been used for SSR1 simulations 
as well; it has been previously described in [4] when the 
first multipacting simulations of SSR1 cavity were done. 

(a) (b) 

Figure 1: (a) outer shell built around SSR2 geometry x-y 
plane view, (b) particle sources are highlighted by red 
surfaces. 

Primary particles were launched from the sources with an 
initial energy ranging from 2 to 6 eV, the angle was 
chosen randomly by the solver to get an isotropic electron 
emission. When simulating multipacting it is extremely 
important to have the mesh dense enough in the locations 
where the MP happens, the multipacting spatial scale is 
much smaller than the cavity dimensions. Multipacting 
occurs in regions where the electric field is not high, 
compared to the accelerating field, and the magnetic field 
bends the trajectories in a way that they satisfy the 
resonant condition. Electron trajectories could be very 
small compared to the cavity radius or length especially 
for complicated shapes like spoke resonators; thus a very 
fine mesh is required to get accurate EM field calculation  ___________________________________________  

*Work supported by D.O.E. Contract No. DE-AC02-07CH11359 
#berrutti@fnal.gov                
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and reliable particle tracking in the multipacting regions. 
The emission model used is by Particle Studio is the 
Furman probabilistic model, which takes into account 
elastic backscattered, re-diffused and true electrons. The 
last ones are the responsible for electron growth since the 
backscattered and the re-diffused do not produce 
secondary particles. The available settings of secondary 
emission yield for niobium are three and all of them have 
been used in simulations, to understand how strongly the 
multipacting depends on the material property. Figure 2 
compares the three SEY curves used, the plot is meant for 
a primary particle hitting the material perpendicularly to 
the surface. 

Figure 2: SEY of Nb as a function of the incident electron 
energy. 

GROWTH RATE CALCULATION 
A typical output from a multipacting simulation consists 
in a plot of the number of particles versus time of 
simulation. When multipacting occurs this curve can be 
approximated using an exponential function of time, the 
growth rate (GR) is the exponential coefficient that 
multiplies the time; after the MP is started the number of 
particles can be expressed by:	 ( ) = ( ). Where 

 is the growth rate, usually expressed in ns-1, and  is 
the number of particles at	 = , the time at which the 
MP process starts.  

 
(a) (b) 

Figure 3: (a) exponential particle growth vs. time, (b) last 
3 RF periods of simulation time, particle number and its 
exponential fit. 

Figure 3(a) shows the growth of particle with simulation 
time, usually the multipacting does not start immediately 
but it needs few RF periods to be engaged. Figure 3(b) 
shows the particle number and its approximation, y axis 
has been put in logarithmic scale; the figure shows the 
last 3 RF periods of simulation time, the one used to 
evaluate the growth rate value. From figure 3(b) it is clear 
that the resonant condition has been reached since the 
number of particles is increasing every half RF period, six 
steps appear over a simulation time of 3 RF cycles. The 
optimal number of RF periods to use for growth rate 
calculation has been chosen by looking at the GR values 

dependence on the RF cycles used for interpolation. 
Figure 4 shows the GR for number of RF periods going 
from 1 to 5, the optimal amount is considered to be 
around 3. 

 
Figure 4: GR dependence on RF cycles used for the 
exponential fit. 

The definition of gradient used in this paper is in 
agreement with the one used in Project X documents and 
it is based on a definition of effective length of the cavity 
expressed by	 = ; the gradient is 
therefore		 = ∆ / , where ∆ 	is the 
energy gain for a particle traveling at optimal beta 
through the cavity with zero synchronous phase. 

SSR2 MP SIMULATIONS 
SSR2 growth rate has been calculated for  ranging 
from approximately 1 to 15 MV/m; the maximum energy 
gain for the cavity in Project X lattice is currently 5 MeV, 
which corresponds to ≃ 10.6	MV/m [5]. The growth 
rate summary plot is presented in figure 5, it includes all 
three different material used in simulations.  

Figure 5: SSR2 GR vs. gradient summary. 

The wet treated emission model has been allowing 
multipacting throughout the whole gradient range, so it 
did not give any information about particular barriers 
proper of the cavity geometry. Bake out SEY has helped 
in reducing the high number of secondary electrons 
generated, lowering the overall growth rate and some low 
gradient MP disappeared. The discharge cleaned material 
has allowed seeing different MP barriers in the medium-
high gradient range, low and high power multipacting 
have not been observed. The number of points on the red 
curve has been increased to enhance its resolution and not 
to miss small barriers. Multipacting locations have been 
observed looking at the particle trajectory plots, in order 
to understand why and how the MP locations move from 
one spot to another it is fundamental to know the field 
distribution in the cavity. To increase the gradient means 
to increase the fields, electric and magnetic, the electrons 
move accordingly with field amplitude which can satisfy 
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the resonant condition. When the gradient is increasing 
linearly, MP moves to lower field areas to find the same 
field levels as for lower gradients. Figure 6 shows the 
field distribution is SSR2 (a) electric and (b) magnetic. 
Looking at fig. 7, which shows MP locations at different 

 values, it seems that MP affects SSR2 cavity in the 
corners of the outer cavity wall. The MP spots move from 
the spoke vertical position, at low	 , to almost 
horizontal position on the corners, at higher gradients. 

 
(a)              (b) 

Figure 6: SSR2 field distribution, (a) electric and (b) 
magnetic. 

 
(a) = 4.4	MV/m (b)	 = 6.6 MV/m 

 
(c)	 = 8.7	MV/m (d)	 = 10.4 MV/m 

Figure 7: multipacting locations at different gradients. 

SSR1 MP SIMULATIONS 
Since several SSR1 resonators have been tested and 
multipacting barriers have been experimentally observed; 
the results of multipacting simulations of SSR1 have been 
compared with the data collected during the vertical tests 
of the cavities. Comparing the simulation results with the 
experimental data helps in understanding how accurate 
the simulations are, and how far from reality the model is. 
SSR1 simulations have been compared with experimental 
data and then with SSR2 MP, to see if the new cavity will 
have multipacting barriers whether softer or harder than 
the one observed during the tests of SSR1. The growth 
rate values of SSR1 and SSR2 are plotted in figure 8, the 
graph shows the data related to the lowest SEY model, 
since it is the only one the allows to see different MP 
barriers. SSR2 cavity shows harder multipacting barrier 
having higher growth rate values, the MP seems to occur 
for a wider power range as well. SSR1 has two main MP 
barriers according to simulations: the first ranges from 4 

MV/m to 6 MV/m, the higher barrier starts at 6 MV/m 
and ends around 8 MV/m. 

 
Figure 8: SSR1 and SSR2 GR comparison, discharge 
cleaned material. 

The cold test data of all the SSR1 cavities is compared to 
the simulated growth rate in figure 9, which shows the 
time spent on each barrier for processing: around 4.5 and 
6.5 MV/m all the cavities tested needed several hours for 
the MP to be processed, the black line in the plot 
represents the sum, on all cavities, of the time spent for 
processing. The simulations predict the two main barriers 
which all the tested cavities are showing during cold tests. 
The multipacting in SSR1 needs several hours to be 
processed and overcome; since SSR2 MP simulations 
showed an even worse scenario, the cavity may be subject 
to geometry changes to mitigate this phenomenon. 

Figure 9: SSR1 MP processing time and growth rate. 

CONCLUSIONS 
MP has been simulated in SSR2 and SSR1 cavities for 
Project X, the results of SSR1 simulations have been 
compared with experimental data and the agreement 
seems good. SSR2 shows MP barriers harder and wider 
than SSR1, in the future SSR2 design may be slightly 
adjusted to mitigate the multipacting. Since the MP 
locations have been found the modification would involve 
slightly rearrangements of the outer wall corner.  
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New Helium Vessel and Lever Tuner for the 650 Mhz Cavities for Project X* 

      I. Gonin#, M. Awida, E. Borissov, M. Foley, C. Grimm, T. Khabiboulline, M. Merio, Y. 
Pischalnikov, L.Ristori, V. Yakovlev, FNAL, Batavia, IL 60510, USA

Abstract 
The proposed design of the 3 GeV Project X 

Superconducting Linac employs two families of 650 MHz 
5-cell elliptical cavities with different β. The βG =0.61 
will cover the 177-467 MeV range. To cover the range 
between 467-3000 MeV two versions of 650 MHz 5-cell 
elliptical cavities with βG =0.9 and βG =0.92 has been 
proposed. The low beam current for CW operation of the 
Project X requires cavities to operate at a high loaded Q 
and thus, narrow bandwidth. Therefore it requires the 
optimal mechanical design of cavities to minimize the 
sensitivity to microphonics. 

INTRODUCTION 
Fermilab is currently developing a multi-MW proton 

source, Project-X (PX) [1], which will provide intense 
muon, kaon, neutrino and nuclei beams for broad and 
diverse program at the intensity frontier of particle 
physics. Possible future upgrades of Project-X may 
require operating linac in a regime of a high beam current, 
when an average beam current is 5 mA or even 10 mA. 
The design of 5-cell elliptical 650 MHz βG =0.9 is under 
development at Fermilab. An alternative design of 
elliptical cavity with a larger aperture (59 mm) and 
βG=0.92 is suggested for HE 650 MHz section in order to 
comply with various upgrade scenarios of the Project X 
linac [2]. The design of a dressed cavity (both βG =0.9 and 
βG =0.92)  has been mechanically optimized by 
minimizing df/dP, the sensitivity to microphonics 
detuning due to fluctuations in helium pressure. The 
results for βG =0.9 version has been presented at IPAC 
2013 [3]. In this paper we will present the results of 
COMSOL simulations of df/dP, mechanical resonances 
and cavity tunability of an alternative βG =0.92 cavity. We 
will also present the mechanical design of tuners and 
ANSYS analysis of their properties. The tuner system will 
be identical for both versions of cavities design. 

HELIUM VESSEL DESIGN 
The helium vessel assembly is constructed from a 

single 5 mm thick sheet of grade 2 titanium that is rolled 
and seam welded into a tube with an inside diameter of 
441 mm and a length of 930 mm. Two helium fill ports 
are featured to allow for an even cool-down of the cavity.  
The helium vessel assembly is shown in Figure 1. The 
weld joint designs on the helium vessel satisfy the ASME 
Boiler & Pressure Vessel Code Section VIII Division 2. It 
is important to note that the 5 mm wall thickness for the  
helium vessel specification was not because of the ASME 
code, but rather to help in reducing df/dP by using the 
helium vessel to help stiffen the cavity.  

 
Figure 1: He vessel assembly. 

The main coupler end and the field probe end of the 
helium vessel have slightly different joint designs due to 
the cavity installation sequence and variations in cavity 
lengths. The main coupler end of the vessel is considered 
a fixed position relative to the main coupler port of the 
cavity, and consistency between these key features for 
dressed cavities is maintained. Figure 2 shows the 
titanium-to-titanium TIG weld connection between the 
cavity and the helium vessel at the main coupler end. This 
joint design utilizes a backing ring and satisfies the 
ASME code. 

 
 

Figure 2: He vessel to cavity fixed joint design. 

To allow for variations in the lengths of the 
manufactured cavities, the field probe end required a 
sliding joint design that would allow for cavity insertion 
from the field probe end to the main coupler end. As 
shown in Figure 3, cavities that vary by ±10 mm in length 
will not have any effect on the vessel design. This joint 
also satisfies the ASME code. 
 

 
___________________________________________

  

* Operated by Fermi Research Alliance, LLC, under Contract 
DE-AC02-07CH11359 with the U.S. DOE 
#  gonin@fnal.gov 
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Figure 3: He vessel to cavity sliding joint design. 

Dressed Cavity Pressure Boundary 
Where practical, the overall cavity design must adhere 

to the ASME Boiler and Pressure Vessel Code. The 
pressure boundary will consist of the cavity walls, the 
connecting flanges, conical disks, and the helium vessel 
shell. This is outlined in Figure 4. 

 
 

Figure 4: Pressure boundary of dressed cavity shown in 
yellow. 

All electron-beam (EB) welds within the pressure 
boundary defined above are required to have a fully 
consumed joint: i.e. duel pass with full overlap or full 
penetration. 

TUNER SYSTEM DESIGN 
A compact fast/slow tuner for both versions of cavities 

has been developed for final tuning of the resonance 
frequency of the cavity after cooling down and to 
compensate frequency detuning due to the microphonics.  

As shown in Figure 5, one end of the cavity is equipped 
with a lever tuner. The lever tuner was designed 
 to tune cavity in the range of 200kHz. 
 able to deliver up to 20kN forces on the cavity. 
 fast tuning range up to 1kHz. 

 

 
Figure 5: Lever tuner installed on dressed 5 cell cavity.  

MECHANICAL ANALYSIS 
The mechanical analysis of the βG =0.92 650 MHz 5-

cell elliptical cavity has been performed using the 
COMSOL and ANSYS FEA software. Figure 6 details a 
cross-section of the mechanical assembly including the 
niobium cavity shell and HV. Table 1 lists the material 
properties for 2K operating temperature used in the 
simulations. This assembly has different end groups – the 
left end group incorporates the slow and fast tuning 
systems and the right end group incorporates the main 
coupler. 

The mechanical design of the cavity includes the 
following: 
 Optimization of the df/dP, the sensitivity to 

microphonics detuning from fluctuations in helium 
pressure. 

 Cavity tunability analysis. 
 Incorporate the slow (stepper motor) and fast (piezo 

actuator) tuner designs. The slow tuner should be 
compact, reliable and provide the required tuning 
range, (about 200 kHz) keeping the cavity 
deformation below the yield limit. 

 Simulations of cavity sensitivity to microphonics due 
to mechanical resonances and LFD. 

 
Figure 6: COMSOL model of mechanical assembly used 
in simulations. 1–bellows, 2–stiffening ring between end 
half-cell and conical flange, 3–conical flange, 4–bellows 
ring, 5–support brackets, 6–main coupler. Left – tuner end 
group. Right – main coupler end group. 

Table 1: Mechanical Properties of Materials at 2K 

 Young’s 
modulus, GPa 

Poisson’s 
ratio 

Density 
kg/m^3 

Niobium 118 0.38 8700 

Titanium 117 0.37 4540 

Niobium-Titanium 68 0.33 5700 

 

Optimization of df/dP 
Initially the goal was to minimize df/dP as much as 

possible so we chose a middle stiffening ring radius of 
134 mm (A) that resulted in df/dP < 5 Hz/mbar, however 
the cavity becomes quite stiff ~18 kN/mm at this ring 
radius. Room temperature RF tuning of the cavity was 
questionable. Afterwards, for an alternative βG =0.92 
cavity design we made a decision to sacrifice df/dP for 
the sake of making the cavity more tuneable and less stiff 
in order to avoid complicating the tuner design. A smaller 
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diameter of bellows was proposed in order to help reduce 
df/dP of the dressed cavity. 

COMSOL multiphysics 3D simulations of df/dP in the 
model presented in Fig. 6 has been done. The RF volume 
deformation induced by internal pressure determines the 
frequency shift. Boundary conditions used in calculations 
are: 
 fixed displacement one of the bearing lug of Vessel. 
 tuner stiffness is simulated by applying the spring 

constant Ktuner. 
 

Figure 7: Total displacement for 1 bar internal pressure 
(Ktuner =20 kN/mm) and df/dP vs. stiffness of the tuner. 

Fig. 7 shows the total displacements for an internal 
pressure of 1 bar with a 20 kN/mm tuner stiffness and 
dependence of df/dP vs. tuner stiffness. Modern cryogenic 
systems achieve rms pressure stabilities of ~0.2 mbar. It 
means, that even in case of infinite tuner stiffness, one 
can expect the maximum frequency deviation due to 
pressure fluctuation will be <4 Hz. 

Mechanical Resonances 
Mechanical resonances of cavities in a cryomodule can 

be excited by external vibrations. Fig. 8 represents the 
displacement plots of 10 lowest mechanical modes (7 of 
them are transverse T#1-T#7 and 3 longitudinal L#1-
L#3). Boundary conditions used in the calculations are 
similar to the calculations described in the previous 
section.  Fig. 8 shows the dependencies of the 3 lowest 
longitudinal modes vs. tuner stiffness. 

     

Figure 8: Frequencies, total energy, and COMSOL plots 
of normalized displacements of 10 lowest mechanical 
modes. Normalization is 1 mm maximum displacement. 

ALLOWABLE WORKING PRESSURE 
The dressed cavity has to be rated for a Maximum 

Allowable Working Pressure (MAWP) of 2 bar at Room 
Temperature (RT) and 4 bar at Cryogenic Temperature 
(CT). Preliminary structural analyses have been 

performed to verify that this requirement can be met. 
Different loading conditions have been studied; these are 
a combination of He pressure, dead weight, cooldown and 
tuner displacement. For each analysis, the Equivalent 
Stress is computed with finite element code and compared 
to the yield limit of the materials used (see Table 2). The 
results show that the MAWP required can be achieved 
under all the loading conditions.  

Table 2: Yield Limit of the Materials Used for the 
Dressed Cavity 

 Niobium Nb-45Ti Titanium, 
grade 2 

RT (300 K) 38 MPa 475 MPa 275 MPa 

CT (2 K) 317 MPa 544 MPa 834 MPa 

 
Figure 9 shows the Von Mises Stress distribution for 

the cavity cooled down at 2 K and with a He pressure of 4 
bar. The Equivalent Stress is below the yield of each 
material. 

 

 

Figure 9: Equivalent Stress distribution at 2 K with 4 bar 
pressure applied. 

Preliminary linear mechanical analyses have been done 
and show that the MAWP of 2 bar at RT and 4 bar at CT 
can be achieved. In the future, a set of linear, elastic 
plastic and local analyses will be performed to ensure that 
the dressed cavity complies with ASME Boiler and 
Pressure Vessel Code requirements. 

REFERENCES 
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CM2, SECOND 1.3 GHZ CRYOMODULE FABRICATION AT FERMILAB* 

T. Arkan#, M. Awida, P. Berrutti, E. Borissov, C. Ginsburg, C. Grimm, E. Harms, A. Hocker, T. 
Khabiboulline, Y. Orlov, T. Peterson, R. Pilipenko, Y. Pischalnikov, K. Premo, L. Ristori, W. 

Schappert, V. Yakovlev, FNAL, Batavia, IL 60510, USA

Abstract 
   CM2 is the second 1.3GHz Cryomodule assembled at 
the Cryomodule Assembly Facility (CAF) in Fermi 
National Accelerator Laboratory. The string has a 
corrector coil magnet, a beam position monitor and eight 
cavities. All cavities are qualified at >= 33 MV/m 
gradient at the Horizontal Test Facility (HTS) before 
assembly. The dressed cavities were outfitted with 
magnetic shielding, blade tuner. The cold mass was 
assembled based on the Tesla TTF Type III+ cryomodule 
design. CM2 is currently being installed into the test stand 
in NML where it will be cooled down and high power 
tested. CM2 will also be the first cryomodule to be tested 
with an electron beam at the NML facility. This paper 
describes the assembly steps, the quality assurance 
methods and the challenges experienced during assembly 
and qualification at CAF. 

INTRODUCTION 
Fermilab’s second 1.3 GHz cryomodule (aka CM2 or 

RFCA002) was assembled between July 2011 and March 
2012. During the installation of this module at NML test 
facility, a vacuum leak was discovered in the 2-phase 
helium circuit. The module was brought back to CAF in 
June 2012 and was partially disassembled to find the 
location of the leak and to repair it. The module was then 
reassembled and transported to NML in April 2013. The 
module is currently being installed on the test stand. The 
cool-down and high power radio frequency (RF) test of 
the module is planned to start in September 2013. 

CAVITIES AND COLD MASS 
COMPONENTS 

All eight cavities manufactured by industrial vendors 
were specifically selected to be likely to achieve the ILC 
design goal based on their performance in individual RF 
tests [1].  The cavities were first tested “bare” in a vertical 
liquid helium dewar using low-power continuous-wave 
RF.  Cavities which met the ILC vertical test specification 
(Eacc ≥ 35 MV/m, Q0 ≥ 0.8 x 1010) were then welded into 
individual helium jackets at CAF and outfitted with a 
high-power input coupler.  The high power couplers were 
purchased from CPI. The couplers were cleaned and high 
power conditioned at SLAC. These “dressed” cavities 
were then tested in the HTS using high-power pulsed RF. 
Qualified cavities along with a corrector coil magnet 
outfitted with XFEL style helium jacket and a button style 
beam position monitor (BPM) were all assembled into a 

cavity string in the CAF cleanroom. INFN design blade 
tuners [2] were purchased from Incodema. The tuner 
motors and gears were purchased from Phytron and 
Harmonic Drive Inc. The magnetic shielding parts were 
designed by Fermilab and were purchased from Amuneal. 
The vacuum vessel, gas return helium pipe (GRHP) 
assembly and cold mass support posts were procured 
from Zanon in Italy. 

CRYOMODULE ASSEMBLY 

Cavity String Assembly 
   The assembly of the cavity string was done in the CAF 
cleanroom situated in the CAF-MP9 building.  Eight 
qualified cavities, a magnet, a BPM and two gate valves 
were interconnected using bellows in the Class 10 
cleanroom. The assembly of the cavity string is the most 
important step throughout the cryomodule assembly to 
ensure that the measured gradient of the qualified cavities 
is preserved. Particulate-free-flange-assembly techniques 
were developed and optimized throughout the years at 
various institutions working on SRF R&D. CAF 
cleanroom technicians have over 7 year experience in 
particulate free ultra-high vacuum applications. CM2 
cavity string (See Figure 1) was assembled while 
following the assembly travelers and working with strict 
adherence to the CAF cleanroom working protocols. 

 

Figure 1: CM2 cavity string in the cleanroom. 

Cold Mass and Final Assembly 
After the string assembly was completed, the string was 

rolled out of the cleanroom into the cold mass assembly 
area at CAF-MP9 using the assembly rail. The 2-phase 
pipes of the cavities were interconnected using titanium 
(Ti) bellows welded using an automated orbital welding 
machine conforming to the ASME piping code. The 
cavities were then outfitted with magnetic shielding and 
blade tuner components. The cavity string was then lifted 
from the assembly fixtures and married to the GRHP 
assembly forming the cold mass assembly. The cold mass 
assembly was then transported to CAF-ICB building (See 
Figure 2). The X-Y axis alignment of the cavities to 250 
microns was done using a laser tracker instrument. The 
cold mass was then transferred to the Big Bertha 
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cantilever fixture for the welding of heat shields and 
multi-layer insulation (MLI) installation. (See Figure 3) 
The cold mass was then moved to the final assembly area 
in CAF-ICB where the warm end high power couplers 
and waveguides were assembled.  

 

Figure 2: CM2 cold mass transport. 

Throughout the cold mass assembly, several temperature 
sensors were installed on the critical components; RF 
measurements of the cavities were done several times and 
various vacuum leaks and pressure tests were conducted. 
After the final quality assurance checks, the fully 
assembled cryomodule was transported to the NML test 
area (see Figure 4). 

 

Figure 3: CM2 cold mass on the Big Bertha fixture. 

 

Figure 4: CM2 transport to NML. 

CHALLENGES EXPERIENCED 

Tuner Motor and Harmonic Drive Reliability 
First tuner prototypes were designed and built at INFN 
and delivered to Fermilab. 50 blade tuners were later 
fabricated in U.S. industry. The Phytron brand tuner 
motor and the Harmonic Drive gearbox used for CM2 
tuners were also used on most tuners worldwide. (See 
Figure 5) 

  

Figure 5: Blade tuner, motor, gearbox. 

During the qualification and testing of the tuner 
components prior to the assembly of CM2 cavities, 
several mechanical problems were encountered: 

1. Harmonic drive wave generator connection to 
the motor shaft: (See Figure 6) 

 Phytron motor shaft has no provisions for a 
mechanical hard stop 

 Dog-point set screws may lose grip on the shaft 
causing the wave generator to slip 

Corrective Action – the motor shaft was cross-drilled and 
pointed set-screws were inserted with cryogenic grade 
Loctite. 

    

Figure 6: Harmonic drive wave generator connection to 
the motor shaft. 

2. Harmonic drive flex gear connection to 
copper/beryllium shaft: (See Figure 7) 

 Screws may loosen causing gear to disengage 
from shaft causing gears to bind 

Corrective Action – Internal lock washers were added 
under the screws and cryogenic grade Loctite was added. 

     

Figure 7: Harmonic drive flex gear connection to 
copper/beryllium shaft. 

Addressing CM2 coarse tuner reliability issues one tuner 
was tested at warm condition on the bench test. An 
automatic program ran actuator for 6 million steps to 
simulate real operating conditions. RF measurements 
were taken during the process to validate tuning progress. 
After test decision was made that “6millions steps at 
warm condition test” is too harsh to the shaft/nut coating. 
Instead all the eight CM2 motors installed on the cavities 
during cold mass assembly were subjected to 400-ksteps 
(~1% of the lifecycle). 
In parallel with the warm testing, there was an 
opportunity to perform a cold full lifecycle test with a 
prototype cavity in HTS. The goal was to test the motor 
over a 10 day period to reach 30 million steps. The 30 
million steps represents about 15-20 years of thermal 
cycling and cryomodule operation. This part of the test 
was completed successfully with the tuner/motor still 
functioning as predicted. Decisions were made to 
continue the cold test until a failure occurred or the 
system reached 60-million steps. At 31-million steps, the 
system suffered a failure. (See Figure 8) An autopsy was 
performed on the motor assembly and it was determined 
that the harmonic drive gear stripped and the wave 
generator got stuck in the spline gear.  
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Figure 8: Harmonic drive gear failure. 

Cavity HOM Antenna Shorts 
During the electrical quality assurance checks of CM2 

cryomodule, electrical shorts were found in three cavities 
at the high order mode (HOM) feedthrough connectors. 
An investigation of component dimensional tolerance 
stack up was undertaken to determine the cause. As it can 
be seen from Figure 9, the design distance between the 
antenna tip and the formteil is 0.5 mm. Taking into 
account that the antenna is assembled on the connector 
with a press-fit method in the cleanroom prior to the 
assembly of the feedthrough flange to the cavity, a 
tolerance stack up due to out of spec dimensions of 
individual components might cause an electrical short 
when the tip of the antenna touches the formteil. 

       

Figure 9: HOM Antenna assembly to the HOM coupler. 

It was deemed that this problem will not be a critical issue 
for CM2 operations. However, all components in 
inventory were measured and the antenna tips were 
trimmed appropriately. It was also decided to conduct 
capacitance measurements on feedthrough flanges after 
these are assembled on the cavity in the cleanroom to 
ensure that there are no shorts.  

Vacuum Leak on the 2-phase Circuit  
During the vacuum leak checks of CM2 at NML testing 

facility, a vacuum leak was observed on the 2-phase 
helium circuit pipe. Initial leak checks at NML showed 
that the leak was in the vicinity of the Ti bellows between 
Cavity #8 and the magnet. (See Figure 10) The module 
was then transported back to CAF for partial disassembly 
and repair. The vacuum vessel, MLI and lower heat 
shields were disassembled in order to access the 2-phase 
pipe. After disassembly, it was observed that the magnet 
moved approximately 14 mm towards Cavity #8. Further 
investigation showed that the invar rod clamp designed to 
hold the spacing between the magnet and the cavity failed 
to restrain the magnet during vacuum pump down due to 
vacuum forces exerted on the clamp. After the magnet 
was moved back to its design distance, new clamps were 
designed and installed for the magnet and the cavities. We 

then started the leak check efforts and surprisingly no 
vacuum leaks were observed. Various leak checks, 
pressure tests in different configurations were done 
throughout a 3-month period to replicate the leak that was 
observed at NML.  

     

Figure 10: Ti bellows between magnet and cavity #8.  

After several months of effort, a leak was observed. The 
leak appeared while checking the 2-phase helium circuit 
with the cold mass fully bagged and filled with helium. 
Further leak checks in the same morning without the bag 
showed a leak (mid 10-7 mbar x l/s) on the same Ti 
bellows that we observed a similar range leak at NML. 
Without changing the setup, the leak check inspector tried 
to confirm the leak in the afternoon. Surprisingly, the leak 
disappeared. We decided to replace the questionable Ti 
bellows with a new one. CM2 was then re-assembled. 
Further investigation was done on the removed Ti bellows 
to understand the strange leak behaviour. The bellows 
was sent out to an x-ray vendor but the analysis did not 
produce any useful results. Eventually, we were able to 
replicate the leak at Fermilab. First the bellows were 
cleaned and handled with UHV standards. The bellows 
were then pumped down and leak checked. The same 
range leak was observed on the seam weld of the bellows. 
If the technician touched the leak even with gloved 
fingers, the leak disappeared. Wiping with lint free cloths 
and using cleaning agents were not successful to open the 
leak. The bellows needed to be cleaned again with UHV 
standards in order to replicate the leak. It was deemed that 
the leak is so small that airborne dust particles, any 
residue from gloves might clog the leak and make it 
disappear. No further study was done on this bellows. 
Action items for future Ti bellows are to clean the 
bellows with UHV standards before incoming leak checks 
and always handle the UHV components with gloves and 
extreme care. 

SUMMARY 
   The lessons learned during the fabrication of CM2 will 
be applied for future module assemblies at CAF. 
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HARMONIC CAVITY* 
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Abstract 
Third harmonic 3.9 GHz elliptical cavities are planned 

to be used in many particle accelerator projects such as 

XFEL, NGLS, and ASTA. In this paper, the wakefield 

losses due to bunches from 8 mm down to ultra short 

bunches of 10 μm are analysed. Both the loss and kick 

factors are numerically calculated for bunches of 

relatively long length (>1 mm) using CST wakefield 

solver. The data is then used to asymptotically extrapolate 

the values for ultra-short bunches by finding the wake 

functions. These calculations are essential to estimate the 

cryogenic losses in cryomodules and for beam dynamic 

analysis. 

INTRODUCTION 

Third harmonic cavities are commonly used in the 

particle accelerators of light sources to improve the bunch 

stability and compensate for the distortion that could 

happen between the sinusoidal accelerating field and the 

relatively long beam bunches [1-6].  

Third harmonic 3.9 GHz cavities are currently under 

production for several projects. For instance, DESY’s 

XFEL and FNAL’s ASTA. Other future light sources 

(like NGLS) are also planning to use the third harmonic 

cavities.  

In collaboration with DESY, Fermilab constructed a 

third harmonic cryomodule for the Free electron LASer in 

Hamburg (FLASH) facility [1-4]. Each cryomodule 

contains four superconducting radio frequency (SRF) 

cavities operating at 3.9 GHz. The third harmonic 9-cell 

cavities are designed to operate at 2 K in the TM010 π-

mode at an accelerating gradient of 14 MV/m, summing 

up to a total energy gain of 20 MeV per cryomodule. 

These cavities operate in a decelerating phase of 179º 

relative to the beam phase, and are optimized for 9 mA of 

beam current. 

In addition, another cryomodule will be fabricated for 

Fermilab Advanced Superconducting Test Accelerator 

(ASTA). ASTA plans to deliver 50 MeV beam for a 

broad range of beam-based experiments to push limits of 

particle-beam generation, acceleration and manipulation. 

ASTA plans to employ Superconducting 3.9 GHz cavities 

for bunch linearization.  

Before accelerating beam with third harmonic cavities, 

it is imperative to estimate the cryogneic losses by 

analysing the wakefield losses. This paper reports on an 

extensive wakefield analysis, carried out on these third 

harmonic cavities, including the simulated loss and kick 

factors for sub cm beam bunches. Based on the simulated 

data and using an asymptotic approximation, we estimate 

the loss and kick factors for sub mm beam bunches.  

WAKEFIELD SIMULATION FOR SUB CM 

BEAM BUNCHES 

Figure 1 shows the geometry of the third harmonic 3.9 

GHz 9-cells elliptical cavity. In different to the wakefield 

analysis in [5], we resorted to CST microwave studio to 

compute the wakefields inside a single cavity due to 

relatively long bunches, where the structure is excited by 

a longitudinal line current [7]. The line current is placed 

on the beam axis for the loss factor calculations, while the 

line is displaced off axis for the kick factor calculations. 

In both cases, the line current representing the beam is 

formed with a longitudinal, Gaussian shaped charge 

distribution. 

Accuracy of the analysis was checked versus the mesh 

size. Typically, the ratio between the bunch sigma 

(standard deviation of the Gaussian distribution) to the 

mesh step size in the longitudinal direction Sigma/h is 

used to check the accuracy of the analysis with 

conventionally using Sigma/h of 20 as a satisfactory level 

of mesh refinement. In this analysis, we have used a 

Sigma/h of 30, as shown in Fig. 2. Mesh size of 

approximately 70 million elements (per quarter of cavity) 

was needed for the relatively short RMS bunch length of 

2 mm, as shown in Fig. 2. 
 

 

Figure 1: Geometry of the third harmonic 3.9 GHz cavity.  

 

Figure 2: Sigma/h and number of mesh elements vs. 

bunch sigma. 

________________________________________________________________________________________________________________ 
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Figure 3 shows the wake potential both in longitudinal 

and transverse directions for various RMS bunch lengths 

ranging from 8 mm to 2 mm. As expected, the peak 

absolute value of the wake potential increases as the RMS 

bunch length decreases. The longitudinal wake potential 

increases from 5 V/pC to 16 V/pC as the RMS bunch 

length decreases from 8 mm to 2 mm. On the other hand, 

the transverse wake potential increases from 0.4 

V/pC/mm to 0.6 V/pC/mm as the RMS bunch length 

decreases from 8 mm to 2 mm. The peak of the 

longitudinal wake potential happens at approximately 2 

mm distance for all bunch RMS lengths, while the peak 

transverse wake potential happens at approximately12 

mm distance.  

The loss and kick factors are shown in Fig. 4 (a) and 

(b), respectively. The loss factor varies from 3.5 V/pC to 

10.5 V/pC as the RMS bunch length decreases from 8 mm 

to 2 mm, as shown in Fig. 4(a). On the other hand, the 

kick factor decreases from 0.22 V/pC/mm to 0.17 

V/pC/mm over the same range. 

ASYMPOTITIC APPROXIMATION FOR 

SUB MM BEAM BUNCHES 

Computing the wakefield losses for ultra-short bunches 

is not possible using CST because of the mesh size 

limitation (for sub mm bunches, the mesh size would be 

in microns). In such case of ultra-short bunches, 

asymptotic approximation is typically used, where we 

could approximate the loss and kick factors by [8] 

 
(a) 

 
(b) 

Figure 3: Wake potential for various bunch lengths. (a) 

Longitudinal. (b) Transverse. 

 
(a) 

 
(b) 

Figure 4: Wakefield simulation results (a) Loss factor. (b) 

Kick factor.  
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where Q is the bunch charge, q(s) is the longitudinal 

bunch distribution, W is the wake potential, and w is the 

wake function. However, the longitudinal and transverse 

wake functions at short distance s could be approximately 

related as [8] 
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In the periodic structure the short range wake can be 

approximated as [8] 
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Upon substituting for the wake potential in the loss factor 

and kick factor equation and assuming Gaussian charge 

we could reach  
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Where A1, S0, S1 are fit parameters.

 Figure 5 shows the asymptotic approximation of the 

loss and kick factors based on the simulated data points 

calculated using CST microwave studio for relatively 

long bunches. In this perspective, the fit parameters for 

the loss factor are A1=17 V.mm
2
/pC and S0=0.5 mm, 

while the fit parameter for the kick factor is S1=0.33 mm 

with an iris radius of a =15 mm. 

Figure 5(a) demonstrates that the loss factor for a RMS 

bunch length of 50 µm is about 39.5 V/pC, increasing to 

46 V/pC for a RMS bunch length of 10 µm. On the other 

hand, the kick factor decreases with decreasing the RMS 

bunch length as shown in Fig. 5(b), thus the kick factor is 

clearly not a concern for ultra-small bunches. 

 
(a) 

 
(b) 

Figure 5: Asymptotic approximation (a) Loss factor. (b) 

Kick factor.  

ESTIMATION OF CRYOGENIC LOSSES 

Based on the aforementioned wakefield loss analysis, 

the cryogenic losses per cryomodule could be estimated 

as 

QInLL longcyo   

Where n is the number of cavities per cryomodule 

For a particle beam of current 9 mA and charge 300 

pC, the cryogenic losses of a four cavity cryomodule is 

listed in Table 1 for various bunch lengths.  

Table 1: Cryogenic losses in W for a cryomodule of four 

cavities in case of beam current of 9 mA and beam charge 

of 300 pC. 

Bunch RMS 

Length  
Loss Factor 

[V/pC] 

Cryogenic Losses 

[W] 

8 mm 3.56 38.4 

4 mm 6.89 74.4 

2 mm 10.73 115.9 

100 µm 35.1 379.1 

50 µm 39.5 426.6 

10 µm 46.5 502.2 

CONCLUSION 

Wakefield losses of the third harmonic 3.9 GHz 

elliptical cavity have been analysed. For relatively long 

bunches, the loss factor varies from 3.56 V/pC to 10.73 

V/pC as the RMS bunch length decreases from 8 mm to 2 

mm, while for ultra short bunches it reaches 46.5 V/pC 

for a RMS bunch length of 10 µm. The kick factor is not a 

concern for ultra-small bunches as it decreases with 

decreasing the RMS bunch length. The cryogenic losses 

for a cryomodule of four cavities would be 502.2 W for 

bunch RMS length of 10 µm, beam current of 9 mA and 

beam charge of 300 pC.  
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RESULTS OF THE NEW HIGH POWER TESTS OF SUPERCONDUCTING 
PHOTONIC BAND GAP STRUCTURE CELLS* 

Evgenya I. Simakov#, Sergey A. Arsenyev, W. Brian Haynes, Sergey S. Kurennoy, David Lizon, 
James F. O’Hara, Eric F. Olivas, Dmitry Yu. Shchegolkov, Natalya A. Suvorova, and Tsuyoshi 

Tajima, Los Alamos National Laboratory, Los Alamos, NM 87545, U.S.A.    
Chase H. Boulware, Terry L. Grimm, Niowave, Inc., Lansing, MI, 48906, U.S.A. 

        
Abstract 

We report the results of the recent 2.1 GHz 
superconducting rf (SRF) photonic band gap (PBG) 
resonator experiment in Los Alamos. The new SRF PBG 
cell was designed with the particular emphasis on 
changing the shape of PBG rods to reduce the peak 
magnetic fields and at the same time to preserve its 
effectiveness for suppression of the higher order modes 
(HOMs). The new PBG cells have great potential for 
outcoupling long-range wakefields in SRF accelerator 
structures without affecting the fundamental accelerating 
mode. Two 2.1 GHz PBG cells with elliptical rods were 
fabricated and tested with high power in a liquid helium 
bath at the temperature of 4 K and 2 K. The cells 
performed in accordance with simulation and the 
maximum achieved accelerating gradient was 18.3 
MV/m. 

INTRODUCTION 
Superconducting radio frequency (SRF) cavities are the 

natural choice for the future generation of high-duty-
factor accelerators for the high power free-electron lasers 
(FELs) where the heat produced in the accelerating 
structure must be effectively extracted [1]. Operating the 
accelerator at high frequency and low bunch charge 
reduces the risks of brightness degradation in electron 
beam transport. However, high frequencies become a 
disadvantage with respect to excitation of higher order 
mode (HOM) wakefields in the linac which get excited 
more easily and interact with the accelerated beam 
causing instabilities, energy spread and ultimately the 
beam breakup. 

 Photonic Band Gap [2] (PBG) cavities have the unique 
potential to filter out much of the HOM power and reduce 
the wakefields. A PBG resonator is capable of supporting 
the accelerating mode and not supporting any higher 
order modes which propagate towards the peripheries of 
the cavity and get filtered out with waveguides. 

The first ever demonstration of acceleration in a PBG 
resonator was conducted at Massachusetts Institute of 
Technology (MIT) in 2005 [3]. Since then, the 
importance of PBG structures for accelerators has been 
recognized by many research institutions worldwide. In 
the experiment reported in [3], the 6-cell open copper 
PBG structure was employed to construct a room-
temperature travelling-wave accelerator at 17.137 GHz 
with inherit ability to filter out wakefields. 

A project funded by the U.S. Department of Energy 
(DOE) Office of Science Early Career Research Program 
at Los Alamos National Laboratory has recently 
demonstrated fabrication and high power operation of 
single-cell SRF PBG resonators at 2.1 GHz [4]. Two 
resonators were fabricated in 2012 and demonstrated solid 
high gradient performance with the maximum achieved 
gradient of 15 MV/m limited by the magnetic quench. 

We have initiated a project at LANL to push the high 
gradient limitations of the SRF PBG resonators and 
demonstrate the possibility of a resonator with 
significantly reduced peak surface magnetic field and still 
excellent performance with respect to filtering out higher 
order modes. 

2.1 GHz SRF PBG RESONATORS WITH 
REDUCED SURFACE FIELDS 

We have followed the idea of [5] and changed the 
shapes of the 6 inner rods of the PBG resonator from 
cylindrical to elliptical. This produced the desirable effect 
reducing the surface fields up to 40 per cent depending on 
the major radius of the elliptical rods [6]. The question 
however was if the new resonators with elliptical rods 
were as effective with respect to filtering out wakefields 
as resonators with round rods. To answer this question we 
used the time-domain solver of the CST Microwave 
Studio [7] and analyzed the confinement of HOMs and 
the fundamental mode in a PBG resonator with elliptical 
rods. We discovered that if the periodicity of the PBG 
structure is broken and the elliptical rods are moved 
slightly toward the center of the resonator, then the 
fundamental mode in this structure becomes better 
confined than in the structure with round rods. At the 
same time HOMs in this structure are confined worse and 
can be extracted more efficiently than in the structure 
with round rods [6].  

The final dimensions and the accelerator characteristics 
of the structure with the shifted elliptical rods are 
summarized in Table 1. The cells were designed with 18 
hollow cylindrical rods: 6 elliptical and 12 round. The 
maximum surface electric field in the PBG cell is reached 
on the blended edge of the beam pipe, as was in the case 
of the cavity with round cylindrical rods [4]. The 
maximum surface magnetic field is again reached on the 
rods of the PBG structure; however it is 40% lower than 
the maximum surface magnetic field in the cavity with 
round cylindrical rods operating at the same gradient.    ___________________________________________  

* Work is supported by the Department of Defense High Energy Laser
Joint Technology Office through the Office of Naval Research. 
#smirnova@lanl.gov 
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Table 1: Dimensions and Accelerator Characteristics of the 
2.1 GHz SRF PBG Accelerator Cell with Elliptical Rods 

Spacing between the rods, p 56.57 mm 

OD of the round rods, d 17.04 mm = 0.3*p 

Shift of elliptical rods, �p 0.89 mm 

Major OD of the elliptical rod, a 24.94 mm = 0.5*p 

Minor OD of the elliptical rod, b 9.80 mm  

ID of the equator, D0 300 mm 

Length of the cell, L 71.43 mm (�/2) 

Beam pipe ID, Rb 1.25 inches = 31.75 mm 

Radius of the beam pipe blend, 
rb 

1 inch = 25.4 mm 

Q0 (4K) 1.8*108 

Q0 (2K) 6.2*109 

R/Q 150.7 Ohm 

Epeak/Eacc 2.37 

Bpeak/Eacc 5.66 mT/(MV/m) 

 
Two resonators were fabricated by Niowave, Inc from a 
combination of stamped sheet metal niobium with the 
residual resistance ratio RRR>250 and machined ingot 
niobium components with RRR>220. After the electron 
beam welding, a buffered chemical polish etch was 
performed to prepare the RF surface for testing. The 
temperature of the acid was carefully monitored during 
the etching. The photograph of resonators right after 
fabrication is shown in Figure 1. 

 
Figure 1: Photograph of the 2.1 GHz PBG cavities with 
elliptical rods ready to be tested. 

HIGH GRADIENT TESTING OF THE 2.1 
GHz SRF PBG RESONATORS 

The resonators underwent high gradient testing at 
LANL in Summer of 2013. Each cavity delivered from 
Niowave was opened in a class 100 clean room and a 
pickup coupler flange and a movable bellow with a 

matched power input coupler were attached at the ends of 
the beam pipes. The cavity was then sealed and taken out 
of the clean room, set on the vertical cryostat insert, 
pumped down and leak checked. The testing procedure 
was the same as described in [4]. 

 
Figure 2:  Unloaded Q (Q )  as a  function of  accelerating 0
gradient (E )  of  the  2.1 GHz  SRF PBG  cavities  with acc
elliptical  rods: (a)  cavity #3  tested  on  7/15/13,  and  (b) 
cavity #4 tested on 8/19/13.  

Figure 2 shows the Q0 – Eacc curves at 4 K and 2 K for 
the two cavities with elliptical rods. Table 2 summarizes 
the test results. The cavities had somewhat longer beam 
pipes than the cavities with round rods, and Cavity #3 
turned out to be undercoupled at 4 K even when the co-
axial coupler was moved fully inwards. As a result, the 4 
K measurements of this cavity were quite inaccurate. In 
addition, the magnetic field compensating coil was not 
turned on before the cool down, which explains the lower 
Q-values measured during the 2 K test. The cavity, 
however, performed excellent at 2 K and withstood a high 
18.3 MV/m accelerating gradient. Cavity #4 was tested 
with a longer co-axial coupler probe. It performed 
excellent at 4 Kelvin and went up to 18.2 MV/m 
accelerating gradient and demonstrated high unloaded Qs. 
However, we observed a significant frequency shift in this 
cavity (300 kHz up vs. 30 kHz up in other three PBG 
cavities) when going from 4 Kelvin down to 2 Kelvin. 
Then during the testing at 2 K we observed a very strong 
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Q-slope which was possibly due to field emission from a 
defect. The cavity quenched at 15.3 MV/m at 2 K.  

Overall, the measurements totally confirmed the 
predicted improvement in the gradient performance of the 
cavities with elliptical rods as compared to the cavities 
with round rods. 
Table 2:  Measured  Performance  of  Two 2.1 GHz SRF 
PBG Resonators with Elliptical Rods and Comparison to 

 Theory Cavity #3 Cavity #4 

Frequency 2.100 GHz 2.11524 GHz 2.11292 GHz 

Q0 (4K) 1.8*108 1.6*108 1.6*108 

Q0 (2K) 6.2*109 2.2*109 3.9*109 

Maximum 
Eacc (4K) 

 10.0 MV/m 18.2 MV/m 

Maximum 
Eacc (2K) 

 18.3 MV/m 15.3 MV/m 

Bpeak (4K)  57 mT 103 mT 

Bpeak (2K)  104 mT 87 mT 

OBSERVATIONS OF THE FIRST SOUND 
GENERATED BY QUENCH 

We have also attempted to put together a simplified 
quench diagnostics and installed 6 Buzzer Elements Piezo 
Benders 20 mm in diameter sensors, one next to each 
cooling hole of elliptical rods as shown in Figure 3. We 
observed ~10 kHz sound waves generated by quench at 
each road with the hope that the amplitude of the sound at 
each location could give us an indication of which of the 
six elliptical rods was experiencing quench. 

 
Figure 3: Piezoelectric sensors installed next to 6 hollow 
elliptical rods of the PBG structure. 

The observed sound was similar in amplitude and 
timing at all six locations (Figure 4). This may suggest 
that quench occurred on the surface of the cavity outside 
of the rods, or that the sound mostly propagated through 
the metal body of the cavity instead of propagating 

through liquid helium. The detected sound traces looked 
very similar at both 4 K and 2 K. 

 
Figure 4: Sound traces from the piezoelectric sensors on 
an oscilloscope. 

CONCLUSION  
In summary, we have demonstrated the proof-of-

principle fabrication and high gradient operation of 
superconducting photonic band gap cavities with elliptical 
rods. The cavities were tested at both 4K and 2K and 
performed quite well, demonstrating accelerating 
gradients as high as 18.3 MV/m. The two cavities with 
elliptical rods on average have performed 30 per cent 
better than the cavities with round rods tested earlier [4]. 
This is in perfect agreement with theoretical predictions. 
We believe that PBG technology will be successfully 
applied to design novel effective HOM couplers for high 
current SRF accelerators. As a result, it may significantly 
reduce the size the accelerators and allow increasing the 
brightness of the electron beam transport.  
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UPDATE ON THE DESIGN OF A FIVE-CELL SUPERCONDUCTING RF 

MODULE WITH A PBG COUPLER CELL* 

Sergey A. Arsenyev
#
, Massachusetts Institute of Technology, Cambridge, MA 02139, USA 

Evgenya I. Simakov, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

Abstract 

We present a complete design of the 5-cell 

superconducting accelerating module incorporating a 

Photonic Band Gap (PBG) cell with couplers. The 

purpose of the PBG cell is to achieve better Higher Order 

Mode (HOM) damping which is vital for preserving the 

quality of high-current electron beams in novel linear 

accelerators used, for example, for free electron lasers. 

We first discuss the aspects of incorporating a PBG cell in 

a superconducting PBG module. The main goal is to 

ensure the equal probability of quench in each of the five 

cells, which can be achieved with significant geometry 

modifications. We then present the simulation data on 

HOM damping. Particularly, we calculate the external 

quality factors for the 10 most dangerous HOMs for this 

particular structure. HOM coupler configurations and 

modifications to the PBG geometry are discussed. 

 

INTRODUCTION 

Superconducting radio frequency (SRF) cavities are the 

natural choice for the future generation of high energy 

linacs, especially for high-duty-factor machines where the 

heat produced in the accelerating structure cannot be 

effectively extracted [1]. Going to higher frequencies in 

SRF cavities is desirable because of the lower cost and 

higher achievable luminosity of an electron beam. 

However, higher order mode (HOM) wakefields excited 

by a beam scale as frequency cubed and can easily 

destroy the beam in a high-frequency machine. If we want 

to go to the frequencies as high as 2.1 GHz, we have to 

find an effective way to suppress or outcouple HOMs. 

PBG cavities are of interest to the particle accelerator 

community because they have reduced higher-order 

modes that can degrade beam quality [2, 3].  

Waveguide couplers are commonly used as an HOM 

suppression mechanism (see, for example, [4]). Usually 

the couplers are attached to the beam pipe. In contrast 

with a room-temperature PBG cell, the superconducting 

cell is made closed in the transverse plane and utilizes 

waveguide couplers to extract the HOMs. Low field at the 

periphery of the PBG cell allows us to attach the 

waveguide couplers directly to the outside wall of the 

cell. This is beneficial to HOM damping because the 

HOMs are extracted at the point where their field is 

higher than at the beampipe. We also use less waveguides 

and increase real estate gradient. 

 

 

Figure 1:  The 5-cell accelerating module with the central 

PBG cell. 

 

Table 1: Dimensions and Accelerating Characteristics of 

the 5-cell Module 

Frequency 2.1 GHz 

Length of the module 14.05 in (35.69 cm) 

Diameter of elliptical cells 4.95 in (12.57 cm) 

Diameter of the PBG cell 12.32 in (31.3 cm) 

Spacing of PBG rods 2.34 in (5.94 cm) 

Radii of PBG rods 0.35 in (0.89 cm) 

Beam pipe diameter  1.96 in (4.99 cm) 

Angular position of the 

HOM couplers relative to 

the FM coupler 

125° 

r/Q 1.44*103 Ohm/m 

Epeak/Eacc 2.65 

Bpeak/Eacc 4.48 mT/(MV/m) 

Q0 (4K) 2.3*108 

Q0 (2K) 8.9*109 

Max theoretical gradient  

(for Bpeak=200 mT) 

45 MV/m 

 

 

 ____________________________________________  

*Work is supported by the U.S. Department of Energy 

 (DOE) Office of Science Early Career Research Program 

#arsenyev@mit.edu              
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FIVE CELL MODULE DESIGN 

We incorporate a PBG cell into a module of five 

accelerator cells by using it instead of one of the 

conventional cells. As an example of a conventional 

accelerating module we take a high-current FEL 

accelerating module from [4]. The middle cell of the 

module [4] was replaced with a PBG cell (Fig. 1). A 

module with an incorporated PBG cell should be designed 

with lower accelerating gradient in the PBG cell than in 

other cells [5]. This is due to the fact that for the same 

accelerating gradient, the surface magnetic field in a PBG 

cell is higher than in a conventional cell because of the 

more sophisticated geometry [6]. If the module was 

designed to have a flat field profile, performance of the 

entire accelerator would be limited by a single PBG cell 

due to the higher probability of quench. To make the non-

flat gradient profile, we introduce small differences in the 

eigenfrequencies of the cells. Like in a system of 

connected pendulums, this leads to different amplitudes 

of the fields in different cells [5].  

 
Figure 2:  Electric field magnitude (accelerating gradient) 

along the central axis. 

 

 
Figure 3:  Magnitude of E-field in the fundamental mode 

coupled into the PBG structure thru the waveguide. 

 

A conventional 2D PBG lattice has only rods with 

circular cross-section. The corresponding 5-cell module 

design was presented in [5]. However, it is beneficial to 

alter the shape of some rods to get better accelerating 

properties. In particular, the inner row of rods in the 

designed module is “squeezed” in radial direction and 

stretched in angular direction (Fig. 3) in order to produce 

lower ratio of the peak surface magnetic field to the 

accelerating gradient [7, 8]. Using elliptical rods allows 

us to push the gradient in the PBG cell higher, up to 60% 

of the gradient in the four conventional cells (Fig. 2). This 

is significantly better than we can do with a PBG cell 

which has only round rods (about 40%) [5]. Properties 

and dimensions of the accelerating module are listed in 

Table 1. 

We are planning to use the Navy FEL beamline at 

LANL for the testing of the structure. The parameters of 

the experiment are listed in Table 2. The electron beam 

will be synchronous with the accelerating mode (beam on 

crest). Due to the negligible Ohmic losses almost all the 

power coupled to the module will go to the beam. 

The fundamental mode coupler was designed to 

provide near critical coupling for the experiment with the 

electron beam (Fig. 3). Standard WR430 waveguide was 

used. One of the PBG rods was removed for coupling. 

The existing design can also be used for tests with the 

copper prototype and no beam – in that case Ohmic 

dissipation is approximately equal to the beam loading in 

the hot test and the coupling would still be close to 

critical. The beam tests will be conducted at much lower 

accelerating gradient (5 MV/m) than the cavity is capable 

to sustain. This ensures reliability of the structure. 

 

Table 2: Parameters for the Planned Test 

Charge per bunch 1 nC 

Bunch repetition rate 100 MHz 

Klystron power 200 kW 

Average gradient 5.6 MV/m 

 

HOM DAMPING 

In order to understand what HOMs affect the beam the 

most, we performed a CST Particle Studio simulation 

with the beam displaced in either of the two transverse 

directions (X and Y). The computed wake impedance  

reflects the spectrum of the HOMs (Fig. 4). We used the 

areas underneath each peak as a criterion of whether or 

not the mode is dangerous. The area is related to a more 

commonly used quantity R/Q, which can be generalized 

for non-monopole modes. Each mode has two orthogonal 

polarizations, which are listed separately in Table 3. 

Generally we only have to look at the frequencies up to 

the beampipe cut-off, but one significant peak beyond the 

cut-off was examined as well (Table 3, modes 9 and 10). 

We then tried to minimize the quality factors for the most 

dangerous 10 HOMs. It was also verified that the 

frequencies of the monopole HOMs don’t lie close 

enough to multiples of the beam frequency to allow the 

so-called “build-up” to happen. 

There are dangerous HOMs with both the TE and the 

TM polarizations in the center cell. The HOM couplers 

should have cutoff below the frequencies of the modes 

with either polarization and therefore have customized 

dimensions (2.2in × 2.4in). The couplers and the PBG 
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cell were optimized to provide sufficient dumping for all 

HOMs (Q less or about 1000). The final optimized Qs are 

listed in Table 3. The design also has advantage over the 

traditional solution of placing HOM couplers on the beam 

pipe because it utilizes only 3 couplers instead of 6. 

 

Table 3: Quality Factors of the HOMs 

Mode 

# 

Peak area, 

Ohm/m*Hz 

R/Q, 

Ohm 

Frequency, 

GHz 

Quality 

factor 

1 27.1 32.4 2.556 1070 

2 26.6 32.3 2.562 560 

3 51.9 120.0 2.712 480 

4 87.2 120.8 2.715 420 

5 85.4 107.8 2.949 430 

6 71.8 107.7 2.952 500 

7 46.3 84.8 3.013 240 

8 67.9 85.3 3.025 690 

9* 73.9 79.0 3.943 200 

10* 76.3 79.1 3.943 200 
 

 

CONCLUSIONS 

We designed a 5-cell SRF module with incorporated 

PBG cell and HOM couplers attached to the PBG cell. 

Using elliptical rods in the PBG structure enhanced the 

performance of the cavity (flatter gradient profile) relative 

to the round rods [5]. Fundamental mode coupler was 

designed to provide coupling close to critical for both hot-

test and cold-test experiments. HOM couplers were 

designed to provide sufficient damping (Q less or about 

1000) for the 10 most dangerous HOMs. We are planning 

to fabricate the copper prototype of the 5 cell structure 

first. It would let us measure quality factors of the HOMs 

and conduct a bead-pull test to determine the field profile. 

We then will fabricate the real superconducting module 

and mount it on the LANL Navy FEL beamline.  
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INITIAL STUDIES OF MULTIPACTOR SUPPRESSION
VIA TE AND TM MODES*

S. Rice  and J. Verboncoeur , Michigan State University, East Lansing, MI 48824, USA

Abstract
The formation of multipactor is strongly dependent 

upon the secondary electron yield (SEY) of a surface, and 
the emission velocities of the emitted electrons, in 
addition to the electric field.  Since the secondary electron 
yield (SEY) of a material is dependent upon the kinetic 
energy and impact angle of the incident electron, we 
investigate use TE and TM coaxial cavity modes to 
modify the impacting electron velocities to reduce the 
average SEY and suppress multipactor, which builds upon 
our previous work examining TEM modes.  

INTRODUCTION
Multipactor [1, 2] is a resonant phenomenon in which 

an electromagnetic field causes stray electrons to impact a 
surface, liberating secondary electrons, in such a way that 
the process can sustain itself.  This phenomenon is of 
considerable practical interest in the design and operation 
of microwave windows, waveguides, and radio frequency 
resonant structures.  

The formation of multipactor is strongly dependent 
upon the secondary electron yield (SEY) of a surface 
contributing to multipactor, since in order to initiate and 
sustain multipactor, the average number of emitted 
secondary electrons must be greater than or equal to unity. 
Multipactor is also dependent upon the system geometry 
and field excitation, which must be conducive to 
accelerating electrons into the boundaries at the proper 
RF phase to enable re-acceleration of the emitted 
secondary electrons.

When an electron impacts a boundary, the average 
secondary electron yield (SEY) is determined by the 
kinetic energy of the incident electron.  Figure 1 shows a 
representative SEY curve.  The specific SEY curve used 
in this present research was generated using Vaughan's 
model [3] with parameters chosen to match the impact 
energy location (Emax) and peak value ( max) of Furman's 
SEY model for copper [4], and is used for all the results 
presented in this study.

Figure 1: Typical SEY curve.

SIMULATION DESCRIPTION
Consider a coaxial cavity with conducting sidewalls, 

inner radius a, outer radius b, and longitudinal length L. 
The fundamental-mode TEM excitation at angular 
frequency ω can be parameterized by peak instantaneous 
voltage Vo and phase θ as Vo·cos(ωt+θ)·sin(πz/L).

In our present research, we defined a=1 cm, b=5.65 cm, 
and L=1.86 m, and we used Vaughan's SEY model 
mentioned above.  Unless otherwise noted, all secondary 
electron emission energies are set to zero to avoid the 
complication of the truly random (although typically low-
energy) secondary emission energies.  The selected 
geometrical values will allow a fundamental TEM mode 
to exist at 80.5 MHz, and the SEY model to yield 
maximum secondary electrons at Vo ≈ 1000 V.

Electrons start from rest at the outer wall, and the net 
SEY is computed as the product of all the single-impact 
SEY values over 10 simulation steps, where each step is 
one fundamental mode period or boundary impact, 
whichever comes first.  For each impact, a single 
simulated secondary electron is emitted and tracked. 
Only trajectories with at least two boundary impacts 
within ten fundamental-mode RF periods were considered 
to have net SEY > 0.  The net SEY gives a proxy measure 
of the presence of the multipactor, since a net SEY < 1 
would indicate that multipactor is not sustainable.  Figure 
2 shows the net SEY for the notional coaxial cavity for 
electrons starting at z values of 0.2L and 0.5L, where z=0 
is defined to be the end of the cavity, and z=0.5L is 
halfway along the length of the cavity.  The net SEY is 
displayed on a logarithmic scale, anything above 0 
denotes a net increase in multipacting electrons.  Note 
that to first order, the effect of changing z merely scales 
the multipactor voltage axis via the sin(βzz) dependency.  

MULTIPACTOR SUPPRESSION
Multipactor can only be sustained if the average SEY 

over the multipactor orbits is at least unity. This suggests 
a novel way to suppress multipactor, via the application of 
secondary excitation modes which result in the secondary 
electron impact energy being pushed away from the 
values where the SEY exceeds unity.  Our previous work 
[5] explored multipactor suppression using an 
appropriately scaled and phase-referenced 3rd harmonic 
T E M m o d e , e x p r e s s e d m a t h e m a t i c a l l y a s 
-3Vo·cos(3ωt+3θ)·sin(3πz/L).  The results are shown in 
Fig. 3, and it is apparent that the regions of sustainable 
multipactor have significantly decreased from the 
baseline case.

We now examine the use of TM and TE modes for the 
suppression of multipactor.  This initial research examines 
the lowest order TM and TE modes, namely TM011 and 
TE011.  The TM011 electric (E) and magnetic (H) field 
components are given by:

______________________________________________

*Work supported by U.S. Air Force Office of Scientific Research 
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Eρ=
jβρβz
ωμ [ A J ' 0(βρρ)+BY ' 0(βρρ)] sin(βz z )

Eϕ=0

Ez=
jβρ

2

ωμ [ A J0(βρρ)+BY 0(βρρ)]cos(βz z)

Hρ=0

Hϕ=
βρ
μ [ A J ' 0(βρρ)+BY ' 0(βρρ)] cos(β z z )

Hz=0

and the respective TE011 field components are given by:

Eρ=0

Eϕ=
βρ [ AJ '0(βρρ)+BY '0(βρρ)]sin (β z z )

Ez=0

Hρ=
jβρβz
ωμ [ A J ' 0(βρρ)+BY ' 0(βρρ)] cos(β z z )

Hϕ=0

Hz=
jβρ

2

ωμ [ AJ 0(βρρ)+BY 0(βρρ) ]sin(β z z )

where a cylindrical ( , , z) coordinate system is 
assumed, ( z) represent the respective 
wavenumber components, ω represents angular 
frequency,  represents the magnetic permeability, 
represents the electric permittivity, J0 and Y0 respectively 
represent 0th-order Bessel functions of the first and second 
kind, and primes denote derivatives.  A and B are 
geometry-dependent constants which ensure that the 
tangential E-field goes to zero at the cavity boundaries. 
Since the electron speeds in our simulations are much less 
than the speed of light, the TM011 and TE011 magnetic 
field effect upon electron trajectory is negligible as 
compared to the electric field.

The plots in Fig. 4  show the net SEY for the same 
geometry and baseline excitation, but now with an 
additional mode of TM011 (top plots) or TE011 (bottom 
plots).  The maximum field strength for each of these 
modes was set to 500 kV/m, which was somewhat 
arbitrarily chosen because this value is considered a 
strong but not unrealizable field strength.  These modes 
were phase-referenced such that Eρ started at zero phase 

at time=0 for the TM011 case, and E  started at zero 
phase at time=0 for the TE011 case.  Additional phase 
shifts of 120º and 240º for the respective TM011 and 
TE011 fields were investigated.  Although the specific 
multipactor-stable regions did exhibit some change, no 
qualitative difference was observed. 

Figure 2:  Simulated multipactor sustainability in a notional coaxial geometry, at two different z locations.

Figure 3:  Multipactor sustainability in a notional coaxial geometry, at two different z locations, with a 3rd harmonic 
TEM suppression signal applied.
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Figure 4:  Multipactor sustainability with 500 kV/m TM011 (top) and TE011 (bottom) modes present, at z values of 
0.5L (left) and 0.2L (right).

CONCLUSIONS AND FUTURE WORK
The TM011 and TE011 modes explored thus far do not 

suppress multipactor as much as the 3rd Harmonic TEM 
mode examined previously. [5]  This is mainly 
attributable to the time scale of the different modes:  the 
baseline TEM mode frequency is at 80.5 MHz, whereas 
the TE and TM modes considered here are at around 3.2 
GHz, resulting in a small periodic perturbation to the 
overall trajectory of the particles.  Additional work [6] 
presented in a poster at this conference also demonstrates 
the extreme sensitivity of multipactor simulation to the 
low-impact energy SEY and the secondary emission 
energies which are being neglected in the results 
presented above.  Thus future work in this area will also 
take into account non-zero secondary emission energies.
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TESTS OF AN RF DIPOLE CRABBING CAVITY FOR AN

ELECTRON-ION COLLIDER ∗

A. Castilla1,2,3† , J. R. Delayen1,2,
1Center for Accelerator Science, Old Dominion University, Norfolk, VA 23529, USA.
2Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA.

3Universidad de Guanajuato (DCI-UG), Departamento de Fisica, Leon, Gto. 37150, Mex.

Abstract

On the scheme of developing a medium energy electron-

ion collider (MEIC) at Jefferson Lab, we have designed

a compact superconducting rf dipole cavity at 750 MHz

to crab both electron and ion bunches and increase lumi-

nosities at the interaction points (IP) of the machine. Fol-

lowing the design optimization and characterization of the

electromagnetic properties such as peak surface fields and

shunt impedance, along with field nonuniformities, multi-

pole components content, higher order modes (HOM) and

multipacting, a prototype cavity was built by Niowave Inc.

The 750 MHz prototype crab cavity has been tested at 4 K

and is ready for re-testing at 4 K and 2 K at Jefferson Lab.

In this paper we present the detailed results of the rf tests

performed on the 750 MHz crab cavity prototype.

INTRODUCTION

The rf dipole geometry has been studied as a compact

and efficient design for an electron-ion crabbing scheme for

electron-ion colliders [1]. Among some of the most attrac-

tive properties of this design are the lower balanced surface

fields with higher net deflection, higher shunt impedance,

the advantage of having the operating deflecting/crabbing

mode as the lowest mode, and the simple dependency of the

rf properties on just a few geometrical parameters [2]. It is

for all these reasons that the designed 750 MHz crab cav-

ity prototype shown in Fig. 1 built by Niowave Inc. [3] has

been tested and characterized at its facilities and the Center

for Accelerator Science at Old Dominion University (CAS-

ODU) to corroborate that the fields’ symmetry, operation

performance, conditioning to multipacting and external Q

factor are in agreement with the designed values.

ROOM TEMPERATURE TESTS

Bead-Pull

In a TE11 deflector/crabber such as the rf dipole, the

transverse kick has contributions from both the electric and

the magnetic components of the fundamental mode, thus

∗Authored by Jefferson Science Associates, LLC under U.S. DOE

Contract No. DE-AC05-06OR23177. The U.S. Government retains a

nonexclusive, paid-up, irrevocable, world-wide license to publish or re-

produce this manuscript for U.S. Government purposes. Part of this work

was done in collaboration with and supported by Niowave Inc. under the

DOE STTR Phase II program.
† acastill@jlab.org

Figure 1: Rf dipole geometry and corresponding cross sec-

tions for the 750 MHz crab cavity design.

Table 1: Properties of the 750 MHz Crab Cavity

Parameter 750 Units

MHz

λ/2 of π mode 200.0 mm

Cavity length 341.2 mm

Cavity radius 93.7 mm

Aperture diameter d 60.0 mm

Deflecting voltage V ∗
T 0.200 MV

Peak electric field E∗
P 4.45 MV/m

Peak magnetic field B∗
P 9.31 mT

B∗
P /E

∗
P 2.09 mT/(MV/m)

Energy content U∗ 0.068 J

Geometrical factor 131.4 Ω
[R/Q]T 124.2 Ω
RTRS 1.65 ×104Ω2

At E∗
T = 1 MV/m

the symmetry of the field profiles is a key point in the fab-

rication of the cavity to avoid introducing higher-order non-

linear field effects on the beams.

Once the electromagnetic design has been characterized

using computer simulations, it is of utmost importance to

characterize defects introduced during the fabrication and

chemical treatment processes on the cavity, like assymme-

tries due to offsets on the load elements, perturbations in-

duced by deformations on the volume, etc.

Different runs of bead-pull measurements were per-

formed on the 750 MHz rf dipole crab cavity before and

after e-welding using the automated bead-pull system set

at CAS-ODU (see Fig. 2).
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Figure 2: Bead-pull 750 MHz rf dipole set up at CAS-

ODU.

The bead-pull results for both metallic and dielectric

beads are presented in Figs. 3 and 4, compared with the

calculations using the electric and magnetic fields for the

crabbing mode found by simulations, showing a remark-

able agreement at first order.

Figure 3: Frequency shift measured with a Teflon bead

(blue) and calculated from the electric field by the simu-

lations (red).

Figure 4: Frequency shift measured with a brass bead

(blue) and calculated from the electric and magnetic field

by the simulations (red).

Study of Losses at the Port Flanges

All the ports in the design are placed in the outer con-

ductor regions with the lowest tangential surface magnetic

fields, nevertheless these are not zero and there is still a

fraction of them that can create currents on the nonsuper-

conducting flanges causing ohmic losses (see Fig. 5). The

associated Q to these power dissipations can limit the final

cavity Q0 measured during operation or cryo-testing. For

this reason a detailed numerical analysis was performed for

the 750 MHz rf dipole crab cavity considering flanges both

made of stainless steel and copper. The results are pre-

sented in Table 2.

Figure 5: Visualization of the tangential magnetic field

(Hy) obtained from CST Microwave Studio R© simulations

at the side-port flanges (left) and the beam-port flanges

(right).

Table 2: Losses in the Port Flanges Due to Tangential Mag-

netic Field (Hy)

Copper

Port Ploss [W] Q Total Ploss [W]

2 Beam-ports 1.303× 10−2 3.61× 1011

4 Side-ports 4.27× 10−1 1.102× 1010

4.400× 10−1

Stainless Steel

2 Beam-ports 8.23× 10−2 5.713× 1010

4 Side-ports 2.702 1.742× 109

27.844× 10−1

Using for the flanges:

Q =
ωU

Ploss

, (1)

we have:

QS.S. = 1.69× 109 ,

QCu = 1.07× 1010 .

While for the cavity we have:

Q0 =
G

Rs

. (2)

And considering for 750 MHz: @4 K Rs = 240nΩ
with RBCS = 20nΩ and @2 K Rs = 60nΩ, while from
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the simulations we obtained a G = 131.4Ω. Then using

Eqn. 2:

(Q0)@4K = 5.48× 108 ,

(Q0)@2K = 2.19× 109 .

The results of this analysis showed us that the losses in

stainless steel blanks and feed-throughs will not affect the

measured Q0 for the cavity on a test at 4 K, while in the

case of 2 K we need to use Copper blank gaskets to min-

imize the losses at the flanges and reach the expected Q0

values.

CRYOGENIC TESTS

For the performance test of the 750 MHz rf dipole crab

cavity, the intrinsic quality factor (Q0) achieved was mea-

sured as a function of the transverse voltage (VT ) at 4 K at

the Niowave Inc. installations. During the testing a verti-

cal dewar and a liquid He tank were used to cool the cavity

down to 4.2 K while being driven by a 200 W amplifier

(400-1000 MHz).

Among the important events during the testing to be no-

ticed is that at low gradients a few multipacting barriers

were present and conditioned without major problems and

relatively quickly, this comes into agreement with the mul-

tipacting simulation results [4], even when no higher gra-

dients were reached during this test. Due to that, the power

dissipation on the cavity was enough to boil out the liq-

uid He before we could move to higher gradients. No hard

multipacting barriers or quenching occurred for the proof

of principles cavity as can be appreciated in Fig. 6.

Figure 6: Q0 curve obtained during the cryotesting of the

cavity prototype up to ∼0.9 MV of transverse voltage.

Even when the curve describes a small slope it appears

to be considerably flat around a value of Q0 ∼ 1.5 × 108

(about a factor of 4 shorter with respect to the predicted

value from the simulations). The region covered by the test

corresponds to the region in which the multipacting bar-

riers were expected to be present according to the anal-

ysis, having found no major problem to condition them

without thermal breakdown or quenching. It can be ob-

served around 0.8 MV of transverse voltage that the cavity

presented a bigger multipacting conditioning, which was

surpassed without further problem and the value of Q0

reestablished.

All of the information compiled during the test supports

that with the capability of keeping the temperatures, the

cavity should reach the design specifications for the ex-

pected gradients without major problems. For this reason

the cavity was shipped to ODU to be re-processed and re-

tested at 4.2 K, and then at 2 K, when a leak on one of the

brazings was detected and characterized. New parts have

been purchased from Niowave Inc. and the cavity is sched-

uled to proceed with the corresponding cryotesting after re-

pairing and re-processing at Jefferson Lab.

CONCLUSIONS

An rf crabber for both electron/ion bunches with de-

signed values of VT = 1.6MV , Ep = 35.6 MV
m

and

Bp = 75.5mT per cavity was fabricated at Niowave Inc.

After surface treatment [5] and high pressure rinsing, a

thorough characterization of the rf properties and perfor-

mance for the 750 MHz rf dipole prototype have been real-

ized both at room temperature (low level rf) and at 4 K with

satisfying results such as symmetry of the fields in agree-

ment with the design simulations, capability of processing

multipacting and absence of quenching at the reached gra-

dients (Ep = 20.0 MV
m

, and Bp = 41.9mT ) . Due to the

success of this first test, a more detailed test at 4 K and 2

K to reach higher gradients was scheduled at the Jefferson

Lab facilities, but having discovered a leak on one of the

cavity brazings after shipping, the test has been resched-

uled and the replacement of a new port by the cavity group

at Jefferson Lab is currently undergoing.
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Abstract 
The proposed LHC high luminosity upgrade requires two 
crabbing systems in increasing the peak luminosity, 
operating both vertically and horizontally at two 
interaction points of IP1 and IP5. The required system has 
tight dimensional constraints and needs to achieve higher 
operational gradients. A proof-of-principle 400 MHz 
crabbing cavity design has been successfully tested and 
has proven to be an ideal candidate for the crabbing 
system. The cylindrical proof-of-principle rf-dipole 
design has been adapted in to a square shaped design to 
further meet the dimensional requirements. The new rf-
dipole design has been optimized in meeting the 
requirements in rf-properties, higher order mode 
damping, and multipole components. A crabbing system 
in a cryomodule is expected to be tested on the SPS beam 
line prior to the test at LHC. The new prototype is 
required to achieve the mechanical and thermal 
specifications of the SPS test followed by the test at LHC. 
This paper discusses the detailed mechanical and thermal 
analysis in minimizing Lorentz force detuning and 
sensitivity to liquid He pressure fluctuations. 

INTRODUCTION 

The rf-dipole design is a favorable design for compact 
deflecting and crabbing applications especially at low 
operating frequencies [1]. The LHC high luminosity 
upgrade is one such current application that requires a 
crabbing cavity system with stringent dimensional 
constraints that will be operating at 400 MHz [2]. 

The rf-dipole cavity is one of proposed crabbing cavity 
designs. The design is proven to have improved rf-
properties with low and balanced peak surface fields with 
high transverse deflection and high shunt impedance. The 
non-existence of lower order modes and widely separated 
higher order mode spectrum is an added advantage for 
this high current application of LHC. 

An rf-dipole cavity with a cylindrical outer conductor 
has been designed and fabricated as a proof-of-principle 
cavity. The rf tests have been carried successfully [3]. The 
expected goal of 3.4 MV was exceeded and a transverse 
voltage of 7.0 MV was achieved. The major unknown in 
the rf-dipole geometry was the expected multipacting 
levels during operation. The conditions were simulated 

using the SLAC ACE3P code [4] and compared with rf 
results, show similar behavior. These multipacting levels 
were easily processed during the first cryogenic rf test and 
did not reoccur during the tests followed. 

400 MHz CRABBING CAVITY 
PROTOTYPE 

The transverse dimensions of the proof-of-principle 
cavity design exceed the dimensional specifications 
required by the LHC crabbing system. The cylindrical 
outer conductor restricts in reducing the cavity size as the 
operating frequency is directly related to the cavity 
frequency. The rf geometry is modified into a square 
shape outer conductor with similar loading elements, 
where the operating frequency is adjusted by rounding the 
edges of the cavity (Fig. 1) [5]. The rf properties of the 
prototype in comparison with the cylindrical cavity are 
shown in Table 1. 

Figure 1: 400 MHz rf-dipole prototype with trapezoidal-
shaped loading elements and the cross section. 

Table 1: Properties of the Proof-of-principle and Prototype 
400 MHz Rf-dipole Cavities
 Parameter 

Cylindrical 
shaped 

Square 
shaped 

Units 

Cavity length 542.4 556.2 mm 

Cavity diameter 339.9 281.0 mm 

Aperture diameter (d) 84.0 84.0 mm 

Bars length 350.3 293.0 mm 

Bars inner height 80.0 117.5 mm 

Angle 50.0 ~12.0 deg 

Deflecting voltage (VT
*) 0.375 0.375 MV 

Peak electric field (EP
*) 4.02 3.65 MV/m 

Peak magnetic field (BP
*) 7.06 6.13 mT 

BP
* / EP

* 1.76 1.68 

Energy content (U*) 0.195 0.13 J 

Geometrical factor 140.9 106.2 Ω 

[R/Q]T 287.0 429.2 Ω 

RT RS 4.0×104 4.6×104 Ω2 

At ET
* = 1 MV/m 

The inner loading elements are curved to suppress the 
field non-uniformity across the beam aperture and to 
reduce the corresponding multipole components. 

*Authored by Jefferson Science Associates, LLC under U.S. DOE 
Contract No. DE-AC05-06OR23177. The U.S. Government retains a 
non-exclusive, paid-up, irrevocable, world-wide license to publish or 
reproduce this manuscript for U.S. Government purposes. 
#sdesilva@jlab.org 
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The complete cavity with fundamental power coupler 
and HOM couplers are shown in Fig. 2. The HOM 
couplers have been designed to achieve the transverse and 
longitudinal damping thresholds [5]. 

Figure 2: 400 MHz crabbing cavity proposed for LHC 

high luminosity upgrade. 

The rf-dipole prototype design is finalized in terms of 
electromagnetic properties. The simulated multipacting 
conditions using the Tack3P in SLAC ACE3P suite [4] 
shows improved levels compared to the cylindrical proof-
of-principle design [5]. 

MECHANICAL ANALYSIS 

The 400 MHz crabbing cavity proposed for the LHC 
luminosity upgrade is expected to be tested at the SPS 
beam line prior to the tests at LHC. The SPS tests will 
include 1 or 2 cavities in a single cryomodule. Current 
work is focused in fabricating and testing of the first 
prototype, followed by the cryomodule assembly and 
testing at the SM18 test cryostat at CERN. The cavity will 
be beam tested at SPS beam line [2]. Prior to the cryostat 
assembly the cavity will be tested in a vertical test stand, 
preferably at the Jefferson Lab vertical test facility. 

Stress Analysis 

The rf cavity is expected to withstand different load 
conditions under different external pressures related to 
operational and safety conditions during vertical rf testing 
[6], cryomodule testing and beam line testing [7] as listed 
below: 
 RF testing at the vertical test facility at Jefferson Lab 

• Testing condition – 1 atm external pressure at room 
temperature and during leak check 

• Operating condition – 1.1 atm external pressure 
and tuning force at 4 K. At 2 K the external 
pressure decreases to 0.03 atm 

• Safety condition – 1.4 atm external pressure at 
room temperature 

 Cryomodule testing at the SM18 test cryostat at CERN 

• Maximum allowable pressure – 1.5 atm 

• Safety test pressure – 2.1 atm at room temperature 

 Cryomodule testing in SPS at CERN 

• Maximum allowable pressure – 1.8 atm 

• Safety test pressure – 2.6 atm at room temperature 

The rf dipole cavity fabricated with Nb sheets will 
experience stress levels under the different operating 

conditions. The estimated stress levels are required to be 
below the yield strength for Nb with material properties 
shown in Table 2. 
Table 2: Material Properties of Nb at Room Temperature
(RT) and Cryogenic Temperature of 4 K Used at CERN

Parameter Value Units 

Density 8600 kg/m3 

Poisson’s ratio 0.4 

Young’s modulus at RT 1.0×1011 Pa 

Young’s modulus at 4 K 1.23×1011 Pa 

Yield strength at RT 75 MPa 

Max allowable stress at RT 70 MPa 

The stresses analyzed using ANSYS [8] shows that the 
edges of the loading elements experience the highest 
stresses due to external pressure (Fig. 3), hence requires 
additional reinforcement to reduce the stresses below the 
yield strength. 

Figure 3: Stress distribution at 4 K and external pressure 

of 1 atm for a cavity with 3 mm uniform thickness. 

Several options of cavity thicknesses with additional 
reinforcement were studied to achieve the design 
specifications for different operating conditions. Cavity 
with a uniform 3 mm thickness with stiffening plates 
added at the edges of the loading elements or a cavity 
with uniform thickness of 4 mm results similar stresses. 
The obtained stresses are below the yield strength for test 
conditions in a vertical test assembly, however does not 
meet the safety specifications for cryostat operation. 

The cavity with uniform thickness of 4 mm is 
considered with additional 4 mm stiffening plates shown 
in Fig. 4, meets the operational and safety requirements 
for testing in a vertical test assembly as well as in a 
cryostat test.  

Figure 4: Stress distribution at 4 K and external pressure 

of 1.1 atm. 

As shown in Fig. 5 at an external pressure of 2.1 atm 

the cavity body has a stress intensity below 70 MPa, 

Stiffening 

plates 
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which meets the specifications under cryostat operation. 

The higher stresses shown at the horizontal HOM coupler 

can be reduced with the fixed support by the addition of 

flange and helium tank mount. 

Figure 5: Stress intensity due to external pressure of 2.1 

atm at room temperature. 

Pressure Sensitivity 

The flat surfaces at the top and bottom of the cavity 
experience the highest deformation due to external 
pressure. Table 3 shows the pressure sensitivity of the 
different cavity design options. The cavity with a 4 mm 
uniform thickness and stiffening ribs improved the 
sensitivity to pressure with a reduced ratio of -18.5 
Hz/torr. 
Table 3: Pressure Sensitivity for Different Cavity Designs

Cavity Design 
df/dP

[Hz/torr] 
Cavity with no coupler ports of 3 mm 
uniform thickness 

-368.2 

Cavity with coupler ports of:
3 mm uniform thickness -369.6 

4 mm uniform thickness -170.8
4 mm uniform thickness and stiffeners -18.5 

Lorentz Detuning 

The Lorentz force detuning is an effect where the cavity 

is deformed by the radiation pressure. The magnetic field 

applies pressure and deforms the surface outward, while 

deformation due to electric field is inward as shown in 

Fig. 6. The curved loading elements around the beam 
aperture region reduce the deformation due to electric 
field while the outward deformation due to magnetic field 
counteracts the deformation due to external pressure to 
some extent. 

The Lorentz coefficients (kL) for different cavity 
designs: 
• with 3 mm uniform thickness = -162.9 Hz/(MV/m)2

 

• with 4 mm uniform thickness = -113.7 Hz/(MV/m)2
 

• with 4 mm uniform thickness and stiffeners = -84.5 
Hz/(MV/m)2

 

The stiffeners were placed on the cavity to reduce the 
stresses for vertical testing, cryostat operation and safety 

conditions. The Lorentz coefficients can be improved 
with further reinforcement. 

Figure 6: Deformation due to Lorentz force detuning.  

CONCLUSION 

The 400 MHz proof-of-principle cavity rf tests 
achieved a transverse voltage of 7.0 MV with high peak 
surface fields that gives the possibility of operating at a 
transverse voltage of 5.0 MV, which is above the expected 
goal of 3.4 MV. The preliminary mechanical analysis for 
the rf-dipole prototype cavity has been completed. Further 
analysis will be continued on reducing the pressure 
sensitivity and Lorentz detuning. 
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Abstract 
The current requirements of higher gradients and strict 

dimensional constraints in the emerging applications have 
required the designing of compact deflecting and crabbing 
rf structures. The superconducting rf-dipole cavity is one 
of the first novel compact designs with attractive 
properties such as higher gradients, higher shunt 
impedance and widely separated higher order modes. The 
recent tests performed on proof-of-principle designs of 
the rf-dipole geometry at 4.2 K and 2.0 K in the vertical 
test area at Jefferson Lab have proven the designs to 
achieve higher gradients with higher intrinsic quality 
factors and easily processed multipacting conditions. The 
cavity characteristics, such as pressure sensitivity and 
Lorentz force detuning, were studied using ANSYS 
before the fabrication. These characteristics were 
measured during the cavity test. The comparison between 
the simulation and the measurement provides insight how 
the simulation can be used for design and fabrication of 
future cavities.  

INTRODUCTION 

The Jefferson Lab 12 GeV [1] upgrade is in need of an 
rf separator system that separates the maximum energy 
beam in to the 3 experimental halls simultaneously. 
Figure 1 shows the 12 GeV beam line schematic with the 
rf separator systems required for the energy upgrade. 

 

Figure 1: Jefferson Lab 12 GeV beam line. 
 

The 6 GeV beam line has two separator systems for 
separating the beam horizontally and vertically. The 

horizontal separator system separates the beam that is 
recirculated into the linac from that sent to the 
experimental halls, where the vertical separator system 
separates the single beam into the 3 experimental halls. 
The existing rf separator system operates with a series of 
normal conducting rf separator cavities [2]. 

The 12 GeV energy upgrade requires a vertical rf 
separator system that operates at the increased beam 
energy. The superconducting rf-dipole cavity is one 
proposed options for the vertical separator system. Table 
1 shows the optimized 499 MHz deflecting rf-dipole 
cavity [3]. The rf test results are shown in Figure 2. 

 

Table 1: Properties of the 499 MHz Rf-dipole Deflecting 
 

Parameter Value Units 

Frequency 499.0 MHz 

Cavity length 44 cm 

Cavity diameter 25 cm 

Aperture diameter (d) 40.0 mm 

Deflecting voltage (VT
*) 0.3 MV 

Peak electric field (EP
*) 2.86 MV/m 

Peak magnetic field (BP
*) 4.38 mT 

Geometrical factor 105.9 Ω 

[R/Q]T 982.5 Ω 

RT RS 1.0×105 Ω2 

At ET
* = 1 MV/m    

 
 

Figure 2: Q curve of the 499MHz rf dipole cavity.  

 ___________________________________________  

*Authored by Jefferson Science Associates, LLC under U.S. DOE 
Contract No. DE-AC05-06OR23177. The U.S. Government retains a 
non-exclusive, paid-up, irrevocable, world-wide license to publish or 
reproduce this manuscript for U.S. Government purposes. 
#hkpark@jlab.org 
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FABRICATION 

The rf-dipole cavity was fabricated in parts consisting 
of two end caps and the center body sub-assemblies. The 
driving factors of the fabrication process at JLAB were 
the available expertise and time line. Instead of traditional 
stamping, machining a part of cavity was chosen due to 
its forming complexity and high stress identified during 
the study. Machining gave the freedom to increase the 
thickness where needed. The stiffeners were considered 
but not used in order to see the unstiffened cavity 
characteristics and performance. 

Figure 3 shows the fabrication sequence. Before the 
electron beam welding, all parts were trimmed and 
chemically etched. 

 

 
Figure 3: Fabrication sequence. 

 

The end caps, center shell halves, and beam pipes were 

formed using the stamping dies. The center shell halves 

are open ended and they were conformed to the fixture 

during the longitudinal seam weld as shown in Figure 4. 

Figure 4 also shows the welded shell and the machined 

shoulder block. 

 

Figure 4: Formed shell halves and fixture assembly (top). 
Center shell weldment and shoulder block (bottom). 

The sub-assemblies are then clamped tight and the 

frequency was measured (Figure 5). The frequency 

measurement and the center shell length trimming were 

repeated to achieve the target frequency. 

 

Figure 5: Clamped cavity for frequency measurement. 

The next weld was to assemble the center shell body to 

the shoulder blocks. The center shell profile was slightly 

mismatched to the machined shoulder which would cause 

the stepped transition surface when it was welded. 

Therefore, the two profiles were constrained again with a 

collapsible fixture. This fixture was inserted between the 

center shell and the shoulder block as shown in Figure 6. 

Once it was tack welded in the electron beam welding 

machine, the fixture was taken out and inside and outside 

welds were performed. 

 

Figure 6: Weld fixturing. 

The final welds were the joints between the center body 

sub-assembly and end cap sub-assemblies. These joints 

required full penetration welds from outside. 

COMPARISON 

ANSYS was used for structural analyses under various 

conditions [4,5]. Additional analyses were conducted for 

predicting frequency change during the process, pressure 

sensitivity, Lorentz force detuning, and so on.  

The target frequency of the cavity at room temperature 

before the final weld was calculated to be 497.8 MHz 

which would provide the operating frequency 499 MHz in 

the dewar.  

Table 2 lists the cavity’s frequency change along the 

process. The final trimming was done anticipating 498 

MHz after final welding. However the welded cavity 

frequency was measured much lower. The investigation 

concluded that the deviations in the center shell weldment 

from the design profile the reason. During the trimming 

measurement (Figure 5) the center shell gap width was 

smaller due to the spring back. This resulted in higher 

capacitance and a higher frequency. Once the shell was 

conformed to the design profile during the weld the gap 

widened which lowered the frequency.  

The total frequency shift from the welded cavity at 

room temperature to the cooled down evacuated cavity 
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was calculated 0.97 MHz and the equivalent measurement 

was 1.01 MHz. The measurement and simulated 

frequency changes are in agreement.  

 
Table 2: Frequency Changes of Cavity. 

Process 
Target/Simulation 

(MHz) 
Measurement 

(MHz) 
Before welding 
(clamped) 497.63 497.81 

Welded cavity at 
room temperature 

498.03 496.83 

After bulk BCP  498.31 497.21 

Evacuation and 
cool down to 4K* 

499.00 497.84 

* Simulation was separate but the measurements were 
made at the dewar simultaneously. 

 

The rf tests on the 499 MHz rf-dipole cavity were 

performed at 2.0 K and 4.2 K. The results show high 

unloaded quality factor and low surface resistance [6].  

The pressure sensitivity during the cool down process 

from 4.2 K to 2.0 K was measured to be -379.5 Hz/torr. 

As shown in Figure 7, the simulated results give a df/dP   

of -255.8 Hz/torr. The difference in the pressure 

sensitivity could be due to difference in material 

properties, and non-uniformity in the fabricated cavity. 

The higher sensitivity can be reduced by adding stiffeners 

at appropriate locations. 

 
Figure 7: Pressure sensitivity of the 499 MHz rf-dipole 
cavity. 

The Lorentz force detuning is an effect where the cavity 

is deformed by the radiation pressure. The magnetic field 

applies pressure and deforms the surface outward, while 

deformation due to electric field is inward. The change in 

cavity resonant frequency due to the deformation by 

Lorentz force was measured as shown in Figure 8. At 4.2 

K and 2.0 K the Lorentz coefficients were calculated to be 

kL = -57.7 and -53.7 Hz/(MV/m)
2
, and the slight variation 

in the number is possibly due to ports calibration. The 

simulated coefficient is kL = -52.4 Hz/(MV/m)
2
 with a 

frequency shift of 5.2 kHz at a transverse voltage of 3.0 

MV. This would also be reduced by adding stiffeners. 

 
Figure 8: Lorentz force detuning at 4.2 K and 2.0 K rf 
tests.  

CONCLUSION 

The first rf test of the 499 MHz deflecting cavity was 
carried out and the test results were compared with the 
simulations. Differences between the simulation and the 
actual measurements are expected due to material and 
fabrication tolerances. The comparison of the 499 MHz rf 
dipole cavity case proves that these studies are useful to 
predict the behavior of the cavity and help to design to 
minimize the adverse effects of the cavity environment. In 
the case of the pressure sensitivity, further study is 
required to understand the deviation between simulation 
and measurement.  
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GEOMETRY EFFECTS ON MULTIPOLE COMPONENTS AND BEAM
OPTICS IN HIGH-VELOCITY MULTI-SPOKE CAVITIES∗

C. S. Hopper† , K. Deitrick, and J. R. Delayen
Center for Accelerator Science, Department of Physics,

Old Dominion University, Norfolk, VA, 23529, USA and
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA

Abstract
Velocity-of-light, multi-spoke cavities are being pro-

posed to accelerate electrons in a compact light-source [1].
There are strict requirements on the beam quality which re-
quire that the linac have only small non-uniformities in the
accelerating field. Beam dynamics simulations have un-
covered varying levels of focusing and defocusing in the
proposed cavities, which are dependent on the geometry of
the spoke in the vicinity of the beam path. Here we present
the results for the influence different spoke geometries have
on the multipole components of the accelerating field and
how these components, in turn, impact the simulated beam
properties.

INTRODUCTION
To address the varying levels of focusing and defocusing

that beam dynamics simulations have shown exist, we first
evaluate the higher order multipole components contained
in the accelerating field to better understand what contribu-
tions could lead to the observed behavior. The design of
the cavities, and the linac, are then evaluated using results
generated by ASTRA particle tracking simulation code.

MULTIPOLE COMPONENTS
The higher order multipole components are analyzed us-

ing the method given in [2, 3]. Various cavities have been
considered for fabrication, and the field non-uniformity for
each of these cavities is shown in Fig. 2. The difference
in the models essentially comes down to the shape of the
spoke aperture region. A standard racetrack is preferred
because of the rf properties, but a rounded square, ring
[4], and elliptical aperture have also been studied, and are
shown in Fig. 1.

These geometries have varying degrees of symmetry.
The ring and racetrack apertures, for similar cavities, have
been studied and presented elsewhere [3]. Additional op-
timization of apertures (c) and (d) is necessary. However,
it is likely that some compromise would have to be made,
in terms of increased peak surface fields, to decrease the
multipole components. Figures 3 and 4 show the E

(2)
z and

E
(4)
z components as a function of position. All the cav-

ities have the same mesh, and similar E
(2)
z components,

however there is a clear difference in the E(4)
z components.

∗Work supported by U.S. DOE Award No. DE-SC0004094
† chopp002@odu.edu

Figure 1: Various spoke aperture geometries studied. (a)
racetrack, (b) rounded square, (c) ring, and (d) elliptical.

Figure 2: Dependence of transverse voltage (normalized to
Vacc) on transverse offset for the aperture geometries pre-
sented in Fig. 1.

WEPAC42 Proceedings of PAC2013, Pasadena, CA USA

868C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Accelerator Technology

T07 - Superconducting RF



Figure 3: E(2)
z for various aperture geometries.

Figure 4: E(4)
z for various aperture geometries.

With the square and elliptical aperture, the octupole com-
ponent is small enough to be obscured by noise.

While there are some similarities with the studies done
by [4] and [5] on HWRs and single-spoke cavities, the ge-
ometry of the spokes presented here (other than the actual
aperture region) is vastly different, which makes a direct
comparison difficult.

BEAM DYNAMICS
The beam dynamics were simulated using the current

cathode and gun specifications, detailed in [1]. After exit-
ing the gun, the electron beam is defocusing in both trans-
verse directions equally. The beam then gains 5.86 MeV in
the initial double-spoke cavity. The optical parameters of
the beam after a single cavity are presented in Tab. 2. As the

Table 1: Multipole Components, 500 MHz, β0 = 1
Aperture b2 [mT] b4 [mT/m2]
Geometry
Racetrack 0.37 + 0.006ı -3.9 + 720ı
Rounded Square 0.25 - 0.001ı N/A
Ring -0.45 - 0.07ı 141 - 264ı
Elliptical -0.1 - 0.001ı N/A

spoke cavities are not symmetric with respect to the beam
line, the transverse components are no longer equal, which
is expected. However, the difference between the trans-
verse components of either α or β differs between the four
designs. With the least difference is the elliptical aperture,
while the ring aperture has the most. Another noteworthy
point is that after a single cavity, the βx and βy of the beam
are diverging for the designs that are not the elliptical aper-
ture.

At the exit of the cavity, a perfectly round beam would
be such that βx = βy. After passing through a single cav-
ity, the list of apertures in order of decreasing roundness is
as follows: elliptical, rounded square, racetrack, and ring.
This is also the order that would be obtained by listing aper-
tures in order of increasing |b2|. A comparison of the beam
spots for the four designs with optimal configuration after
one cavity is seen in Fig. 5.

The results become even more interesting when the elec-
tron beam passes through two cavities, shown in Tab. 3.
The (-) entries correspond to an iris-to-iris distance of
0.619 m separating the two cavities, while (S) corresponds
to a distance of 0.255 m. Entries with (R) correspond to the
second cavity rotated 90◦ as in [1], so that the first spoke
in the second cavity the beam traverses is orthogonal to the
first spoke in the first cavity that the beam passes through.
A few conclusions can be formed. Both the ring and ellip-
tical apertures have βx and βy diverging, regardless of the
separation or orientation of the second cavity. The race-
track and rounded square apertures diverge for either sep-
aration if the second cavity is unrotated, while the βx and
βy converge for either separation if the second cavity is ro-
tated.

More narrow observations can be made. For both dis-
tances, a rotated second cavity produces a rounder beam
except for the (-) elliptical. Given that this technique works
on the elliptical if there is a shorter separation distance, it
may be that if a beam is round to the first order at the exit
of an unrotated second cavity, rotating the second cavity
decreases the roundness of the resulting beam. The beam
behavior similar to a quadrupole is when the beam focuses
in one direction while defocusing in the other, which cor-
responds to each transverse component of α having a dif-
ferent sign.

Since it has now become clear that the separation be-
tween the two cavities does have an impact that differs be-
tween designs, it is difficult to form any firm conclusions.
It is possible to configure the racetrack and rounded square
cavities to produce a converging beam for two cavities,
while it is impossible to do so with the ring and elliptical
designs, regardless of the distance between the two cavi-
ties. To develop further conclusions would require a sys-
tematic sweep over different separation distances and ori-
entation of the second cavity for all four aperture designs.
Though a worthwhile topic, it is beyond the scope of this
paper.

As the quadrupole moment is significant in all four of
the presented designs, it is difficult to discern the impact of
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Table 2: Beam Properties After a Single Cavity
Aperture αx αy βx [m] βy [m]
Geometry
Racetrack -19.58 -12.34 55.31 45.67
Rounded -20.21 -16.34 55.51 49.46
Square
Ring -4.687 -26.27 44.38 56.87
Elliptical -16.90 -18.47 53.42 51.28

Figure 5: Beam spots of the different designs, with corre-
sponding |b2| values, after a single cavitiy.

the octupole moment on the beam. Consequently, we are
unable to form any conclusions about the relationship be-
tween |b4| and the behavior of the beam. A study of this
aspect would require the quadrupole moment of the com-
pared designs to be sufficiently constant. Additionally, it
would also require a reliable method of accurately integrat-
ing E

(4)
z , which is difficult for the rounded square and el-

liptical apertures, as seen in Fig. 4.
To emphasize the connection between the beam behav-

ior and |b2| for a given aperture design, this analysis begins
with a single cavity. Once a second is added and it be-
comes clear that the separation between the two also has an
impact, making it difficult to discern the consequences of
separation and |b2| from the current set of results. Given a
linac consisting of four cavities, separated as in [1], the op-
timum results are shown in Tab. 4. Optimal configurations
for all designs except the elliptical are obtained by rotating
the second and fourth cavity. For the elliptical, the opti-
mum results are obtained by rotating only the third cavity.

CONCLUSION
The multipole components and beam optics have been

studied for different spoke aperture geometries. A race-
track shaped aperture provides the most desirable rf prop-
erties, and with the proper orientation, an acceptable beam
shape. The fabrication of this cavity is underway at Jeffer-

Table 3: Beam Properties after Two Cavities, with the Sec-
ond Cavity Rotated (R), Closer to the First Cavity (S), or
Both (RS)

Aperture αx αy βx [m] βy [m]
Geometry
Racetrack (-) -15.6 0.234 106 65.1
Rounded -15.3 -5.13 107 81.6
Square (-)
Ring (-) 7.15 -27.5 45.2 128
Elliptical (-) -8.98 -8.85 93.1 91.0
Racetrack (-R) -4.40 -7.74 92.6 75.6
Rounded -7.90 -11.4 97.1 90.4
Sqare (-R)
Ring (-R) -0.069 -8.45 49.2 118
Elliptical (-R) -6.34 -11.6 87.3 97.2
Racetrack (S) -13.8 -0.202 86.0 55.5
Rounded -13.6 -5.12 86.3 67.2
Square (S)
Ring (S) 6.95 -24.9 43.1 102
Elliptical (S) 6.13 -27.9 46.8 109
Racetrack (RS) -4.98 -6.95 76.2 64.0
Rounded -7.86 -10.3 79.0 74.2
Square (RS)
Ring (RS) 0.148 -10.1 46.0 94.8
Elliptical (RS) -1.22 -12.0 49.9 101

Table 4: Beam Properties After Four Cavities, Configured
to Produce Roundest Beam

Aperture αx αy βx [m] βy [m]
Geometry
Racetrack 5.555 2.035 94.68 78.64
Rounded 2.896 -0.1997 109.9 106.8
Square
Ring 4.782 4.879 31.46 132.9
Elliptical 1.945 1.567 103.5 108.5

son Lab.
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STUDY OF CAVITY IMPERFECTION IMPACT ON RF-PARAMETERS

AND MULTIPOLE COMPONENTS IN A SUPERCONDUCTING

RF-DIPOLE CAVITY∗

R. G. Olave, J. R. Delayen† , S. U. De Silva, Old Dominion University, Norfolk, VA, USA

Z. Li, SLAC National Accelerator Laboratory, Menlo Park, CA, USA

Abstract

The ODU/SLAC superconducting rf-dipole cavity is un-

der consideration for the crab-crossing system in the up-

coming LHC luminosity upgrade. While the proposed cav-

ity complies well within the rf-parameters and multipolar

component restrictions for the LHC system, cavity imper-

fections arising from cavity fabrication, welding and fre-

quency tuning may have a significant effect in these pa-

rameters. We report on an initial study of the impact of

deviation from the ideal shape on the cavity’s performance

in terms of rf-parameters and multipolar components.

INTRODUCTION

Due to transverse geometry constraints at the nominal

operating rf frequency of 400 MHz, novel compact cavi-

ties are under consideration for the upcoming LHC High

Luminosity upgrade. The ODU/SLAC superconducting rf-

dipole cavity is a suitable candidate as it satisfies the re-

quirements for high gradients, high shunt impedance, low

surface fields, no lower order modes, and well-defined and

widely-spaced higher order modes [1]-[3]. The cavity ge-

ometry, while compact, is not azimuthally symmetric and

therefore it becomes important to identify any higher order

multipolar components at the operating frequency, since

these can lead to beam instabilities in the LHC system. The

ODU/SLAC rf-dipole cavity satisfies all specifications for

the LHC crab cavity system in terms of rf parameters and

in terms of multipole contributions up to the octupole term

[4]; Table 1 presents a list of the relevant rf parameters for

the cavity. As we prepare for fabrication of a prototype cav-

ity, we are analyzing the impact of individual imperfections

or departures from the ideal cavity geometry, that may arise

from fabrication or welding errors, while additional distor-

tions would result from the tuning process. In this paper,

we present an initial analysis on how such geometry im-

perfections, particularly those due to welding of the poles,

would result in the introduction of undesired higher order

multipole components.

IMPERFECTIONS IN THE POLES VS

FIELD UNIFORMITY

The design optimization of the cavity showed quite

clearly that the geometry of the aperture region of the poles

∗Work supported by U.S. DOE through the US LHC Accelerator Re-

search Program (LARP)
† jdelayen@odu.edu

Table 1: RF Parameters of the 400 MHz Rf-dipole Cavity

(at ET = 1 MV/m and Reference Length β0λ)

Parameter Units

Frequency(R/Q)T 412.7 Ω
(R/Q)T * (QRs) 4.43x104 Ω2

Ep/ET 3.66

Bp/ET 6.14 mT (MV/m)

near the beam axis is of vital importance in minimizing the

contribution of the sextupole component, which results in a

more uniform deflecting voltage across the beam aperture

region. For this reason, we start by looking into imperfec-

tions in the shape or welding of the poles. Using CST Mi-

crowave Studio R⃝ 2012 (CST MWS) we have altered the

optimized design near the beamline to introduce individual

defects in the alignment or geometry of one of the poles,

according to the following list:

• (A) Yaw (rotation about y-axis) of one pole.

• (B) Pitch (rotation about x-axis) of one pole.

• (C) Roll (rotation about z-axis) of one pole.

• (D) Horizontal displacement of one pole.

• (E) Vertical displacement of one pole.

• (F) Blending radius at the outer corner of one pole.

• (G) Blending radius of the feather-like structure near

the beamline of one pole.

• (H) Aperture radius in one pole.

Figure 1 shows transverse and longitudinal views of the

cavity, where the optimized pole geometry can clearly be

seen, as well as the places where deformations have been

added according to the previous list.

The robustness of the cavity design is such that none

of the individual imperfections introduced so far produces

drastic changes in the rf-parameters. For items (A), (F)

and (G), the transverse voltages (normalized to the trans-

verse voltage at the ideal cavity’s beamline) barely change

as function of transverse offset from the ideal beamline,

from those of the ideal cavity geometry. This can be seen

for example in Fig. 2, which includes a plots for differ-

ent yaw (rotation about the y-axis) angles, as well as a plot

(red) of the transverse voltage as a function of transverse

offset of the ideal cavity for reference. As can be seen,

there is field uniformity in a large region within the cavity’s

aperture, even for large yaw angles in one of the poles.

Frequency 400.28 MHz
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Figure 1: Longitudinal and transverse views of the opti-

mized cavity, and individual imperfections that have been

introduced in the geometry of the left pole.

Figure 2: Effects of the yaw (rotation about the y-axis) of

one pole on the normalized transverse voltages in the aper-

ture region.

The introduction of a pitch angle results in changes sim-

ilar to those of displacing a pole in the vertical direction,

items (B) and (E). These result in an asymmetry in the hor-

izontal (x-direction) voltage profile, accompanied by dis-

placement of the electrical center of the cavity. This can

clearly be seen in Fig. 3, which shows the effects of the

pitch (rotation about the x-axis) of one of the poles on the

normalized transverse voltage as a function of transverse

offset.

The largest effects on the normalized transverse voltages

seen so far are due to the roll (rotation about the z-axis) of

one of the poles. These effects can be seen in Fig. 4 as a

sharp asymmetry in the vertical (y-axis) voltage profile, as

well as a displacement on the electrical center of the cavity.

Figure 3: Effects of the pitch (rotation about the x-axis) of

one pole on the normalized transverse voltages.

It is worthwhile to note that even for large imperfections,

such as a roll angle of 5◦, the change in the normalized

transverse voltages is on the order of a few percent.

Figure 4: Effects of the roll (rotation about the z-axis) of

one pole on the transverse voltages.

The effect of a horizontal displacement of one of the

poles, item (D), is simply to shift the electrical center of

the cavity. The effects of changing the aperture radius of

one of the poles, item (H), is still under analysis.

IMPERFECTIONS OF THE POLES VS

MULTIPOLE COMPONENTS

Following the procedure outlined in [5]-[8], from the in-

terpolation of the electromagnetic fields on the surface of a

virtual cylinder of radius R through the length of the cavity
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in a region free of charge, a general complete solution to

the fields can be found. The accelerating electric field can

then be expressed as:

Ez(r, φ, z) = Eze
iωt =

∞
∑

n=0

rn
(

E(n)
z cos(nφ)

)

eiωt (1)

where Ez is the electric field along the beamline direction z
and ω is the rf frequency. If the field Ez(R, φ, z) is known,

then the coefficients E
(n)
z can be found via inverse Fourier

integration of the surface fitted field.

Using the Panofsky-Wenzel theorem we may then calcu-

late the transverse change in momentum (kick) of the par-

ticles as a series of multipolar RF kicks:

∆p⊥ =
( e

ω

)

+∞
∫

−∞

(−i)∇⊥Ez|t=z/vzdz (2)

Finally, we can express the transverse rf-kicks in the no-

tation commonly used for the multipole magnetic kick

strength for magnets. It is important to notice that in our

case, the transverse rf-kicks are not static, but functions of

time, and as such, they are complex numbers oscillating at

the rf-frequency of interest (400 MHz).

B(n)(z) =
nj

ω
E(n)

z (z), bn =

+∞
∫

−∞

B(n)(z)dz. (3)

Table 2 presents the multipolar components of the ideal

cavity for reference. Because of the geometry of this cav-

ity, all even bn should be zero, so that gives us a reference

for the degree of error in our calculations. Table 3 presents

the multipole components for the cavities with the imper-

fections we have used as examples, namely for varying (A)

yaw, (B) pitch, and (C) roll, normalized to VT = 1 MV.

Table 2: RF Multipole Components, Normalized From

Simulation Field Data to VT = 1 MV, of the 400 MHz Rf-

dipole Cavity

Multipole

Unitscomponent

VT 1 MV

b1 3.3 mT m

b2 0.001 mT

b3 37.4 mT/m

b4 -1.8 mT/m2

b5 -1.94 x 105 mT/m3

It can be seen that although higher order multipole com-

ponents appear when the cavity is deformed, their contribu-

tion is not too significant (supported by the small percent-

age of variation in the transverse voltage profiles presented

in the previous figures), and the cavity remains within the

specifications required for the LHC crab cavity system.

Table 3: RF Multipole Components, Normalized From

Simulation Field Data to VT = 1MV , of the 400 MHz Rf-

dipole Cavity. Units of mT m/m(n−1)

Imperfection b1 b2 b3 b4

yaw 1◦ 3.3 -0.003 36.1 41.1

yaw 2◦ 3.3 -0.0003 33.2 158.1

yaw 5◦ 3.3 -0.02 13.8 983.4

pitch 1◦ 3.3 -0.01 38.2 -18.1

pitch 2◦ 3.3 -0.05 40.4 -86.1

pitch 5◦ 3.3 -0.35 55.1 -561.4

roll 1◦ 3.3 -0.2 44.1 -171.0

roll 2◦ 3.3 -0.5 51.9 -374.6

roll 5◦ 3.3 -1.6 85.2 -1115.8

CONCLUSION

We are analyzing the impact of imperfections in the

shape of the cavity on rf-parameters and multipole compo-

nents. So far there are no deformations that would make the

cavity non-compliant with the requirements for the LHC

crab system. However, the analysis is not complete, and

there can be significant shifts in the electrical center of the

cavity. Our future plans include a comparison of these pa-

rameters for cavities normalized to the electrical center of

the cavities, as opposed to normalization with respect to the

ideal cavity.
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Abstract 
    A single-cell superconducting deflecting cavity 
operating at 2.815 GHz has been proposed and designed 
for the Short Pulse X-ray (SPX) project for the Advanced 
Photon Source (APS) upgrade. Each deflecting cavity is 
equipped with one fundamental power coupler (FPC), one 
lower order mode (LOM) coupler, and two higher order 
mode (HOM) couplers to achieve the stringent damping 
requirements for the unwanted modes. Using the 
electromagnetic simulation suite ACE3P, HOM damping 
was calculated for the cavity including the full 
engineering design waveguide configurations and rf 
windows. Trapped modes in the bellows located in the 
beampipes connecting the cavities in a two-cavity 
cryomodule were analyzed. Multipacting activities in the 
cavity and damping waveguides were simulated under the 
condition of field asymmetry due to a realistic cavity 
imperfection to assess possible problems during high 
power processing.  

INTRODUCTION 
    The Advanced Photon Source (APS) can provide 
photon pulses of several tens to hundreds of picoseconds. 
There are growing requests from users to use shorter 
pulse X-rays (SPX) for the analysis of short time-scale 
physical processes. It has been proposed at APS [1,2] to 
utilize a pair of superconducting deflecting cavity 
modules to generate ~1ps X-ray pulses at one of the 
straight sections, without disrupting the regular X-ray 
pulse usage for other users. In the proposed scheme, the 
first set of cavities add a correlation between bunch 
longitudinal position and transverse momentum. X-Rays 
produced by this bunch will also have this correlation, and 
can be put through transverse slits to produce a much 
shorter X-Ray pulse. The second set of cavities are 
located a multiple of 180 degrees of phase advance to 
unchirp the beam, removing the effects of the first cavity 
set. A cryomodule of four such cavities on each side of 
the undulator will be needed to produce the required 2-
MV deflecting voltage [3].     

A two-cavity prototype cryomodule, Fig. 1, is 
currently under construction and to be tested before the 
full installation of the four-cavity cryomodules for the 
APS upgrade. Because of the added complicity of the 
multi-cavity system, understanding of potential trapped 

modes and multipacting issues in such a multi-cavity 
system is essential to validate the design concept. In 
addition to the planned test, detailed numerical analysis of 
the HOM damping and multipacting were carried out on 
the two-cavity prototype module. In this paper, we present 
the simulation results of HOM damping and multipacting 
analysis under realistic imperfection conditions. 
 

Figure 1: SPX two-cavity deflecting module, and the 
layout of the FPC and HOM/LOM damping couplers 

TWO CAVITY PROTOTYPE MODULE  
The layout of the two-cavity module, including the 

couplers, bellows, and extended beam pipes, is shown in 
Fig. 1. The cavity has a flattened oval shape and operates 
in the TM110 mode at 2.815 GHz, which has a strong 
magnetic field on the beam axis that produces transverse 
deflection. The RF power is fed from a fundamental 
power coupler (FPC) waveguide, the vertical waveguide 
in Fig. 1, which forms one of the legs of a ”Y”-end-group 
off-cell. The other two legs of the “Y”-end-group, the 
curved waveguide underneath the cavities, are for 
damping the higher-order modes. The cavity also supports 
a TM01 mode, which is at a lower frequency than the 
operating mode. An on-cell lower order mode (LOM) 
coupler, horizontal waveguide in Fig. 1, is directly 
attached to the cell at the cavity equator which offers a 
more compact geometry with enhanced LOM and HOM 
damping. Beampipe bellows are in between the two 
cavities for alignment flexibility.  

We have used the parallel finite element EM code 
suite ACE3P [4] developed at SLAC to analyze the 
trapped mode damping and multipacting in the two-cavity 
cryomodule. Fig. 2 shows the finite element mesh around 

 

 
Figure 2: Finite-element mesh around the cavity and beam 
pipe bellows and the field profile of the operating mode. 

*Work supported by the U.S. Department of Energy, Office of Science, 
Office of Basic Energy Sciences, under Contract No. DE-AC02-
06CH11357 
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the cavity and the bellows used by the ACE3P code. The 
electric field profile of the operating mode, which 
produces a vertical deflection, is also shown in Fig. 2. 

TRAPPED MODES AND HOM DAMPING 
IN THE TWO-CAVITY MODULE   

HOM Damping and Impedance 
The HOMs up to 4.6 GHz were calculated using the 

Omega3P parallel eigensolver. The FPC, the LOM/HOM, 
and the beampipe ports are modelled with absorbing 
boundary conditions to evaluate the external Qext. Due to 
the geometry asymmetry, most of the HOMs are not 
centred at the geometric axis of the cavity. Because of this 
centre offset, a beam passing through the cavity centre 
will see multipole field components [5]. For example, a 
mode with a clear dipole mode pattern will have a finite 
monopole component when the centre is off the cavity 
axis. After the eigenmode calculations with Omega3P, the 
multipole components of each mode were calculated with 
respect to the beam centroid using a postprocessing tool. 
The impedances associate with the multipole field 
components of each mode were then calculated and are 
plotted in Fig. 3. The RF quantities plotted in Fig.3 are 
defined as the following, with “v” the voltage of the 
respective multipole component. 

 
 
 

Simulation results have shown that all the modes are 
well damped. There are no significant trapped modes 
found in the two-cavity system. Both transverse and 
longitudinal impedances met the requirements for beam 
stability [6]. 

HOMs in the Beam Pipe Bellows Region 
There are a few modes above the beam pipe TM010 

cutoff frequency of 4.41GHz that have longitudinal 
impedances of about 100 ohms. Two of these longitudinal 
modes are shown in Fig. 4. Both have relatively strong 
magnetic fields in the bellows region. These are the type 
of modes of concern in a multi-cavity module as they 
could produce RF heating to the bellows. Simulation 
results have showed that the two-cavity prototype module 
design can provide essential damping via the LOM and 
HOM couplers to these modes thus minimizes the beam 
coupling to the modes. As a result, the RF heating by 
these coupled modes does not seem to be of concern.  

MULTIPACTING DUE TO FIELD 
ASYMMETRY 

The rectangular LOM coupler has a TE10 mode cutoff 
frequency lower than the deflecting mode frequency. The 
rejection of the LOM coupler to the deflecting mode 
relies solely on the field symmetry. In an ideal case, the 
deflecting dipole mode can only couple to the TE20 mode 
of the LOM coupler which is cutoff at the operating 
dipole mode frequency. The asymmetric “Y”-end-group 
causes only a slight field asymmetry in the cavity which 
in turn induce negligible power leakage through the LOM 
coupler. However, the first horizontal test of a prototype 
cavity showed sharp heating at the LOM strongly 
correlated with a strong Q-switch and a significant power 
leakage through the LOM coupler [7]. This pointed to a 
field asymmetry caused by a shape imperfection and 
possible multipacting related to such a field that limited 
the cavity performance. Track3P multipacting simulation 
code was used to analyse multipacting resonances under a 
field asymmetry modeled with a simple “dent 
imperfection” on the cavity wall. The amount of “dent” 
induces an RF leakage that is comparable to the 
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Figure 3: Qext and impedances of the HOMs in the two-
cavity system. 

 

 
Figure 4: Monopole modes that have strong magnetic 
fields in the bellows region. 
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measurement. Fig. 5 shows the field leaking via the LOM 
coupler (horizontal) with the induced field asymmetry by 
a “dent”. The multipacting map obtained for the “ideal” 
and “imperfect” cavities are shown in Fig. 6 for 
comparison.  

 
The multipacting band in the LOM coupling iris region 

is shifted to a higher field level in the case with the field 
asymmetry. The impact energies of the resonant 
trajectories in this band are mostly lower than 50 eV.  The 
SEY for niobium at these energies are relatively low, and 

the multipacting bands in both “ideal” and “imperfect” 
cases are considered not strong barriers. 

An enhanced multipacting band around 0.24 MV 
deflecting voltage was found in the symmetrizing dog-
bone in the case with the field asymmetry. The energies 
of the resonant trajectories in this band are as high as 140 
eV. The SEY of these trajectories is much higher than the 
ones around the LOM iris. Significant multipacting is 
possible in this region when a field asymmetry exists. 
This multipacting band was observed in the RF testing of 
the prototype cavity that has a imperfection asymmetry 
[6]. The multipacting band was eliminated in the RF test 
by tuning the LOM coupler to minimize the leakage and 
subsequently the field asymmetry, which agrees with the 
analogy of an ideal cavity.   

SUMMARY 
HOMs and trapped modes were calculated for the two-

cavity prototype cryomodule using the parallel code 
Omega3P. No dangerous trapped modes were found in 
the two-cavity system. All modes were well damped. 
Both the transverse and logitudinal impedances are below 
the instability threshold. A few monopole modes above 
4.41 GHz were found to have strong fields in the bellows 
region. These modes are well damped by the LOM/HOM 
couplers and are low in impedances. HOM heating of the 
bellows does not seem to be a significant issue. 
Multipacting in the cavity due to imperfection and 
asymmetry was analyzed using Track3P. An enhanced 
multipacting band in the symmetrizing stub was found 
when there is a finite RF power leakage through the LOM 
coupler due to a shape imperfection, which can be 
eliminated by tuning the LOM coupler. The simulation 
results are in good agreement with the RF test of a 
prototype cavity.  
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Figure 5: Power leakage through the LOM coupler in an 
imperfect geometry with a “dent”, comparable to the 
leakage measured in the prototype cavity. 

 

 

 
                      LOM iris             Symmetrizing stub 

Figure 6: Effect of a field asymmetry on multipacting. 
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WAKEFIELD COMPUTATIONS FOR A CORRUGATED PIPE AS A BEAM 
DECHIRPER FOR FEL APPLICATIONS* 

C.-K. Ng, K.L.F. Bane, SLAC, Menlo Park, USA 

Abstract 
A beam “dechirper” based on a corrugated, metallic 

vacuum chamber has been proposed recently to cancel 
residual energy chirp in a beam before it enters the 
undulator in a linac-based X-ray FEL. Rather than the 
round geometry that was originally proposed, we consider 
a pipe composed of two parallel plates with corrugations. 
The advantage is that the strength of the wake effect can 
be tuned by adjusting the separation of the plates. The 
separation of the plates is on the order of millimeters, and 
the corrugations are fractions of a millimeter in size. The 
dechirper needs to be meters long in order to provide 
sufficient longitudinal wakefield to cancel the beam chirp. 
Considerable computation resources are required to 
determine accurately the wakefield for such a long 
structure with small corrugation gaps. Combining the 
moving window technique and parallel computing using 
multiple processors, the time domain module in the 
parallel finite-element electromagnetic suite ACE3P 
allows efficient determination of the wakefield through 
convergence studies. In this paper, we will calculate the 
longitudinal, dipole and quadrupole wakefields for the 
dechirper and compare the results with those of analytical 
and field matching approaches.  

INTRODUCTION 
In order to cancel the residual energy chirp in a beam 

before it enters the undulator in a linac-based FEL, a 
beam dechirper whose design consisting of periodic 
corrugations on the chamber walls has been proposed [1]. 
Such a dechirper is a passive device as it uses the 
longitudinal wakefield generated by the beam transit to 
compensate for the energy difference within the beam. 
The dechirper can be installed in machines such as LCLS-
II where a superconducting linac will be used for beam 
acceleration and the wakefields generated in the 
superconducting cavities are not strong enough to dechirp 
the beam. 

The original dechirper proposed for the light source 
NGLS was a round corrugated metallic pipe. The 
wakefields for the round geometry have been calculated 
using an analytical approach and formulas are available. 
Later, a flat rectangular geometry with corrugations on 
two parallel metallic plates was adopted and a dechirper 
was built and tested [2] at the injector test facility (ITF) 
for the PAL-XFEL in Korea [3]. The rectangular 
geometry has the advantage that the separation of the 
plates can be adjusted for different machine operation 
conditions. Formulas for the wakefields obtained by the 
analytical approach have been worked out recently for the 

rectangular case [4, 5]. Furthermore, numerical method 
using field matching in the frequency domain has been 
developed [4], which is believed to be more accurate than 
the analytical method. 

The analytical approach is a good approximation when 
the depth and period of the corrugation are small 
compared with the separation of the plates. The 
corrugations in the dechirper being tested at PAL are 
small with respect to the chamber dimensions, but it is 
desirable to perform direct simulation by 3D 
electromagnetic code to verify the validity of the 
analytical approximation. This work focuses on numerical 
simulation using the finite-element electromagnetic code 
suite ACE3P [6] to calculate the wakefields of the 
dechirper and compare them with the analytical and field 
matching approaches. In addition to determining the 
longitudinal wakefield that is used to cancel the energy 
chirp of the beam, the dipole and quadrupole wakefields 
that kick and defocus the beam and hence increase its 
emittance will also be evaluated. 

THE DECHIRPER MODEL 
A sketch of the geometry of the dechirper is shown in 

Fig. 1. The corrugation is defined by the period p, the gap 
g, and the depth h. These corrugation parameters are 
fractions of a millimeter in size. The corrugations are 
located at the top and the bottom of the rectangular 
chamber with half height a and half width w. In order to 
provide sufficient longitudinal wakefield, the height of 
the dechirper needs to be small enough (on the order of 
millimeters), which is small compared with the chamber 
width, and the length of the dechirper needs to be long 
enough (on the order of meters). The dimension 
parameters of the dechirper tested at PAL are a = 3 mm, p 
= 0.5 mm, g = 0.3 mm, and h = 0.6 mm. In practice, a is 
adjustable from 2a = 5 mm to 28 mm.  The validity of the 
analytical approximation is when p, h << a and the 
corrugation depth h is much larger than its period p. It can 
be seen that the corrugation dimensions are about an order 
of magnitude smaller than the dechirper height. A direct 
3D numerical simulation is required for cross check of the 
analytical calculation. 

 
Figure 1:  Sketch of the geometry of the dechirper.  ______________________  

* Work supported by the Department of Energy under Contract Number: 
DE-AC02-76SF00515. 
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NUMERICAL APPROACH 
The 3D numerical simulation is performed using the 

time domain module T3P of the code suite ACE3P. The 
wakefield computation in T3P is facilitated by the 
following simulation capabilities. First, T3P runs on 
computers at NERSC computing facility, which provides 
massively parallel computation to achieve fast computing 
speed. Second, a moving window technique for 
unstructured grids implemented in T3P confines short-
range wakefield computation to the region of the mesh 
around the moving beam, thus substantially enhancing the 
computation efficiency. It should be pointed out that 
while it is straightforward to implement the moving 
window technique in the FDTD method with regular 
rectangular grids, its implementation in the finite-element 
method using unstructured grids is rather non-trivial [7, 
8]. It requires careful mapping of field quantities when 
transferring the solution from the current window to the 
next one, especially under the computation environment 
where multiple computer processors are used.  

Despite the above-mentioned computational 
advantages, simulating the full dechirper of meters long 
and with large chamber w/a aspect ratio is still 
challenging, if not infeasible. Fortunately, the wakefield 
will reach steady state after a certain catch-up distance, 
and the reflection from the sides of the chamber will be 
negligible when w/a is larger than a certain value. 
Therefore, a reduced model with much smaller length and 
width than the actual device can be used to obtain 
accurately the wakefield per unit length of the dechirper. 
Because of symmetry, only a quarter of the reduced 
model as shown in Fig. 2 is needed for T3P calculation. 
 

 
Figure 2: One quarter of the vacuum region of the 
dechirper model with corrugations situated on a half of 
the top plate used for T3P simulation. The full model is 
obtained by reflection with respect to the horizontal and 
vertical planes. 

Figure 3 shows three snapshots of the beam transit in 
the dechirper with 160 corrugations. The computation at 
each time step in T3P is confined only in the colored 
region when the moving window technique is employed 
in following the transiting beam. Thus the computation 
domain is only a small fraction of the model, which 
drastically reduces the computation time. 

Convergence studies have been performed by varying 
the number of corrugations and the width of the chamber, 
respectively. It was found that when the number of 
corrugations reaches 160, the longitudinal wakefield per 
unit length does not change. Fig. 4 shows the comparison 
of the longitudinal wakefields for a model with 144 and 
160 periods. It can be seen that the two curves are almost 
the same. In a similar manner, when the chamber w/a 

aspect ratio is greater than about 2.5, the wakefield 
remains unchanged. In all the following numerical 
simulations, the dechirper model has 160 corrugations 
and w/a of the rectangular chamber is 3. 

 

 
Figure 3: Snapshots of beam transit in the dechirper with 
160 corrugation periods. The beam comes in from the left 
boundary at the origin (the lowest corner) and moves to 
the right. The colored region in each snapshot indicates 
the moving window at the corresponding time.  

 
Figure 4: Longitudinal wakefield per unit length of the 
dechirper with 144 and 166 corrugations. 

WAKEFIELDS OF DECHIRPER 
The dimensions of the PAL dechirper have been listed 

in a previous section. To calculate the wakefields of the 
dechirper, a Gaussian bunch with  = 0.45 mm is used, 
which corresponds to the rms beam size at the PAL test 
facility. Choosing appropriate boundary conditions at the 
symmetry planes in the quarter model shown in Fig. 2, 
one can determine the monopole and quadrupole 
wakefields with the beam transiting on the axis in a single 
T3P run, and the dipole wakefield with the beam 
transiting at an offset position in the vertical direction 
using different boundary conditions in another T3P run. 
The total transverse wakefield in the vertical direction is 
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the sum of the dipole and quadrupole components and is 
given by 

, 

where Wyd and Wyq are the dipole and quadrupole 
wakefields, and yd and yw are the positions of the drive 
and witness particles, respectively. The wakefields are 
expressed in terms of per meter length so that the values 

 

 

Figure 5: (Top) Longitudinal, (Middle) dipole, and 
(Bottom) quadrupole wakefield per meter length of the 
dechirper obtained by the analytical, field matching and 
numerical approaches. 

for the actual dechirper can be readily obtained by 
multiplying with its length. In each of the monopole, 
dipole and quadrupole calculations, the T3P numerical 
results are compared with those evaluated by the 
analytical and field matching approaches.  

Figure 5 shows the longitudinal, dipole and quadupole 
wakefields obtained by T3P numerical calculation, the 
analytical and field matching approaches. The loss factor 
obtained by numerical calculation is 821 V/pC/m, and the 
kick factors for the dipole and quadrupole components are 
75 V/pC/mm/m and 52 V/pC/mm/m, respectively. In 
comparing the results of different approaches, Table 1 list 
the ratios of the loss or kick factors for any two of the 
approaches. In general, the analytical and field matching 
approaches agree with each other within 10%, while the 
numerical approach agrees either with the analytical 
approach or the field matching approach within 10-20%, 
depending on individual cases. This indicates that while 
analytical formulas render a fast means to determine the 
wakefields in a dechirper, in particular in exploring the 
parameter regime during the initial design phase, it is 
always desirable to further quantify the results with 
numerical methods for the final design. 
Table 1: Comparison of the ratios of the loss factor or 
kick factors obtained by the analytical, field matching and 
numerical approaches. 
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MECHANICAL DESIGN OF A NEW INJECTOR CRYOMODULE 2-CELL 
CAVITY AT CEBAF* 

G. Cheng#, J. Henry, J. Mammosser, R. A. Rimmer, H. Wang, M. Wiseman, S. Yang, JLAB, 
Newport News, VA 23606, USA

Abstract 
As a part of Jefferson Lab’s 12 GeV upgrade, a new 

injector superconducting RF cryomodule is required. This 
unit consists of a 2-cell and 7-cell cavity, with the latter 
being refurbished from an existing cavity. The new 2-cell 
cavity requires electromagnetic design and optimization 
followed by mechanical design analyses. The 
electromagnetic design is reported elsewhere. This paper 
aims to present the procedures and conclusions of the 
analyses on cavity tuning sensitivity, pressure sensitivity, 
upset condition pressure induced stresses, and structural 
vibration frequencies. The purposes of such analyses 
include: 1) provide reference data for cavity tuner design; 
2) examine the structural integrity of the cavity; and 3) 
evaluate the 2-cell cavity’s resistance to microphonics. 
Design issues such as the location of stiffening rings, 
effect of tuner stiffness on cavity stress, choice of cavity 
wall thickness, etc. are investigated by conducting 
extensive finite element analyses. Progress in fabrication 
of the 2-cell cavity is also reported. 

CEBAF NEW INJECTOR CRYOMODULE 
CAVITIES 

Presently in the injector section of CEBAF there is a 
“Quarter Cryomodule”, which has two 5-cell cavities. 
With the upgrade of operating energy from 6 GeV to 12 
GeV, a few options for the booster cavity layout have 
been studied [1] and the 2-cell plus 7-cell cavities layout 
is deemed desirable. The demanded field amplitude for 
the 7-cell cavity is around 13 MV/m. An economic 
decision is made to refurbish a low loss JLAB 
Renascence cryomodule [2] 7-cell cavity, which is 
capable to provide 17-21 MV/m accelerating field 
amplitude, to be used in the new Injector Cryomodule. 
The 2-cell cavity is a new design based on the low loss 
cavity shape and is expected to provide approximately 4.6 
MV/m accelerating field.  

2-CELL CAVITY MECHANICAL DESIGN 
The 2-cell cavity is made of high RRR fine grain 

niobium. Basic mechanical properties used in all design 
analyses are listed in Table 1. Note that the 2-cell cavity 
niobium material is the same as SNS cavity material and 
the cavity will be baked at 600 oC for 10 hours. Although 
niobium is not a “code material”, the ASME Boiler & 
Pressure Vessel Code (BPVC) rules are referenced during 

the pressure induced stress analysis for the 2-cell cavity. 
The allowable stresses are determined per BPVC rules, 
i.e. the allowable stress is the lesser of 2/3 of yield 
strength or 1/3.5 of the tensile strength.  

Among the major cavity mechanical design 
considerations, the choice of cavity wall thickness is 
mainly dictated by the upset condition pressure induced 
stress. The wall thickness also affects the cavity stiffness, 
tuning and pressure sensitivities, as well as vibration 
natural frequency. Similar theory applies to the option of 
using ring shape stiffeners. All mechanical design 
analyses are performed in ANSYS®. The tuning and 
pressure sensitivity calculations involve electromagnetic 
to structural coupled field analysis technique. Each design 
topics is addressed in a bit more details in the following 
sections. 

 

Table 1: High RRR Niobium Mechanical Properties [3-5] 

Properties 
Room 

Temperature 
Cryogenic 

Temperature 

Young’s Modulus, psi 1.49e7  1.79e7 

Poisson’s Ratio 0.38 0.38 

Density, lb/in3 0.31 0.31 

Yield Strength, ksi 9.5 83.7 

Tensile Strength, ksi 26.3 118.8 

Allowable Stress, ksi 6.33 33.9 

2-CELL CAVITY STRUCTURAL STRESS 
Three loading conditions are examined for the stress 

state in the 2-cell cavity: 1) 2.2 atm pressure at room 
temperature (R.T.) simulating pressurization during the 
cryomodule cool down process, 2) 5 atm pressure at 
cryogenic temperature (C.T.) simulating pressurization 
caused by upset conditions [6], and 3) 5 atm pressure with 
300 µm tuning displacement. The pressure chamber 
surrounding the niobium cavity is formed by the interior 
of a helium vessel and the cavity external surfaces. The 
helium vessel for this 2-cell cavity is made of stainless 
steel and has one bellows to mitigate the thermal stress 
developed during cool down and caused by the mismatch 
of expansion coefficients between niobium and stainless. 
The bellows also permits tuning of the cavity without 
holding up against an otherwise stiff helium vessel. 
Outside the helium vessel, a scissor-jack tuner is 
mounted. The helium vessel bellows and tuner are 
simulated as springs in the cavity stress analysis model. 
The bellows’ longitudinal spring constant is relatively 
small. The tuner’s warm and cold stiffnesses are analysed 
separately on a preliminary tuner design model.  

 ___________________________________________  
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Two cavity wall thickness values are considered in the 
stress analyses: 3 mm and 4 mm. As to the stiffening 
rings, three design options, i.e. no rings, one ring between 
2 cavity cells and 3 rings (2 added between the cells and 
helium vessels), are investigated. It is found that at least 3 
rings are needed to reduce the pressure induced stress. 
The stiffening rings’ radial locations are studied and it is 
found that large diameter rings would increase the cavity 
stiffness hence reduce the stresses, however, when the 
rings are too big, electron beam welding of these rings 
could affect the braze joint between niobium  cavity and 
stainless steel helium vessel. In addition, if the cavity and 
helium vessel assembly is too stiff, tuning of the cavity 
will become difficult. The stiffening ring diameter is 
finally decided to be consistent with that for the 7-cell 
cavity. Table 2 shows the stress results for the 2-cell 
cavity with 3 stiffening rings and 3 mm or 4 mm wall 
thickness. Based on Table 2, the 4 mm cavity is selected. 
Note that the peak stresses typically occur at sharp 
corners where the stiffening rings are welded to the 
cavity. Such stresses are disregarded due to finite element 
model singularities that are incredible. The “body stress” 
is taken at “hotspots” that are away from the singularity 
points. Figure 1 shows the stress for the 4 mm thick 
cavity subjected to 2.2 atm pressure at R.T.  

 
Table 2: Pressure Induced Stresses in Cavity with Different 

 
 

 

Figure 1: Stress in the 2-cell cavity (4 mm thick with 3 
stiffening rings) subjected to 2.2 atm pressure at R.T. 

 

2-CELL CAVITY TUNING AND 
PRESSURE SENSITIVITIES 

The scissor-jack tuner exerts tuning force to the cavity 
through two pairs of tuner tabs that are mounted on the 
end plates of the helium vessel. The change of cavity 
electromagnetic frequency versus displacement between 
the pairs of tuner tabs is defined as the tuning sensitivity 
for the 2-cell cavity. Knowing the tuning sensitivity is 
important in tuner design as well as tuner operation.  

Another important characteristic of the 2-cell cavity is 
its pressure sensitivity, that is, cavity electromagnetic 
frequency change with respect to helium vessel pressure 
fluctuation. Based on operational experiences, a ±0.1 torr 
pressure fluctuation is typical [7]. It is also learned from 
operational practices that such pressure fluctuation does 
not occur in a rapid manner. This means that the slow 
tuner can rectify the frequency shift in time. Ideally, one 
would want to control the pressure sensitivity to be a 
quite small number. This is affected by a number of 
factors, among which the size of the helium vessel 
bellows is crucial. The 2-cell cavity’s helium vessel 
adopts a nominal 10ʺ diameter bellows design. This size 
of bellows is also used in Jefferson Lab’s 12 GeV 
upgrade cryomodules (also called C100 cryomodules). It 
is expected that the pressure sensitivity of the 2-cell 
cavity to be at a similar level as C100 cryomodule 
cavities. Note that the stainless steel helium vessel and the 
2-cell cavity (4 mm wall thickness and having 3 stiffening 
rings) itself are quite stiff, which helps in reducing the 
pressure sensitivity.  

Coupled field analyses are carried out to solve for the 
tuning and pressure sensitivities. In principle, the model 
includes the vacuum volume that is enclosed by the 
niobium cavity. For tuning sensitivity analysis, the cavity 
and helium vessel are included in the model. For pressure 
sensitivity analysis, the tuner (simulated as a couple of 
equivalent springs) is also included. Frequency of the 
undeformed vacuum volume is calculated first. Then 
tuning displacement or pressure load is applied to the 
cavity and helium vessel. The niobium cavity deforms 
and the deformed shape of cavity is used to alter the 
vacuum volume. In the analysis model, the cavity and 
vacuum volumes share common interfaces so that nodal 
displacements at interfacial nodes can be conveniently 
transferred from the cavity to the vacuum. At last, the 
“deformed” vacuum is used to calculate a new frequency. 
The difference between the before and after structural 
deformation frequencies is then divided by the tuning 
distance or pressure applied to calculate the 
corresponding sensitivities.  

For the 4 mm thick 2-cell cavity equipped with 3 
stiffening rings, the tuning sensitivity is calculated to be 
2.63 MHz/mm.  Based on this, to achieve a coarse tuning 
range of 600 kHz, 228 µm tuning is needed. In the 
mechanical designs, this tuning distance is rounded up to 
300 µm to be conservative. The cavity and helium vessel 
assembly’s cold stiffness is estimated to be 8.93 N/µm. 

Wall Thicknesses 
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Figure 2: Fabricated 2-cell cavity major components. 

The pressure sensitivity of the 2-cell cavity is 
calculated to be 382 Hz/torr. For the C100 7-cell cavity 
(3mm wall thickness, no stiffening rings), the measured 
pressure sensitivity is around 320 Hz/torr. So, the new 2-
cell cavity’s pressure sensitivity is comparable to that of 
the C100 7-cell cavity.  

CAVITY VIBRATION FREQUENCY 
To mitigate the detrimental effects brought by 

microphonics, “one should push the mechanical 
resonance frequencies as high as possible…” [8] In the 2-
cell cavity design, 4 mm wall thickness and 3 stiffening 
rings are selected not only for resistance to the pressure 
loads, but also for high vibration frequencies. The 2-cell 
cavity is hosted by a helium vessel, which is supported by 
eight Nitronic rods in the transverse direction and two 
Nitronic rods in the axial (parallel to beam axis) direction. 
All rods are mounted to a spaceframe, which is bolted to a 
vacuum vessel that is anchored to the ground. Vibration 
analysis is very sensitive to the boundary conditions 
employed. However, it is impractical to build a 
mathematical model that reflects a real cryomodule’s 
conditions precisely. In the 2-cell cavity vibration model, 
the vacuum vessel, spaceframe and Nitronic rods are 
assumed to be stationary, although in reality they pass 
environmental vibrations to the helium vessel and 
niobium cavity. The point is to examine the cavity’s 
natural resistance to vibrational resonance. Therefore, the 
boundary conditions are that at the helium vessel end 
where 4 transverse rods and 2 axial rods exist, fixed 
support boundary condition is applied. At the other end 
where only 4 transverse rods exist, the helium vessel is 
fixed in transverse directions only. Basically, the cavity 
vibration model has a set of fixed-guided boundary 
conditions. The lowest vibration mode of the 2-cell cavity 
is found to be an axial mode, i.e. parallel to beam axis 
extension/compression oscillation, with a frequency of 
218 Hz, which is much higher than the design criteria of 
100 Hz. The 2-cell cavity is thus deemed as being robust 
in terms of its resistance to low frequency vibration 
resonances. 

CAVITY FABRICATION 
Fabrication of the 2-cell cavity has started. As shown in 

Fig. 2, major components such as the fundamental power 
coupler endgroup, end half cells, dumbbell, HOM 
endgroup, etc. are made. Special tools to help in dumbbell 
trimming and stiffening ring electron beam welding were 
designed and made. The amount of trimming on these 
components are determined per RF measurements. The 2-
cell cavity is aimed to be finished in the Fall of 2013 and 
qualification tests will follow. 
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NOISE REDUCTION USING FILTERS ON TURN-BY-TURN
LHC ORBITS TO OBTAIN MAGNETIC ERRORS WITH THE

ACTION AND PHASE JUMP ANALYSIS METHOD
A.C. Garcı́a B., J.F. Cardona, Universidad Nacional de Colombia∗, Bogotá, Colombia

Abstract
The Action and Phase Jump analysis had been success-

fully used to obtain magnetic errors in RHIC. Analyses

in LHC encountered significant noise. In this paper, a

dual band-pass filter on LHC simulated orbits to reduce the

noise is discussed. Gaussian and Uniform noise are stud-

ied independently. Results show that the best filter has a

bandwidth of 0.0174 around the two transverse tunes. A

low-pass band filter was also used to get the closed-orbit.

INTRODUCTION
The measurement of magnetic errors in an accelerator is

an important task during the commissioning. One of the

methods used to localize, to measure, and to correct mag-

netic errors is the Action and Phase Jump (APJ) Analysis.

It is based on the theoretical principle of preservation of the

Action and Phase variables in absence of a magnetic error.

This method had been successfully tested in RHIC using

closed-orbit data from experiments [1] and its theoretical

development is fully presented in [2].

Preliminary analyses on turn-by-turn (TBT) orbits at the

LHC show promising results [3, 4], but with a certain lev-

els of noise than for the RHIC case, due to a bigger band-

width of the LHC BPMs. Efforts to reduce the noise, like

taking advantage of the thousands of turns provided by the

LHC BPMs system (in contrast with the few orbits used in

RHIC) have been done.

In this paper we discuss the use of pass-band digital fil-

ters to reduce noise in LHC TBT orbits; supplemented by

an initial change of the PYTHON APJ code. A simulation

of the beam trajectory, using MAD-X, is made for the thin

LHC injection optics (V.6.5), where normal and skew lin-

ear quadrupole errors A1 and B1 were included, at the IR

quadrupole MQXA.3L5 of beam 1.

Noise originated from the distribution of particles in

the beam and noise originated from the misaligments of

the BPMs are simulated using a Gaussian distribution and

an Uniform distribution, respectively. The BPMs gain is

also taking into account by using these distributions. This

type of distributions had been used in noise studies for the

closed-orbit measurement [5].

A BAND-PASS FILTER FOR THE LHC
The BPMs are the devices that provides measurements

of the beam position in the transverse plane around the ac-

celerator. For a fixed longitudinal position, the transverse

Table 1: Frequencies Values for the Filter Bands. The over-

lapping is removed.

N. ωpassI ωstopI Δω ωpassII ωstopII
[2π rad] [2π rad] [2π rad] [2π rad] [2π rad]

0 0.28025 0.28075 0.0005 0.30875 0.30925

1 0.28 0.281 0.001 0.3085 0.3095

... ... ... ... ... ...

25 0.01 0.49 0.48 0.01 0.49

position is sampled every turn leading to:

z(n) =
√

2Jzβz,BPM sin (ψz,BPM + 2πQzn− δz) (1)

where z = {x, y} is the transverse plane coordinate, Jz is

the Action, βz,BPM and ψz,BPM are the beam βz-function

and phase advance at the BPM longitudinal position, δz is

the Phase, and Qz is the accelerator tune, at the transverse

plane z = {x, y}. In this study, the data simulated with

MAD-X on the acelerator LHC beam 1, is used to created

new trajectories with simulated noise.In one case, the noise

corresponds to a Gaussian distribution of σGauss = 0.1
mm, which is added randomly to the each BPM data, and in

the other case a Uniform distribution up to 0.3 mm is used.

Then the resulting signal is filtered to evaluate wheter the

filter help to reduce the uncertainty on the determination of

magnetic errors using APJ method.

In this study, the filter was implemented using directly

PYTHON functions, although trials were also made with

own built transfer functions. From the available filters, the

band-pass filter was chose, because it reduces the noise

without damaging the magnetic error recovery. A second

order filter is implemented, with Butterworth coefficients

and the double run function [6].

πω

ν

ν

πω

ν

ν

Figure 1: Dual Band-pass filter frequency response, if there

is not overlapping (left) and with the corresponding over-

lapping band (right). Bands centered at 0.2805 and 0.309.

Also previous trials showed that the best results are ob-

tained using a band-pass filter with two bands centered

on the transverse tunes νx and νy (a 99% uncertainty is

reached if only one tune band is used without noise). Ta-

ble 1 presents the frequencies (ω) used to built the filter,

where (N.) is the number of the case, the dots are the com-

plementary values, such as an increment of 0.0005 in Δω is

∗ Thanks to the DIB at Universidad Nacional de Colombia for the funding

provided for computers and the support for this presentation.
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always made. The band centered at νx corresponds to the

ω labeled with I, while the band for νy is labeled II. The

bandwidth of the two bands are the same.

The filtered signal is the addition of the signals obtained

with the two single band-pass filters, whose frequency re-

sponse looks like Fig. 1.left, and in case of overlapping, the

addition of the filtered signals is followed by the subtrac-

tion of a band-pass signal with the overlapping frequencies

as the band, the frequency response looks like Fig. 1.right.

CHANGE IN THE APJ CODE
The phase obtained from the BPM measurements

(eq.(14) in [2]) is implemented with the appropriate sign

in the APJ computer code, in order to count on the four

quadrants of a Cartesian coordinate. This and the fact that

the trajectory function has a sinusoidal behavior allow to

select 2 maximal and 2 minimal (i.e. negative maximal)

orbits, for each transverse plane, and not only 1 as before.

The selection of the orbits is such as the final orbit has

a maximum amplitude at the error position. As reported

in [3] the selection is based on the phase of the trajectory.

In this study the information from the two transverse planes

is necessary, therefore 8 orbits are obtained, and the phase

dispersion is 0.15 rad. Each orbit, called a formable orbit,

is the average of the TBT orbits that have the maximum.

Also, an initial reformulation of the error position esti-

mation is done in the PYTHON APJ code. The transverse

error position is taken as:

zerror =
√

2J̄0βz,error sin (ψz,error − δ̄0) (2)

where J̄0 and δ̄0 are the average of the Action and Phase

in a region before the error (generally the arc before the

IR), respectively, and βz,error and ψz,error are the beam

β-function and phase advance, at the longitudinal position

of the magnetic error, respectively.

To obtain the magnetic errors A1 and B1, the APJ uses

the relations reported at [4] or [2]. Including different com-

binations of the orbits, new relations are obtained as re-

ported in the Appendix of this paper. For more precise and

exact results an implementation of a 2D independent fit is

done. This allows to get A1 and B1 directly from:

θx = −xB1 + yA1 and θy = xA1 + yB1 (3)

where θ is the kick produced by the error, x and y are the

estimate coordinates of the trajectory at the error. This is

assuming that there is not other type of magnetic error.

RESULTS AND DISCUSSION
Figure 2 contains the beam y-trajectory in the frequency

space for one BPM of the LHC. Four signals are plotted

in the same axis, the FFT of: the simulated, with noise,

and filtered, trajectories. This representation allows to ob-

serve how the amplitude of the noise signal is reduced in

the filtered signals. The difference of the noise type used

implies a higher amplitude of noise for the Gaussian case,

πω πω

πω πω

Figure 2: FFT of the Vertical Positions at BPM.14L5.B1

after 2000 turns, with Gaussian (top) and Uniform (bottom)

noise. The left plots are the complete spectrumwhile the

right plots is a close-up for the bottom of the spectra. All

are a superimpose of a simulated (sim.) trajectory, a sim.

with noise added (noi.), and a noise filtered signal for the

cases N.1 (Fil. 1) and N.8 (Fil. 2) on Table 1.

observed as well in the plane x. This contrast the fact that

the Gaussian distribution has a σGauss = 0.1 mm while the

Uniform distribution is up to 0.3 mm. 1.

Figure 3: Action (J) along the LHC ring for one orbit type.

Obtained from the simulation, without noise (Sim.), with

Gaussian Noise (Noi. Sim.), and the filters N.1 and N.8 on

Table 1. The magnetic errors are at 13271 m.

The Action (J) and Phase (δ) are modified with the pres-

ence of noise. Figure 3 contains J against s, without noise,

for Gaussian noise and filtered, for y. The value of J is af-

fected after the use of the filter Fil N.1, due to the difference

of the trajectories amplitudes explained by the Frequency

response of Fig. 1 (left). The Phase for the same orbit is in

Fig. 4a. For both variables in x or y, the filter reduce the

dispersion of their values. Something similar occurs with

uniform noise, Fig. 5a shows δ against s, for the same type

of orbit that is analyzed before, and the observations are the

1 For both noise distributions, the BPMs resolution of 0.3 mm is the ref-

erence [7]. Because the beam distribution is Gaussian, we assumed that

it is less probable to have particles of the bunche extremes affecting the

BPM signal, therefore it is enough to have σGauss = 0.1 mm.
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δ

πωΔ πωΔ

Figure 4a Figure 4b Figure 4c

Figure 4: Results for Gaussian Noise. Figure 4a contains the Phase (δ) along the LHC for the cases discussed in Fig. 3.

The Uncertainty (uncert.) for B1 and A1 are showed in Fig. 4b and Fig. 4c, respectively, for the different bandwidths. The

uncert. for the noised orbit is plotted as a horizontal line. A Low-pass filter to get the closed-orbit implies the -clo results.

δ

πωΔ πωΔ

Figure 5a Figure 5b Figure 5c

Figure 5: Results for Uniform Noise in the same quantities as Fig. 4. Figure 5a contains δ while Fig. 5b and Fig. 5c

contain the Uncertainty of B1 and A1. In the plots the precision and exactness is clearly lost for very small Δω.

same. Comparing the two distributions, the uniform noise

implies a less dispersion.

To obtain A1 and B1, the selection of orbits implies that

8 points are available for the fit of Eq. 3. The magnetic

errors uncertainty (taked as the Absolute Error of the mea-

surements) of the two values obtained from the fit of Eq. 3.,

obtained from the fit with its dispersion (error bars), is plot-

ted in figures Fig. 4b, Fig. 4c, Fig. 5b and Fig. 5c, against

Δω.

Results using a low-pass band filter (ωcut = 0.075) for

the closed-orbit calculation are reported with the line la-

beled as -clo. In the others, the closed-orbit is the average

of the TBT trajectories. When there is noise at many fre-

quencies, a discrepancy on the results is observed.

Also, the noise distribution affects the magnetic compo-

nents in a different way. The horizontal lines, which are the

uncertainty average on noised orbits (no filter used), have

different values in Fig. 4b, Fig. 4c, Fig. 5b and Fig. 5c. The

precision change according Δω and the error.

The lesser uncertainty value for B1 and A1 with Gaus-

sian and Uniform noise is obtained when Δω = 0.0174.

This bandwidth has also a very high precision in the Uni-

form noise results. Diference on the noise reduction at

the different bandwidths at the middle region could be cor-

rected by setting an overlapping bandwith higher than the

common ω values. In here, we are interested to take the

lesser bandwidth that gives the lesser uncertainty.

CONCLUSION
A dual band-pass filter with a bandwidth of 0.0174

around the transverse tunes can be use to highly decrease

Gaussian and Uniform noise in LHC orbits, when measure

A1 and B1 at the same quadrupole using the APJ method

as presented. Differences on how the closed-orbit is calcu-

lated are observed when there is noise at many frequencies.

APPENDIX
To obtain the magnetic errors, Equations (21) in [2] are

used for every orbit. Other possibility is taking two or-

bits (x(1), y(1), θ
(1)
x , θ

(1)
y ) and (x(2), y(2), θ

(2)
x , θ

(2)
y ) to ob-

tain one error, for example for B1:

B1,x=
θ
(1)
x y(2) − θ

(2)
x y(1)

x(2)y(1) − x(1)y(2)
and B1,y=

θ
(1)
y x(2) − θ

(2)
y x(1)

y(1)x(2) − y(2)x(1)

(4)

The precision reached in this way is not as good as the pre-

sented results, but it could imply a faster and good mea-

surement.
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Abstract 

Transverse laser cooling is pursued at an ion 
storage/cooler ring, S-LSR, Kyoto University. An RF 
bunched Mg+ beam was cooled transversely through 
synchro-betatron resonance coupling by a co-propagating 
laser. We investigated peaks of synchrotron oscillation 
spectroscopically so that we can observe them stably. 
Oscillation signals from a parallel-plate pickup were 
observed by a spectrum analyzer. We also observed the 
coherent synchrotron modes. As the beam temperature 
decreases, the ion beam would be in space charge limited 
region. According to the computer simulation, in the case 
the beam turns to be space charge limited, the 
disappearance of peaks of synchrotron oscillation is 
expected. We would like to propose a capability of 
detecting space charge limited region by observing such a 
frozen synchrotron oscillation. 

INTRODUCTION 
In Small Laser-equipped Storage Ring (S-LSR) at ICR, 

Kyoto University, a frequency tuneable laser of  � 280 nm 
is co-propagating with a 40keV Mg+ beam, as shown in 
Fig.1. It was cooled in the transverse direction through 
resonant coupling method [1]. The Horizontal and 
longitudinal oscillations are coupled by an RF voltage 
applied at the position with a finite dispersion  when a 
synchro-betatron resonance coupling condition (SBRC) is 
satisfied: a cooling force in the longitudinal direction is 
transferred to the transverse direction [2].  

The ion beam was bunched by the RF wave of 
frequency 2.5192MHz. Since the revolution frequency 
was 25.192kHz, it corresponded to the harmonic number 
100. Frequency spectra, which were obtained from 
preamp signals of a parallel-plate pickup in the ring, were
observed by a spectrum analyzer [3]. We hope to use 
these frequency spectra for diagnostic purpose of ultra 
cold ion beams.  

The RF frequency of 2.5192MHz will be printed as 
2.5MHz for abbreviation, which corresponds to 0Hz in 
Figure 2, 3, and 5. In Figure 4, 0Hz represents 
2×2.5MHz. At this stage of transverse laser cooling where 
the beam temperature was not yet ultra-cold to be in space 
charged limited region, there was no clear difference in 

frequency spectra whether the ion beam was laser cooled 
or not. 

 
Figure 1: Layout of S-LSR. 

 
Table 1 shows the main parameters of S-LSR. 
 

Table 1: Main Parameter of S-LSR 
Circumference 22.557 m 
Average Radius 3.59 m 
Length of straight section 1.86 m 
Radius of curvature 1.05 m 
Revolution frequency 25.192 kHz 
Super periodicity 6 
Ion species 24Mg+ 
Kinetic beam energy 40 keV 
Transition wavelength 280 nm 

 

EXPERIMENTAL RESULTS 
The frequency spectra of around  2.5MHz, which is 

located at the centre, are shown  in Fig. 2. To erase 
sidebands (2 peaks about 1kHz, and about 2kHz from 
the centre), the RF frequency was varied 0.5kHz 
(Fig.2-a and 2-c) when SBRC was satisfied (Resonance 
tune νs=0.066 νh=2.066)  However, we could not erase 
them. They were not noises. In fact the sidebands are 
small enough since the ordinate is the unit of dBm.  

 ___________________________________________  

*Work supported by Advanced Compact Accelerator Development 
Project of MEXT, the Global COE program “The Next Generation of 
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In Fig. 3 and 4, sidebands of synchrotron frequencies 
were observed at both sides of each harmonic of the 
revolution frequency when SBRC was satisfied. These 
peaks were not observed under no beam. Therefore the 
ion beam caused them.  

In Fig. 3, five peaks are recognizable. They correspond 
to frequencies of harmonic number h=98, 99, 100, 101, 
and 102 from the left. At h=98, 99, 101, and 102,  
synchrotron sidebands are accompanied in both sides of 
each harmonic. The 1st harmonic of RF frequency 
2.5MHz is observed at the centre (h=100). An 
enlargement of the central peak is identical to Fig. 2-b.  

In Fig.4, five peaks are also recognizable. They 
correspond to frequencies of harmonic number h=198, 
199, 200, 201, and 202 from the left. At h=198, 199, 201, 
and 202, synchrotron sidebands are accompanied in both 
sides of each harmonic. The second harmonic of RF 
frequency (2 2.5MHz) is observed at the centre (h=200). 
The peak between 199 and 200 (about  ̶ 1.6kHz from the 
centre 200) is a noise since it was observed under no 
beam. 

The RF voltage was varied in Fig.5, which was 
recorded in higher resolution. Peaks indicated by blue 
arrows, of which synchrotron frequencies were shown, 
were moved among 5 peaks of +0kHz, about 1kHz, and 
about 2kHz from the centre. Unexplainable low peaks 
were observed at 1.7kHz in Fig5-a and 1,5kHz in 
Fig5-b. They were not noises. Those low peaks were not 
observed under no beam. 

Because of higher resolution, these peaks looks a little 
bit slender compared to those in Fig. 2. Synchrotron 
frequencies were evaluated according to the frequency 
formula of small amplitude synchrotron oscillation [4].  

THE COHERENT SYNCHROTRON 
MODES 

Fig. 2 manifests that sidebands are the coherent 
synchrotron modes (4 peaks about 1kHz, and about
2kHz from the centre), which occur when the RF 
frequency is a not exactly an integral multiple of the 
revolution frequency of each of circulating ions: this is 
the case when ions are circulating in bunches. A bunch is 
made of ions with different synchrotron amplitudes and 
phases. The coherent synchrotron modes of the bunch can 
be obtained by averaging synchrotron motions over the 
bunch distribution [5]. The coherent frequency spectra are 
located at harmonics of the RF frequency. Fig. 5, in which 
the RF voltage was varied, shows that the coherent 
synchrotron modes are independent of the RF voltage.  

DISCUSSION 
The computer simulation expects dumping of 

synchrotron oscillations when the ion beam is in space 
charge limited region [6]. When an ion beam is cooled to 
space charged limited region, it would be very difficult to 
detect it directly since the number of ions in the cold Mg+ 
beam is very limited. In fact, the number of ions is 

estimated much less than 104 [7]. A diagnostic method 
using scraping is already applied in a ultra-cold Mg+ 

beam, which, however, was not sensitive enough to be 
usable in space charged limited region [8].  

We have observed synchrotron frequencies stably in 
frequency spectra. Observation of synchrotron 
frequencies would be helpful to confirm space charge 
limited ion beam since peaks of synchrotron oscillation 
would disappear in frequency spectra. Therefore we hope 
frequency spectra are usable as a diagnostic method of 
ultra cold ion beams. 

It is also our great interest what will happen to the 
coherent synchrotron modes  in space charged limited 
region, which we want to investigate with the use of the 
indirect transverse laser cooling when SBRC is satisfied  
in a near future. 
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LUMINOSITY ESTIMATION AND BEAM PHASE SPACE ANALYSIS AT

VEPP-2000
∗

A. Romanov, I. Koop, E. Perevedentsev, D. Shwartz

BINP SB RAS and Novosibirsk State University

Abstract

Luminosity is the main output of colliders, so it is very

important to measure it with speed and accuracy. VEPP-

2000 has 16 beam profile monitors (BPM) which use CCD-

cameras to register synchrotron light in the visible spec-

trum. Two luminosity estimation methods are presented,

both based on beam size analysis. Although the luminos-

ity measurements by particle detectors CMD-3 and SND

are slow and have low statistical accuracy for low beam

currents, their data can be used to test new faster methods.

Additionally, an attempt of the phase space tomography is

presented using the simulated BPM measurements of the

particle distribution in a strongly non-gaussian beam.

INTRODUCTION

VEPP-2000 is used for hadron cross section measure-

ments in the energy range of 0.4÷2 GeV [1], hence it takes

luminosity at several dozens of energies every season, thus

emphasizing the tuning tools’ importance. The collider has

a two-fold symmetry lattice with 16 CCD cameras that take

beam images using synchrotron light (Fig. 1). 8 CCDs are

aimed at electrons and 8 at positrons.

Figure 1: VEPP-2000 layout.

There are a number of theoretical and empirical consid-

erations regarding lattice configuration depending on the

energy [2], but the last step of the final tuning is almost al-

ways unique and done manually. To get the best luminosity

output, the operator should tune parameters such as beta-

functions at the IPs, closed orbit position, betatron tunes,
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chromaticity, betatron coupling and others. The crude ef-

fects such as ”flip-flop” can be noticed by the naked eye,

however fine tuning requires the fast and reliable luminos-

ity estimation tools. Unfortunately, the speed and precision

of the luminosity measurements from the detectors are not

sufficient, especially at low energies.

Both presented methods of luminosity estimation as-

sume that accurate optics model of the real accelerator ring

is available. Assuming no focusing perturbations in the lat-

tice other than those caused by the collision, and thus lo-

cated at the IP, one can use known transport matrices to

evaluate the beam sizes at the IP from the beam size mea-

surements by CCDs.

FIRST LUMINOSITY ESTIMATION

METHOD

Eight measurements are available for either transverse

coordinates of the two beams, while there is only a pair of

strongly indeterminate parameters - beam emittance ǫ and

β∗ - for each mode and each beam.

For the parameters fitting procedure, it is convenient to

transport all the measured beam sizes to the point of mirror

symmetry where Twiss α = 0. The center of technical

straight section is chosen since this point is not perturbed

by the beam-beam focusing. The beta-function for i − th
profile monitor is transported as:

βi = β0 · t11,i + β−1

0
· t12,i, (1)

where tkl are the elements of known transport matrix. The

fitting minimizes the difference between the model and

measured beam sizes:

F =
∑

i

(
√

ǫ
(

β0 · t11,i + β−1

0
· t12,i

)

− σi

)2

σ2

i + o2i
. (2)

Here, oi is the size measurement error with a typical value

of 3 − 5µm, while the beam size σi is a pure betatron part

of measured transverse size with excluded dispersion con-

tribution
σβ = σ −D ·

σE

E
(3)

The fitted beta-function β0 is transported to the IP together

with the emittance that gives the size needed. The luminos-

ity can be easily calculated as:

L =
N1N2f0

2π
√

(σ2

1x + σ2

2x)
(

σ2

1y + σ2

2y

)

. (4)

The model is extremely simple, it uses several assump-

tions. 1) Well-known unperturbed optics between the IPs
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without betatron coupling. Strictly speaking it is not the

case for VEPP-2000 but the rotation produced by the fi-

nal focusing solenoids can be ignored. 2) Both arcs and

IPs are identical. 3) All particle distributions remain Gaus-

sian. This is not true in the case of very intensive beams

close to the beam-beam limit. 4) Energy spread is not per-

turbed and formed by synchrotron radiation. Recently the

bunch lengthening in the low energy range was observed,

indicating the microwave instability for the beams that are

intensive enough (Fig. 3). This phenomenon would modify

the dispersion contribution to the beam sizes.

The comparison of this luminosity estimation technique

is in good agreement with measurements from the detectors

(Fig. 2).

SECOND LUMINOSITY ESTIMATION

METHOD

This method is also model dependent, but it is based

on the second moments (SM) of the particles’ distribution,

some of which are obtained from the imaging BPMs. The

idea is to transport the set of SM for both bunches over the

ring and by adjusting initial values of the SM matrices and

some other parameters fit the traced moments to the mea-

sured sizes. Given that the ring lattice is perfectly known,

there are still interaction regions that have unknown effect

on the distribution of particles in the bunches. To handle

this problem the ideal ring lattice is appended with thin IP

transformations.

Each IP is divided in two equal thin lenses to be able to

find second moments in the center of the IP. The strength

of the IP lens is calculated based on the size of the opposite

bunch. First tests of this approach reveal discrepancies of

the fitted and experimental second moments at large cur-

rents, when bunches became strongly non-Gaussian. The

calculated luminosity also became unrealistic. To fix this

effect, an additional set of fitting coefficients was intro-

duced to adjust the counter beam focusing kick.

The final focus solenoids in the present VEPP-2000 lat-

tice configuration cancel the rotation of the betatron oscil-

lation planes after passage through the interaction straight.

Since all the CCDs are located outside the IP’s straight sec-

tions, the solenoids could be treated as axially symmetri-

cal lenses without rotation. Due to the two-fold symmetry

of the VEPP-2000 and by omitting the rotation from the

solenoids, the SM in the center of each IP should be diago-

nal. Second moments of the electron and positron bunches

in the first IP form the main part of the fitting parameters.

MIP1 = Diag[m1,00,m1,11,m1,22,m1,33,m1,44, 0] (5)

The longitudinal distribution has been set to zero be-

cause it has no effect on transverse beam size in VEPP-

2000.

The total number of fitting parameters pj is 18: 10 sec-

ond moments and 8 from beam-beam force fitting param-

eters (2 IPs, 2 bunches, 2 dimensions). Experimental data

from 16 working CCD cameras gives 32 points, which pro-

vides enough information to keep the task well overdeter-

mined.

The target function is:

F =
∑

i

(

Mexp,i −Mfit,i

Mexp,i

)2

=
∑

i

V 2

i . (6)

The beam sizes vary strongly from CCD to CCD and this

form gives equal weight to all data points.

To minimize F , the set of variations of parameters ∆pj
must be found that leads to the cancellation of the Vi. Lin-

earizing the ∆Vi(∆pj) this goal can be written as:

∆Vi(∆pj) ≃
∑

j

1

kj

∂Vi

∂pj
kj∆pj = −Vi, (7)

here, kj are normalization coefficients that can be used

to adjust impacts of different model parameters. To find

the desired set of parameters, the rectangular matrix ∂Vi

∂pj

should be inverted. The flexible way to find a pseudo-

inverse matrix is provided by the singular value decompo-

sition (SVD):

∆pj =
∑

i

(

∂Vi

kj∂pj

)
∣

∣

∣

∣

−1

SV D

−Vi

kj
. (8)

Implementation of the found corrections finishes the itera-

tion that should be repeated several times, since the model

depends nonlinearly on the parameters. After convergence

of the fitting, luminosity is calculated with Eq. (4). The

comparison of the second luminosity estimation method

with others is shown in Fig. 2.

One of the differences between two algorithms is that

latter has the energy spread in the beam as the fitting pa-

rameter. First runs supported the presence of microwave

instability, first observed with phi-dissector – optical tool

for bunch length measurements (see Fig. 3) [3, 4].

Figure 2: Comparison of the luminosity from different

measurements: green dots – CMD-3, purple dots – SND,

red and blue lines – estimation methods

General Outline

Minimization Algorithm
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Figure 3: Correlation of the current dependence of the ex-

tracted energy spread and the measured bunch length.

PHASE SPACE TOMOGRAPHY

Relatively small number of CCDs – 8 for electrons and

8 for positrons – led to pessimistic estimations of classi-

cal approach to the beam phase space tomography methods

which use several tens of projections [5]. Therefore, the

feasibility study regarding this task was started after the

shutdown of VEPP-2000.

The success in solving the inverse problems using the

SVD inspired its use in the beam phase space tomogra-

phy method. The fitting parameters pj in this case describe

the distribution of the particles in the phase space at some

point. The experimental data Vexp,i is composed of all pro-

jections’ points from all the CCDs. For the known optics

model, the transportation of the particles’ distribution to the

CCDs locations and calculation of the projections Vmod,i is

straightforward. To simplify the test problem, several as-

sumptions were used: no transverse coupling; no energy

spread; no lattice errors; no counter beam.

To describe the particles’ distribution in the tested

method the mesh in phase space is set so that values pj de-

scribe the density in the mesh pointsand intermediate val-

ues are calculated by linear interpolation. One of the disad-

vantages of the method is that negative density is allowed.

The main clue is to setup the mesh evenly with respect to

the phase space. To do so, the point is selected where the

Twiss parameter α = 0. In this case, the phase trajectories

represented in the normalized coordinates (x/
√
β, x′ ·

√
β)

form circles, and the mesh points’ coordinates could be se-

lected as (rn, φm) plus (0, 0) forming a polar mesh. The

normalization coefficients kj in Eq. (8) are proportional to

the area related to the corresponding node.

Figure 4 demonstrates results of the fitting for three types

of distributions with 5% noise level in the ”experimental”

projections. For the tests the real VEPP-2000 lattice in the

horizontal plane was taken with 8 electrons’ CCDs. The

real lattice was taken for the tests. Except for some areas

with very small negative densities, it is obvious that in gen-

eral the reconstructed distributions are in good agreement

with the original. Also, the integral of the negative density

could be used to test the plausibility of found distributions.

Figure 4: Test distribution, its fit and their difference for

the Gaussian, ring-shaped and triple-Gauss distributions.

Further studies will include comparison of the tested

method to the commonly used methods, such as inverse

Radon transformation. Additionally, influences of various

errors and mesh configurations should be thoroughly inves-

tigated.

The main practical goal of the beam phase space tomog-

raphy at VEPP-2000 is to accurately estimate luminosity at

high currents when the beam become strongly nongaussian

and simpler methods may give unreliable results.

REFERENCES

[1] Yu. M. Shatunov et al., Project of a New Electron-Positron

Collider VEPP-2000, in: Proc. 7th European Particle Accel-

erator Conf. (EPAC 2000), Vienna, Austria, p. 439 (2000).

[2] A. Romanov et al., Round Beam Lattice Correction using

Response Matrix at VEPP-2000, Conf. Proc. IPAC 2010,

THPE014 (2010).

[3] Yu.A.Rogovsky et al., ”Status and perspectives of VEPP-

2000”, X International scientific workshop to the memory

of Professor V.P. Sarantsev, 3 - 7 September 2013, Alushta,

Ukraine (in Russian).

[4] E. Zinin, PhD Thesis, Budker Institute of Nuclear Physics,

Novosibirsk, 1984 (in Russian).

[5] K.M. Hock et al., Beam tomography in transverse normalised

phase space Nuclear Instruments and Methods in Physics Re-

search A 642 (2011) 36.

Proceedings of PAC2013, Pasadena, CA USA WEPBA04

05 Beam Dynamics and Electromagnetic Fields

T03 - Beam Diagnostics and Instrumentation 891 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



COMBINING MULTIPLE BPM MEASUREMENTS FOR PRECESSION 
AC DIPOLE BUMP CLOSURE* 
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STRIPLINE BEAM IMPEDANCE* 

A. Blednykh#, W. Cheng, S. Krinsky 

BNL, Photon Science, NY 19973-5000, USA

Abstract 
We discuss the Lambertson and Shafer formalisms for 

the longitudinal and transverse beam impedances of a 
stripline. The required characteristic impedances and the 
geometric factors are determined by the solution of 
Laplace’s equation in 2-dimensions, which we find using 
the 2-D POISSON code. Lambertson’s equations are 
compared with numerical results obtained using the 3-D 
electromagnetic simulation code GdfidL. Good agreement 
is found at low frequencies. The results differ at high 
frequencies, since the analytic results do not take into 
account higher order modes. 

INTRODUCTION 

Striplines [1-4] are often used in accelerator systems to 
serve as either pick-ups or kickers. These devices are 
comprised of the conducting surfaces of the vacuum 
envelope and inner conducting electrodes as illustrated in 
Fig. 1. An important issue in the design of a stripline is 
the impedance that it presents to the particle beam 
traveling along the axis through the device. 

    

Figure 1: One half of the stripline kicker geometry. Two 

electrodes are located inside of the round pipe with             and           radii. The length of 

electrodes is 300mm. The electrode thickness is 2mm. 

Lambertson [2,3] has presented a very interesting and 
comprehensive discussion of pick-ups and kickers. 
Following his formalism, one can express the longitudinal 
and transverse (vertical) beam impedances for a stripline 
in the form                [                   ]  (1) 

     (            )[                  ] (2) 

where   is the wave number,   is the longitudinal length 
of electrodes,      is the minimum distance between the 
beam axis and the electrodes,     and    are longitudinal 
and transverse geometric factors, and        and       are 
longitudinal and transverse characteristic impedances of 
the stripline. The geometric factors and the characteristic 
impedances are for the full structure containing all 
electrodes. We note that for a device comprised of two 
identical electrodes symmetrically placed as in Fig. 1, 

           , where    is the characteristic impedance of 
a single electrode. 

At low frequency the longitudinal shunt impedance is 
related to the longitudinal beam impedance by [3] ��     ��    ×  ,          (3) 
and the transverse shunt impedance is related to the 
transverse beam impedance by ��    ��   ×                  (4) 

To determine        and       for a given geometry, one 
needs to solve Laplace’s equation in 2 dimensions. For 
this, we use the 2D POISSON electrostatic code [5]. The 
characteristic impedance is given by [6]     1 �,   (5) 
where   is the velocity of light and � is the capacitance of 
the stripline structure.  For the longitudinal mode, both 
electrodes have voltage  , while for the transverse mode 
they have voltages of opposite polarity ±  . In both 
cases, the capacitance is related to the stored energy   
and voltage   via �          (6) 

Given the magnitude of the voltage  , we calculate the 
stored energy using POISSON and in this manner 
determine the capacitance and thus the characteristic 
impedance for each mode. 

First, as an illustration, we consider the ideal coaxial 

transmission line with geometric parameters             inner and           outer radius (Fig. 2a). 

The characteristic impedance determined from the stored 

energy computed by POISSON and using Eqs. (5 and 6) 

with specified positive voltage (        ) on inner 

conductor is            . This agrees with the well-

known result,     �                    for the coaxial 

(CXL) transmission line. 

Next, we consider the longitudinal and transverse 

characteristic impedances for the round stripline geometry 

shown in Fig. 2b,c.  The electrode radius      and outer 

radius      are fixed.  The angle subtended by an 

electrode is varied from       to       . The 

longitudinal and transverse characteristic impedances of 

the structure with the two electrodes as a function of the 

electrode angle are shown in Fig. 3. The longitudinal 

characteristic impedance tends to     for        , 
approaching the result for the coaxial transmission line, as 

it must.  

As can be seen from Fig. 3, for electrode angle        , the transverse characteristic impedance       

is about a factor of two less than the longitudinal       . 
For electrode angle       , their difference becomes ____________________________________________

  *Work supported by DOE contract DE-AC02-98CH10886. 
#blednykh@bnl.gov 
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less but the fact that they are not equal means that a pair 

of electrodes matched to     transversally (    single 

electrode) are mismatched longitudinally (            ) 

and vice versa. 

    

a)    b)          c) 

Figure 2: a) Coaxial transmission line with inner and 

outer radii of             and           

respectively. b) Longitudinal excitation for      : two 

electrodes inside the round pipe at equal positive voltages  . c) Transverse excitation for      : two electrodes 

inside the round pipe at ±  . Magenta lines are lines of 

constant scalar potential. Arrows are proportional to 

electric field strength. 

 

Figure 3: For the structure of Fig. 2b,c, we plot the 

longitudinal (orange) and transverse (green) characteristic 

impedances as a function of electrode angle   calculated 

using the POISSON code. 

The geometric factors for a pair of electrodes as a 

function of the electrode angle   are shown in Fig. 4 

(other geometric dimensions fixed). For    , the 

longitudinal geometric factor      , while the 

transverse geometric factor,       .  

 

Figure 4: For the structure of Fig. 2b,c, we plot the 

longitudinal (orange) and transverse (green) geometric 

factors as a function of electrode angle   calculated using 

the POISSON code. 

BEAM IMPEDANCES, �  �  AND � �  

The real and imaginary parts of the longitudinal beam 

impedance at low frequencies are shown in Eq. (1) [1]. 

In Figs. 5a and 5b, we compare Eq. (1) with calculated 

data obtained using the 3D GdfidL electromagnetic 

simulation code [7] for the stripline geometry with     
electrode angle, as shown in Fig. 1. The simulated 

longitudinal geometric factor and longitudinal 

characteristic impedance are           and                   (for two electrodes).   

We varied the geometric dimensions of the coaxial 

feed-thru connectors to obtain three different longitudinal 

characteristic impedances of the external coaxial line,    �   51Ω, 61Ω and 100Ω. This was done in order to 
check the deviation of the GdfidL calculated longitudinal 

beam impedance from Eq. (1), when electrodes are 

matched or mismatched to    �   of the feed-thru 

connectors. 

First, we consider the characteristic impedance of feed-

thru connectors    �      . In this case, there is a good 

match to the transverse characteristic impedance (     ) 

of each stripline electrode with     angle and a mismatch 

to the longitudinal characteristic impedance (              ) of single electrode for the same angle. 

From Figs. 5a and 5b, we see that the longitudinal beam 

impedance (real and imaginary parts) agree well with Eq. 

(1) at low frequencies. The longitudinal impedance 

spectrum starts to deviate at high frequencies from the 

shape expected from Eqs. (1,2).  

 

a) 

 
b) 

Figure 5: Real (a) and Imaginary (b) part of the 

longitudinal impedance for the stripline kicker with 

two 90 angle electrodes inside. The feed-thru 

connectors are matched to three different characteristic 

impedances    �       (green curve),    �       

(orange curve) and    �        (blue curve). The 

longitudinal characteristic impedance of two 90 angle 

electrodes is              . The red curves are the 

results of Eq. (1), with               and           . 

Next, we consider the characteristic impedance of 

feed-thru connectors to be    �      . In this case the 

feed-thru connectors are matched to the longitudinal 

characteristic impedance of each individual electrode. 

The difference between the numerical results (orange 

curves in Figs. 5a and 5b) and the analytic results [Eqs. 

(1)] is reduced at high frequencies (below 3GHz) since 

matching is improved, but still there is significant 
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deviation. This can be explained due to gradual 

increase of the reflection coefficient ( 11-parameter) at 

higher frequencies. The coaxial feedthru connectors 

and electrode pair are perfectly matched at low 

frequencies. The reflection of the TEM-mode in the 

coaxial waveguide is around 10% for considered 

geometry at low frequencies and 50% at frequency 

~2GHz (determined from a GdfidL calculation). Due to 

larger reflection of TEM-mode from output feed-thru 

connectors at high frequencies, electromagnetic fields 

radiate more into the vacuum chamber and the real part 

of the longitudinal coupling impedance ��     

deviates from quadratic sinusoidal wave. If the 

longitudinal characteristic impedance is over-matched 

(   �       ), then we observe frequency shift and 

reduction of      at low frequencies.  

The discussed equations provide a good approximate 

description of the beam impedance. We found 

excellent agreement between equation Eq. (1) and 

numerical calculations at low frequencies, when the 

electrodes and feed-thru connectors are matched or 

even slightly mismatched to each other 

The real and imaginary parts of the transverse beam 
impedance are shown in Eq. (2). This equation is 

compared with GdfidL results for the stripline 

geometry as shown in Fig. 1. We analysed the effects 

of two electrodes with an angle of     each. The 

calculated transverse geometric factor and transverse 

characteristic impedance are        and           (for two electrodes). The transverse beam 

impedance is calculated for two different characteristic 

impedances of the feed-thru coaxial connectors,    �       and    �       (Fig. 6a and Fig. 6b).  

 

a) 
 

 

b) 

Figure 6: Real (a) and Imaginary (b) part of the transverse 
impedance of the stripline kicker with two 90 angle 
electrodes inside. The feed-thru connector has two 
different characteristic impedances,    �       (green) 
and    �       (blue). The red curves are the result of 
Eq. (2). 

As a result the electrodes are well matched in first case 

and slightly mismatched in the second. The real and 

imaginary parts of the transverse beam impedance agree  

well with Eq. (2) up to 2GHz. The imaginary part of the 

beam impedance at     is            . The 

small mismatch of electrodes with connectors has small 

effect on the transverse beam impedance. 

TRANSVERSE SHUNT IMPEDANCE 

The transverse shunt impedance has been calculated via 

Eq. (4). The real part of the transverse beam impedance of 

Eq. (2) with simulated transverse geometric factor and the 

transverse characteristic impedance has been 

implemented into Eq. (4) (green) and the result is shown 

at low frequency in Fig. 7. It agrees with ��    data 

obtained due to implementing the GdfidL data ��    

from Fig. 6a in to Eq. (4). 

 

Figure 7: Transverse shunt impedance calculated via Eq. 
(4). Green curve is ��    due to Eq. (2) and numerically 
obtained vertical geometric factor and transverse 
characteristic impedance. Blue curve is the GdfidL data 
implemented in to Eq. (4). 

SUMMARY 

Analytical equations at low frequency for the beam 

impedances as well as the ratio between        and ��       have been presented. Good agreement is found 

between the analytical results and 3D GdfidL simulations 

at low frequencies. 
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 LONGITUDINAL WAKEFIELD FOR AN AXISYMMETRIC 
COLLIMATOR* 

A. Blednykh# and S. Krinsky, 
BNL, Photon Science, NY 11973-5000, USA

Abstract 
We consider the longitudinal point-charge wakefield, 

w(s), for an axisymmetric collimator having inner radius 
b, outer radius d, inner length g and taper length L. The 
taper angle  is defined by  . Using the 
electromagnetic simulation code ECHO, we explore the 
dependence of the wakefield on a collimator’s geometric 
parameters over a wide range of profiles: from small-
angle tapers to step-function transitions.  

INTRODUCTION 
In this paper, using the 2-D electromagnetic simulation 

ECHO code [1,2], we carry out an investigation of the 
longitudinal short-range wakefield due to an 
axisymmetric collimator. More detail on this subject can 
be found in ref. [3]. 

 
a)                                     b) 

Figure 1: a) Step Collimator. b) Tapered Collimator

We consider the highly relativistic limit in which a 
particle traveling at the speed of light c, passes through a 
step-function or tapered collimator illustrated in Figs. 
1a,b.  We denote: the smaller pipe radius by b; the larger 
radius by d; the length of the inner section of the 
collimator by g; and the length of the taper by L. The 
taper angle  is defined by . The 
longitudinal wakefield produced by a point charge is 
denoted w(s), where s is the distance of the test particle 
behind the driving particle.  

Podobedov and Stupakov [4] have noted that the point-
charge wakefield for a collimator can be written in the 
form,  

,(1)           
where  is the impedance of free space. The delta 
function term corresponds to the result in the optical 
regime [5].  The causal function D(s), vanishes for s<0, 
and is discontinuous at s=0. Since the impedance 
vanishes at zero frequency, it follows that 

.                  (2) 
In this paper, in order to facilitate the illustration of the 

behavior of the wakefield over a wide range of parameters 

and for larger s, we prefer to introduce the normalized 
causal function , via 

,   (3) 
where 

          .                          (4) 
Using this normalized function, the ratio of the loss 

factor  to that in the optical regime [5,6]   is 
easily expressed. For a Gaussian bunch of rms width , 
this ratio is given by 

,  (5) 
where . 

For a small-angle tapered collimator (sat), it is shown 
in ref. [4] that, 

        ,                           (6) 
and for a step collimator (st), it follows from the work of 
Okamoto, Jiang and Gluckstern [7] that 

      .                           (7) 
We now note that to within 10% accuracy, 

 ,     .          (8) 
In this paper, we shall restrict our attention to 

collimators with parameters within the range 
.  In this case, Eqs. (6,8) imply that for small-

angle tapers, 
                        ,                            (9) 

and Eqs. (7,8) show that for a step collimator, 
    .                          (10) 

The short-range wakefield depends predominantly on 
the two length scales  and .  In illustrating its 
behavior, one can plot the wakefield versus the variable  

 or . In this paper, in order to illustrate more 
clearly the behavior of the wakefield at longer distances, 
we prefer to utilize the variable . 

For the short-range wakefield , our 
numerical calculations demonstrate that the dependence 
on g is very weak and they support the approximate 
validity of the scaling relation, 
 .  (11) 

With the wakefield approximated by Eq. (11), it 
follows from Eq. (5) that the departure of the loss factor 
from the optical approximation for short bunches 

 can be estimated by 
    .       (12) 

with  varying from 3 for small-angle tapers to 
1.8 for step collimators.  Eq. (12) is a more accurate 

expression for the loss factor than the similar relation 
given in Eq. (12.26) of ref. [8]. 

 ___________________________________________   
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DIMENSIONAL ANALYSIS 
We motivate our discussion by using dimensional 

analysis and the longitudinal scaling relation introduced 
in ref. [9]. From dimensional analysis, we can write, 

.                   (13) 
In the special case of a step collimator, for which =0,  

           .             (14) 
We have determined that when g is not too the wakefield 
depends very weakly on g, so we can simplify Eq. (14) to 
read, 

      .                 (15) 
The corresponding weak dependence of the impedance 

of a step collimator on g was found in the analysis of Ref. 
[7]. 

Our ECHO calculations have uncovered the surprising 
result that in the parameter range we are considering [see 
Eq. (8)], and for , the dependence on b/d is very 
weak (see Fig. 2), so to a reasonable approximation, 

,                      (16) 
Clearly, in Eq. (13), we could have chosen to set the 

length scale with any of the lengths in the problem.  Eq. 
(16) provides one motivation for our choice to single out 
the dependence on the larger radius d. 

For a small-angle tapered collimator, it has been shown 
[9] that an important longitudinal scaling relation holds 
for the short-range wakefield, 

    ,       (17) 
where  is a dimensionless parameter. The scaling 
relation (17) holds trivially for the delta function term in 
Eq. (3). It therefore follows from Eqs. (13) and (17) that 

      .     (18) 
We now choose , obtaining 

 (19)  
and hence, 

.(20)  
Recall that the taper angle  is defined by 

.  We can rewrite Eq. (20) in the form 
. (21) 

Based on the ECHO calculations, we have found that 
the dependence on g is weak for . Neglecting 
the dependence on g, and replacing  by the angle  
in the first argument of , we obtain the approximate 
scaling relation 

   .              (22) 
Let us note that Eq. (22), which we have just introduced 
for the tapered collimator, has a form consistent with Eq. 
(15) found for the step collimator . Therefore, 
we can hope that Eq. (15) will have an approximate 
validity for large collimator angles. Our numerical 
calculations show that replacing the tangent by the angle 
extends the range of usefulness of Eq. (15). In the context 
of the derivation of the scaling relation of Ref. [9], 
replacing  by the angle  corresponds to moving out 

of the region of validity of the paraxial approximation, 
which is only applicable for a smooth, slowly-varying 
wall. Once the taper angle approaches , the scaling is 
broken and the function  begins to depend also on the 
angle  itself.  The special case of the wakefield of the 
step collimator  turns out to exhibit very 
interesting behavior deserving individual attention. 

APROXIMATE CALCULATION OF THE 
POINT-CHARGE WAKEFIELD 

Using ECHO, we cannot directly calculate the point-
charge wakefield. In Ref. [4], an approximate method for 
determining the point-charge wake has been introduced. 
Following this approach, we use ECHO to calculate the 
wakefield  produced by a Gaussian bunch of rms 
width . We choose  small enough so that the wake is 
resistive. We then approximate Eq. (3) by 

 
.(23) 

For , the point-charge wake is well-
approximated by Eq. (23), hence 

. (24)  
In this manner, we approximate the scaling function 

introduced in Eq. (11) by 
.         (25)  

STEP COLLIMATORS 
In Fig. 2, we plot  versus  for step 

collimators with b=3mm and d=6mm (black), 12mm 
(green) and 18mm (orange), and with b=6mm and 
d=12mm (red). The rms length of the charge distribution 

 is chosen to be small enough to assure that 
the wake field is resistive. The close agreement of the 
wakefields for these different parameters is striking. 
These results clearly show that the dependence of the 
scaling function  on the ratio  is surprisingly weak, 
as noted in Eq. (16). 

 
Figure 2: For step collimator, we plot 

 versus  for =50  and: 
d=12mm, b=3mm, g=10mm (green); d=12mm, b=6mm, 
g=10mm (red); d=18mm, b=3mm,g=50mm (orange); 
d=6mm, b=3mm, g=50mm (black). 

TAPERED COLLIMATOR 
We note that for ,  is quite independent of 

. In Fig. 3, we plot the function  versus  
for collimators with d=6mm and b=3mm. The cases with 
taper length  (red, blue, orange) satisfy the 
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longitudinal scaling (17) very accurately. The longitudinal 
scaling is seen to be broken when . The 
accuracy of the approximation of Eq. (11) for the cases of 
L=3.12mm (aqua) and L=1.56mm (green) has been 
significantly improved by the replacement of  by the 
angle  as suggested following Eq. (21). Even in the case 
of the step collimator (black), Eq. (11) provides a rough 
approximation for small . In Fig. 4, we plot the function 

 versus  for collimators with d=12mm 
and b=3mm.  The cases with taper length  
(pink, black, orange) satisfy the longitudinal scaling (17) 
very accurately.  The longitudinal scaling is seen to be 
broken for the cases of   (red, aqua, green). 
In Fig. 5, we plot the function  versus  
for collimators with d=6mm, b=3mm, L=25mm (red); 
d=12mm, b=3mm, L=50mm (black); and d=18mm, 
b=3mm, L=50mm (green) for values of  sufficiently 
large to assure longitudinal scaling (17) is accurately 
satisfied. We see that for , there is 
approximate agreement between the curves corresponding 
to different values of b/d, illustrating the weak 
dependence on the ratio b/d in the approximate scaling 
relation (11). 

 
Figure 3: For tapered collimators, we plot   versus 

 for d=6mm, b=3mm and: g=3.12mm, L=1.56mm, 
=32 m (green); g=6.25mm, L=3.12mm, =32 m 

(aqua); g=12.5mm, L=6.25, =32 m (red); g=25mm, 
L=12.5mm, =16 m (blue); g=50mm, L=25mm, 

=8 m (orange).  The black curve corresponds to a step 
collimator. We see that longitudinal scaling is only 
accurately satisfied for . 

SUMMARY 
For a tapered collimator, we have shown that the short-

range wakefield, for  and , is well-
approximated by Eq. (11). Having factored out the 

 term, we have found that in the range 
 of Eq. (8), the scaling function f depends only 

weakly on b/d.  For small taper angle, , the 
ECHO calculations confirm that the longitudinal scaling 
[9] relation (17) is accurately satisfied. The 
approximation of Eq. (11) properly satisfies Eq. (17) for 
small taper angle.  The longitudinal scaling is broken for 
angles large compared with . We have found that 
using the taper angle  in Eq. (11), rather than its tangent, 
allows Eq. (11) to remain a good approximation for larger 
angles , beyond the regime where Eq. (17) is 
satisfied. As the taper angle increases further, Eq. (11) 
becomes less accurate, and the function  begins to 
depend on the angle  itself. 

The case of a step collimator  is quite 
interesting. For the parameters that we have considered, 
its wakefield is well-approximated by,  

, (26) 
where the dependence on b/d is very weak for s/d  
(see Fig. 2). The very weak dependence of  on b/d is 
quite remarkable, and we did not anticipate this simple 
behavior. 

 
Figure 4: For tapered collimators, we plot   versus 

 for d=12mm and b=3mm and: g=3.12mm, 
L=1.56mm, =30 m (green); g=6.25mm, L=3.12mm, 

=30 m (aqua); g=12.5mm, L=6.25, =30 m (red); 
g=18.8mm, L=9.4mm, =30 m (blue); g=25mm, 
L=12.5mm, =20 m (orange); d=12mm, g=50mm, 
L=25mm, =10 m (black); g=100mm, L=50mm, 

=10 m (purple). 

 
Figure 5: For small-angle tapered collimators satisfying 
longitudinal scaling, we plot   versus  for:  
d=6mm, b=3mm, L=25mm (red); d=12mm, b=3mm, 
L=50mm (black); and d=18mm, b=3mm, L=50mm 
(green). 

REFERENCES 
[1]  I. Zagorodnov and T. Weiland, Phys. Rev. ST-AB 8, 

042001 (2005). 
[2]  I. Zagorodnov, Phys. Rev. ST-AB 9, 102002 (2006). 
[3] A. Blednykh and S. Krinsky, Phys. Rev. ST-AB  15, 

054405 (2012). 
[4]  B. Podobedov and G. Stupakov, Phys. Rev. ST-AB 

16, 024401 (2013). 
[5]  G. Stupakov, K.L.F. Bane and I Zagorodnov, Phys. 

Rev. ST-AB 10, 054401 (2007). 
[6]  S. Heifets and S. Kheifets, Rev. Mod. Phys. 63, 631 

(1991).  
[7]  H. Okamoto, S. Jiang, R. Gluckstern, Phys. Rev. E, 

V50,#2 (1994). 
[8] B. Zotter, S. Kheifets, Impedances and Wakes in 

High-Energy Particle Accelerators (World Scientific 
Publishing Co., 1997). 

[9]  G. Stupakov, K.L.F. Bane and I  Zagorodnov, Phys. 
Rev. ST-AB 14, 014402 (2011). 

.

WEPBA07 Proceedings of PAC2013, Pasadena, CA USA

900C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 Beam Dynamics and Electromagnetic Fields

D07 - Electromagnetic Fields and Impedances



WAKE FIELDS DUE TO WALL ROUGHNESS FOR REALISTIC 

SURFACES* 

A.V. Fedotov
#
, I. Pinayev ,  BNL, Upton, NY 11973, USA                                                            

A. Novokhatski,  SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

Abstract 
Wake fields due to the wall roughness of the vacuum 

chamber can catch up to the bunch causing energy spread 

and emittance growth. Several theoretical models were 

developed in the past which showed rather different 

importance of this effect. Some models suggest that the 

wall roughness effect can be minimized if the vacuum 

chamber surface is characterized by a large aspect ratio of 

the surface roughness (characteristic length to the height 

of the surface bumps). To explore these effects several 

surfaces were measured and direct numerical simulations 

were performed for such realistic surfaces. The studies 

were done both for the long bunches to provide estimates 

of this effect for parameters of the eRHIC project, as well 

as for very short bunches to explore parameter space of 

the wall roughness experiment proposed at BNL’s ATF.   

INTRODUCTION 

This work was originally motivated by beam dynamics 

studies for the eRHIC project [1-3], which is a proposed 

upgrade of the Relativistic Heavy Ion Collider (RHIC). 

The present eRHIC design is based on the multi-pass 

electron beam transport in existing tunnel of RHIC. As a 

result of a high peak current and a very long beam 

transport, consideration of various collective beam 

dynamics effects becomes important [2, 3]. The 

contribution of the wall roughness to the coupling 

impedance (wake potential) can become significant, 

especially when the size of the vacuum chamber is small 

and length of the electron bunch is short.  

Some models indicate that the wall roughness effects 

can be minimized if the vacuum chamber surface is 

characterized by a large aspect ratio of the surface 

roughness (characteristic length to the height of the 

surface bumps). We attempted to explore these effects for 

realistic surfaces by means of the direct numerical 

simulations. Several surfaces were measured, including 

extruded aluminium, for which such roughness aspect 

ratio is expected to be very large. The measured surface 

data was then used as an input parameter in 

electrodynamics code NOVO [4] to simulate the wake 

field.  

Studies were done both for the long bunches (for the 

eRHIC parameters [2-3]) with the bunch length longer 

than a typical correlation length of the rough surface and 

for short bunches with bunch length much smaller than 

the correlation length of the surface roughness. In this 

paper, only results for the case of the short bunches are 

presented, as an illustrative example of our studies. 

WALL ROUGHNESS 

An effect of the wall roughness was first estimated 

based on the impedance of small protrusions of different 

configurations and orientations in Ref. [5]. Such an 

“inductive” model can lead to a very strict requirement on 

the surface polishing. The longitudinal wake potential in 

this model scales as h/b, where h is the height of the 

protrusion and b is the radius of the beam pipe. 

Another model for the wall roughness was introduced 

in Refs. [6-7]. In this model the presence of roughness is 

equivalent to a pipe with a thin dielectric layer or periodic 

corrugation on the smooth wall surface. This model is 

typically referred to as the “dielectric” or “resonator” 

model. In the “resonator” model the coupling impedance 

also has a resistive part. A detailed comparison of the 

“resonator” and “inductive” models was given in [7]. The 

“resonator” model becomes invalid when the correlation 

length (or period of corrugation) is significantly larger 

than the height of the protrusion. This happens to be the 

case for realistic wall surfaces [8] and especially for the 

surfaces produced with extrusions. 

The length of the protrusions along the surface 

(referred to as the “correlation length” lc) was taken into 

account in the model developed in Refs. [8-9], which 

reduced the coupling impedance significantly for typical 

surfaces with the large correlation length, resulting in the 

scaling of the wake potential as h·h/(b·lc).  A comparison 

of such model with the “inductive” model was given in 

Ref. [10].  

In the eRHIC design, we relied on a significant 

reduction of the wall roughness effects due to the large 

aspect ratio of the wall roughness by choosing extruded 

aluminium vacuum chamber. Measurements of several 

surfaces were performed to allow systematic study of 

wake field dependences on the height and length of the 

roughness. In addition, rather than using measured surface 

data in approximate models for the estimates, we 

attempted to study wake fields directly, using numerical 

simulations with the code NOVO [4]. 

MEASURED SURFACES 

In this paper, we limit our discussion to three measured 

surfaces: 1) “surface-1”: sample of an extruded 

aluminium surface from the NSLS-II vacuum chamber; 2) 

“surface-2”: rough aluminium surface without extrusions; 

3) “surface-3”: extruded aluminium surface from the 

superconducting undulator provided by ANL [11]. 

 ___________________________________________  
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NUMERICAL SIMULATIONS 

Numerical calculation of wake fields due to real surface 

roughness is extremely demanding task. For this purpose, 

we used computer code NOVO which was specifically 

developed to handle calculation of wakes for very short 

bunches in very long accelerator structures. For solving 

Maxwell’s equations in time domain, the NOVO code 

uses finite-difference method with improved 

characteristic of the dispersion curve in the region of 

minimum critical wavelength [4]. This code was used 

before to study effects of wall roughness for artificially 

created surfaces [6-7]. Here we performed simulations of 

wake fields with real measured surface data. 

Although measured surface maps are three 

dimensional, the NOVO code is a 2-D code. For each 

numeric simulation, we took a single 1-D slice from the 

measured surface. Based on such a slice, the code 

generates azimuthally symmetric protrusions. The net 

effect of such 2-D simulation is that magnitude of the 

wake is somewhat over estimated compared to the real 

structure in 3-D [12]. Therefore, such 2-D simulations can 

be used for a conservative estimate.  

The primary goal of our studies was to study wakes 

resulting from real surfaces produced with an extrusion 

technique, and thus very long correlation length. In 

addition, we studied dependences on the correlation 

length and height of the surface bumps; as well as 

different beam distribution from Gaussian to a more 

uniform bunch profiles. Due to a limited space in this 

paper, only few results for the case of bunches with a 

short edge are presented. Shown results are for the 

bunches with the flat centre region of 0.3 mm and bunch 

edges of 0.03 mm rms. 

EXAMPLES AND RESULTS 

Figure 1 shows 3-D measurement of extruded 

aluminium “surface-1”.  

 
Figure 1: Measurement of “surface-1”. Extrusions are 

along the mountain ridges (red). Vertical axis in µm; 

horizontal axes in pixels. 

 
Due to a very large height of the roughness, resulting 

wake potential for “surface-1” is also large. Figure 2 

shows a 1-D slice from the surface in Fig. 1 used in 

simulations. Figure 3 shows the bunch profile, the 

resulting wake potential and the loss factor. 

 

 

Figure 2: Slice from measured “surface-1” along one of 

the “mountain ridges” (along extrusion, beam direction z) 

added to the beam pipe radius of r=1 mm. 

 
Figure 3: Blue: bunch profile; red: wake potential for 

“surface-1”, radius r=1mm. Loss factor k=16 V/pC/m. 

 

Simulations using “surface-1” data but with the 

characteristic length lc artificially scaled by some factor 

showed that energy spread scales as 1/lc, as suggested in 

[8-9]. However, we did not observe expected h
2
 

dependence when the height h of the surface was also 

scaled by a factor. A possible scaling (more studies are 

needed) could be similar to  h·g/(b·lc), where g is some 

additional surface parameter, describing the characteristic 

distance between the protrusions. For comparison, one 

obtains such h·g/(b·lc) dependence for a periodic structure 

with the depth h, gap size g and period lc.  

 

 
Figure 4: Blue: bunch profile; red: wake potential for 

“surface-1” with the correlation length 4 times smaller 

than in Figs. 2-3, r=1mm. Loss factor k=64 V/pC/m. 
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As an example, Figure 4 shows resulting wake potential 

for the “surface-1” with the longitudinal structure of the 

surface in Fig. 1 compressed by a factor of four. 

In further studies, a small-gap extruded aluminium 

vacuum chamber with a very smooth surface (Fig. 5), 

without applying possible polishing techniques, was 

provided by ANL [11]. The calculated wake potential and 

loss factor for such surface are shown in Fig. 6. 

 
Figure 5: Measured surface for extruded aluminium 

“surface-3” provided by ANL. Vertical axis in µm; 

horizontal axes in pixels. 

 

 
Figure 6: Blue: bunch profile; red: wake potential for 

“surface-3”, r=1mm. Loss factor k=0.05 V/pC/m. 

 
 

Figure 7: Measurement for aluminium surface without 

extrusions (“surface-2”). Vertical scale in µm. 

We also studied wake potential for several aluminium 

surfaces without extrusions. Although these surfaces did 

not have large correlations lengths the height of the 

roughness bumps was not as large as for “surface-1”. As a 

result, computed wake potential was of the same order as 

for “surface-1” with the extrusions, as shown in Figs. 7-8. 

 

 

Figure 8: Blue: bunch profile; red: wake potential for 

“surface-2”, r=1mm. Loss factor k=4 V/pC/m. 

SUMMARY 

In these studies we simulated wake potentials due to a 

wall roughness using real measured surface data. Some 

dependences on the correlation length and height of the 

surface bumps were examined. Several examples from 

our studies are reported in this paper. 

Our simulations confirmed that the effect of the wall 

roughness can be strongly suppressed with the smooth 

extruded surfaces like the “surface-3”. Simulation of 

wakes for the eRHIC parameters (not presented in this 

paper) showed that such a surface would be satisfactory 

for the eRHIC design. 
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CHANGES IN ELECTRON CLOUD DENSITY WITH BEAM

CONDITIONING AT CESRTA∗

J.P. Sikora† , J.A. Crittenden, D.O. Duggins, Y. Li, X. Liu, CLASSE, Ithaca, New York 14853 USA

Abstract

We compare measurements of electron cloud (EC)

buildup in uncoated and TiN-coated aluminum vacuum

chambers as a function of integrated beam dose up to

1140 amp-hours. The EC density in newly installed bare

aluminum chambers increases with beam dose, while the

EC density in the TiN-coated chambers decreases with

dose under the same beam conditions. Several techniques

are used to monitor EC buildup. These include shielded

pickups that measure the flux of cloud electrons onto the

beam-pipe wall, and a TE wave resonance technique that

measures the EC density within the volume of the beam-

pipe. These measurements were made at the Cornell Elec-

tron Storage Ring, which has been reconfigured as a test ac-

celerator CESRTA, providing positron and electron beams

with energies ranging from 2 GeV to 5 GeV and a variety

of bunch train configurations.

INTRODUCTION

New chambers were installed at three locations in the

Cornell Electron Storage Ring Test Accelerator (CESRTA)

in August 2012 as shown in Fig. 1. We have previously

reported on the effects of beam conditioning measured im-

mediately after chamber installation and then again after a

significant beam dose of up to 1140 amp-hours [1]. Data

with beam dose that is between these two extremes is pre-

sented here in order to estimate the dose required to obtain

this conditioning. Table 1 shows the number of amp-hours

for each beam. The chambers in L3 were let up to atmo-

sphere as part of a separate project in January 2013, but

the chambers at 15W and 15E have been under vacuum

throughout this period. The table shows two values for the

beam dose in April 2013 to reflect this.

Using the TE wave technique, data was collected in the

TiN and bare aluminum chambers in L3 as well as the bare

aluminum chamber at 15E. The raw data is in the form

of phase modulation sideband amplitudes from which the

peak electron cloud (EC) density can be calculated [2, 3].

The 10-bunch TE wave data taken in this study use 14 ns

spaced bunches.

Shielded pickups (SPU) collect data from the TiN cham-

ber at 15W and the bare aluminum chamber at 15E. This

data is in the form of an oscilloscope trace as the SPU

samples the flux of cloud electrons onto the vacuum sur-

face [4]. For the purpose of plotting, the averaged scope

∗This work is supported by the US National Science Founda-

tion PHY-0734867, PHY-1002467 and the US Department of Energy

DE-FC02-08ER41538, DE-SC0006505.
† jps13@cornell.edu

trace is integrated to obtain the charge into the 50 Ω scope

input for each turn (including the preamplifier voltage gain

of 100). The data presented here is from two bunches of

equal charge spaced by 14 ns. A turn at CESRTA is 2.5 µs

and data is recorded with a 100 ns span, which is enough

time to capture the non-zero signal from two bunches.

Figure 1: This sketch of the CESRTA storage ring shows

the location of detectors used in this study: SPU in a

chamber with TiN coating at 15W; SPU and TE wave

measurements in the same aluminum chamber at 15E; TE

wave measurements in the grooved TiN and bare aluminum

chambers of L3.

Table 1: Beam Dose After Chamber Installation

Date (mm/dd/yy) e- Amp-Hr e+ Amp-Hr

08/22/12: 0.0068 0.028

08/23/12: 0.411 0.140

10/10/12: 167.9 166.2

11/19/12: 305.6 305.6

12/13/12: 306.0 308.0

(04/17/13): (251.6) (269.4)∗

04/17/13: 558.8 579.7

∗Since L3 at atmosphere during January 2013

CONDITIONING OF TITANIUM NITRIDE

There are two TiN-coated chambers in this study: the

grooved chamber at L3 where there is TE wave data and

the 15W chamber with SPU data. Figure 2 gives examples

of the recorded 2-bunch SPU data at 8 mA/bunch. The sig-

nal from the first bunch peaks before 20 ns and is mostly

composed of photo-electrons produced in the empty cham-

ber. The larger second bunch signal at about 30 ns includes
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photo-electrons, but is dominated by the cloud electrons

produced by the first bunch that are accelerated into the de-

tector by the second bunch.

As a guide for interpretation of the SPU signals, simu-

lations with ECLOUD [5] have shown that an increase in

both the first and second bunch signal generally indicate

an increase in the quantum efficiency for producing photo-

electrons. Changes in the second bunch signal for the same

first bunch signal generally indicate a change in the sec-

ondary emission coefficient. The data from April 2013 of

Fig. 2 suggest a reduction in quantum efficiency with ex-

tensive conditioning, since there is a reduction in both the

first and second bunch signals. The very early condition-

ing from August 22-23, 2012 (0.5 amp-hours) on the other

hand appears to have an unchanged first bunch signal, while

the second bunch signal is reduced by ten percent or so.

The integral of traces such as those shown in Fig. 2 be-

come data points of Fig. 3 giving the SPU signal versus

total beam current. The 2-bunch SPU data from the TiN

chamber of Fig. 3 shows a noticable reduction in the SPU

signal between the first beam in the storage ring on August

22nd and measurements taken the following day. Records

also show that the vacuum improved under the same con-

ditions from 100 nT to about 30 nT with a total beam dose

of 0.551 amp-hours. The later measurements show small

progressive reductions in the SPU signal with beam dose.

Figure 2: These plots are part of the 2-bunch SPU data

that was taken in the TiN-coated chamber at 15W with

16 mA total positron current (8 mA/bunch = 1.28 ×

1011 positrons/bunch).

The 10-bunch TE wave data from the L3 grooved TiN

chamber in Fig. 4 is somewhat different. There is a step

change in the EC density between the August 2012 data

and all of the remaining measurements. The EC density

measurement in October at 334 amp-hours is only slightly

higher than the remaining measurements. This chamber

was let up to atmosphere during maintenance in January

2013, so the April 2013 data in L3 corresponds to 521 amp-

hours for that chamber. The TiN chamber at 15W (Fig. 3)

had a total of 1140 amp-hours.

Figure 3: 2-bunch SPU data from the TiN-coated chamber

at 15W (see Fig. 2) is integrated to obtain charge/turn. The

data shows monotonic conditioning with beam dose. This

includes the earliest conditioning with less than 0.5 amp-

hours.

Figure 4: TE wave data with ten bunches from the grooved

TiN-coated chamber at L3.

CONDITIONING OF BARE ALUMINUM

There are two bare aluminum chambers in this study: the

grooved aluminum chamber in L3 with TE wave measure-

ments and the 15E chamber where both TE wave and SPU

measurements are made. Figure 5 shows some of the SPU

data taken in the bare aluminum chamber at 15E. Follow-

ing the interpretation used in the previous section on TiN

SPU signals, Fig. 5 shows an overall increase in the signal

from August 2012 to April 2013. There is an increase in

both the first and second bunch signals, suggesting that this

is due to an increase in quantum efficiency. The very early

conditioning data (in the first 0.5 amp-hours) from August

22-23, 2012 shows a decrease in both the first and second

bunch signals, suggesting a decrease in quantum efficiency.

There were also substantial changes in the vacuum during

the measurements on these two days, from 300 nT down to

30 nT at the peak currents. So it is possible that some of

the electrons were produced by ionization.

Integrating the SPU signals, the charge/turn values are

plotted versus total current in Fig. 6. As with the individ-

ual scope data plots, the trend of SPU signal versus cur-

rent shows a decrease in signal amplitude with less than
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0.5 amp-hours, but after this, there an overall increase of

EC density in the aluminum chamber with dose.

Figure 5: These plots are part of the 2-bunch SPU data

in the aluminum chamber at 15E that was taken with

16 mA total positron current (8 mA/bunch = 1.28 ×

10
11positrons/bunch). The preamplifier output is limited

to 3 V resulting in some flattening of the highest amplitude

signals.

Figure 6: SPU two bunch data from the bare aluminum

chamber at 15E shows an overall increase in signal with

dose.

The 10-bunch TE wave data from the aluminum cham-

ber at 15E is shown in Fig.7 and agrees with the SPU data

in that the EC density becomes higher than its initial value

after less than 170 amp-hours. No very early (less than

0.5 amp-hour) TE wave data is available in this data set.

Data from the L3 grooved aluminum chamber in Fig. 8

shows a similar increase in EC density of about 40 percent

after the earliest data.

CONCLUSIONS

Data taken using two very different techniques give sim-

ilar information about the conditioning of bare aluminum

and TiN-coated chambers. Bare aluminum shows a signif-

icant increase in EC density after modest conditioning and

is mostly unchanged thereafter. There is some disagree-

ment between the two techniques in data from TiN-coated

chambers as to whether or not these chambers continue to

Figure 7: TE wave ten bunch data from the bare aluminum

chamber at 15E shows a step increase of about 40 percent

in EC density after the earliest measurement.

Figure 8: TE wave data from the grooved aluminum cham-

ber in L3 also shows a step increase in EC denstity after the

earliest measurement.

condition with beam dose. Interpretation is more difficult

in this case because the TiN chambers have different pho-

ton dose and vacuum histories.
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3D TOROIDAL FIELD MULTIPOLES FOR CURVED ACCELERATOR
MAGNETS∗

L. Brouwer † , S. Caspi, D. Robin, W. Wan, LBNL, Berkeley, CA 94720, USA

Abstract
Curved magnets producing continuously rotating field

multipoles along the length of the bend can provide strong

and continuous transverse focusing, making them of in-

terest for accelerator systems such as compact ion beam

gantries and synchrotron light sources. Evaluating the util-

ity of such rotating multipole systems requires an accurate

description of field behavior for beam physics calculations.

This paper presents a helical scalar potential solution in 3D

toroidal harmonics relevant to boundary conditions on the

surface of a torus. The resulting fields are evaluated for a

curved helical quadrupole channel to illustrate field rota-

tion and the effect of magnet curvature.

INTRODUCTION
Previous analysis and use of accelerator magnets pro-

ducing helical fields have focused on straight, cylindrical

designs [1]-[5]. There is interest in studying the extension

of this concept to curved magnets [6], requiring expressions

for allowable fields rotating around the bend of torus. Pre-

vious work on field description and measurement of curved

magnets is specific to cases of axial symmetry where the

assumption of no field variation along the bend is made

[7]-[9].

In these references Schinzer et al. present a method for

finding scalar potential solutions in local polar coordinates

using approximate R-separation of the scalar Laplace equa-

tion (expansion in the aspect ratio of the torus). In this

paper a similar approach was taken to obtain expressions

relevant to rotating fields on the bend of a torus, with the

difference being the use of toroidal coordinates and full R-

separation in 3D toroidal harmonics.

TOROIDAL COORDINATES
The right hand toroidal system of η, ξ, φ is formed by

the rotation of bipolar coordinates η and ξ about the ver-

tical axis (Fig. 1). Surfaces of constant η are tori, mak-

ing toroidal coordinates a natural choice for problems with

boundary conditions on the surface of a torus. Scale factors

for this system are

hη = hξ =
a

cosh η − cos ξ

hφ =
a sinh η

cosh η − cos ξ
(1)

where (±a, 0) are foci of the bipolar system.

∗Work supported by the U.S. Department of Energy under contract No.

DE-AC02-05CH11231 and the National Science Foundation under grant

No. DGE 1106400.
† lnbrouwer@lbl.gov

Figure 1: Bipolar coordinates 0 < η < ∞ and 0 ≤ ξ ≤ 2π
forming toroidal coordinates when rotated about the z-axis.

SCALAR LAPLACIAN
In a current free region the magnetic field can be ex-

pressed using only the gradient of a scalar potential �B =
−∇ψ. The divergence of this field produces Laplace’s

equation for the scalar potential ∇ · �B = −∇2ψ = 0. In

toroidal coordinates the scalar Laplace equation is

∇2ψ =
1

hηhξhφ

[
∂

∂η

(
hξhφ

hη

∂ψ

∂η

)
+

∂

∂ξ

(
hηhφ

hξ

∂ψ

∂ξ

)

+
∂

∂φ

(
hηhξ

hφ

∂ψ

∂φ

)]
= 0. (2)

Substitution of the coordinate dependent scale factors (1)

produces

k2

a2

[
∂2ψ

∂η2
+

∂2ψ

∂ξ2
+ coth η

∂ψ

∂η

−k−1

(
sinh η

∂ψ

∂η
+ sin ξ

∂ψ

∂ξ

)
+

1

sinh2 η

∂2ψ

∂φ2

]
= 0,

(3)

where the simplification k(η, ξ) = cosh η− cos ξ is made.

The technique of R-separation is used, producing

k5/2

a2

[
∂2u

∂η2
+

∂2u

∂ξ2
+coth η

∂u

∂η
+

1

4
u+

1

sinh2 η

∂2u

∂φ2

]
(4)
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which can be separated to obtain expressions for the sub-

stituted function u = k−1/2ψ.

GENERAL HELICAL SOLUTION IN
TOROIDAL HARMONICS

With u separable in each variable u(η, ξ, φ) =
G(η)H(ξ)L(φ), sinusoidal behavior in ξ and φ is assumed

such that

L(φ) =

∞∑
m=0

[Am cos(mφ) +Bm sin(mφ)] (5)

H(ξ) =
∞∑

n=0

[Cn cos(nξ) +Dn sin(nξ)] . (6)

With these assumptions the separated “radial” equation for

G(η) can be obtained from (4) as

d2G

dη2
+ coth η

dG

dη
+

[
1

4
− n2 − m2

sinh2 η

]
G = 0. (7)

If a change of argument Z = cosh η is used, (7) can be

reformulated into the associate Legendre differential equa-

tion

(1− Z2)
d2G

dZ2
− 2Z

dG

dZ
+

[
ν (ν + 1)− m2

1− Z2

]
G = 0

(8)

with degree ν = n− 1
2 and order m. General solutions for

G(η) are the associate Legendre polynomials Pm
ν and Qm

ν

with argument Z = cosh η.

G =

∞∑
m=0

∞∑
n=0

[
En,mPm

n− 1
2
(cosh η)+Fn,mQm

n− 1
2
(cosh η)

]
(9)

Combining the solutions of separable equations and the R-

separation substitution, the general form of the helical po-

tential is

ψ = k
1
2

∞∑
m=0

∞∑
n=0

[
En,mPm

n− 1
2
(Z) + Fn,mQm

n− 1
2
(Z)

]×
[Cn cos(nξ) +Dn sin(nξ)] [Am cos(mφ) +Bm sin(mφ)]

(10)

which is in agreement with similar separable solutions of

Laplace’s equation in toroidal coordinates (see [10] for ex-

ample).

BOUNDARY CONDITIONS ON A TORUS
A surface of constant η = η0 forms a torus. If the minor

and major radius of a torus are respectively Rc and R0, the

constants producing this surface are

η0 = cosh−1 ε−1 (11)

a = Rc sinh η0 = R0(1− ε2)
1
2 , (12)

Figure 2: A partial torus of ε = 50/100 is shown with bore

cross sections at φ = 0, 2π
3 , and 4π

3 marked in red. The

rotation of transverse fields through similar cross sections

for a helical quadrupole channel is shown in Fig. 3.

where ε = Rc/R0 is the aspect ratio of the torus (Fig. 2).

The potential inside and outside the torus’ surface is given

by

ψin(η0<η<∞) = k
1
2Ain

n,mQm
n− 1

2
(cosh η) sin(nξ −mφ)

(13)

ψout(0<η<η0) = k
1
2Aout

n,mPm
n− 1

2
(cosh η) sin(nξ −mφ),

(14)

where the Legendre polynomials are required to remain fi-

nite, and phase in φ and ξ is chosen such that Bξ(η, ξ, φ =
0) is symmetric about the ξ = 0 axis.

Bore Fields
The fields inside the bore from �B = −∇ψin (13) are,

Bin
η = −Ain

a
k3/2

[(
n− 1

2

tanh η
+

k−1

2
sinh η

)
×

Qm
n−1/2(cosh η)−

m+ n− 1
2

sinh η
Qm

n−3/2(cosh η)

]
×

sin(nξ −mφ) (15)

Bin
ξ = −Ain

a
k3/2Qm

n−1/2(cosh η)

[
n cos(nξ −mφ)

+
k−1

4

[
cos((n− 1)ξ −mφ)− cos((n+ 1)ξ −mφ)

]]

(16)

Bin
φ =

mAin

a sinh η
k3/2Qm

n−1/2(cosh η) cos(nξ −mφ),

(17)

with use made of the properties of associate Legendre poly-

nomials found in [11]. For the evaluation of the Legendre

polynomials using the DTOR algorithms see [12].

WEPBA12 Proceedings of PAC2013, Pasadena, CA USA

908C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

05 Beam Dynamics and Electromagnetic Fields

D07 - Electromagnetic Fields and Impedances



Figure 3: Transverse field rotation within a helical quadrupole channel (n = 2, m = 1) is shown for a torus of aspect ratio

ε = 50/100. The coordinate φ is the angle around the bend of the torus (see Fig. 2).

CURVED HELICAL “QUADRUPOLE”
FOCUSING CHANNELS

The n=2 toroidal multipoles resemble quadrupole fields

twisting along the length of the torus with m total rotations.

This is illustrated in Fig. 3 for a curved quadrupole chan-

nel with one full period around the torus (m=1). The as-

pect ratio ε and field period length 2πR0/m of the magnet

determine the deviation of the helical toroidal field multi-

poles from traditional cylindrical multipoles. As the aspect

ratio of the torus approaches zero and field period length

approaches infinity, the fields approach those produced by

a straight non-twisting quadrupole (see Fig. 4).

ε1 = Rc/R0 = 50/100

ε3 = Rc/R0 = 50/5000

ε2 = Rc/R0 = 50/250

Normalized vertical field

gradient along midplane

Figure 4: Axially symmetric quadrupole-like fields (n=2,

m=0) are shown for a fixed bore radius Rc and increas-

ing major radius R0. As the aspect ratio of the torus

ε = Rc/R0 tends to zero, the fields are seen approaching

those of a straight cylindrical quadrupole.

CONCLUSION
A 3D scalar potential obtained through R-separation of

Laplace’s equation in toroidal coordinates was presented.

This potential can be used to describe magnetic fields rotat-

ing helically along the length of a curved magnet in terms

of toroidal harmonics. The deviation of these toroidal har-

monics from straight cylindrical multipoles is influenced

by the period of field rotation and the aspect ratio of the

magnet (torus). This deviation tends to zero in the limit

of no rotation and a aspect ratio of zero. A curved helical

quadrupole channel was used to illustrate this behavior.
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Abstract 

In this paper, we propose a new method to retrieve the 
effective material parameters, i.e., the effective 
permittivity and permeability. We first obtain the effective 
permeability analytically and then retrieve the effective 
permittivity numerically from the structure’s dispersion 
curve. This method is different from that one which is 
based on the scattering parameters for metamaterial slabs. 
The approach presented here offers an effective parameter 
retrieval for metamaterial-based accelerator and vacuum 
electron device applications. 

INTRODUCTION 
Metamaterials are artificial electromagnetic materials 

comprised of sub-wavelength elements. Metamaterials 
offer many new options for the design of components that 
use electromagnetic materials. A Double-Negative 
Metamaterial (DNM) has both negative permittivity and 
negative permeability and can be described by an 
effective medium theory [1, 2]. We investigate 
metamaterials at microwave, millimeter wave, and THz 
frequencies for application as accelerator structures, as 
interaction circuits of high-power microwave vacuum 
electron devices, and as beam diagnostics tools.   
   The present parameter retrieval method based on the 
scattering parameters (

11S  and 
21S ) [3] is not suitable for 

the metamaterial-loaded waveguide case due to the 
waveguide dispersion and the anisotropy of the 
metamaterials as well as the complex mode. Up to now, 
the parameter retrieval method is only suitable for 
metamaterial slabs interacting with TEM mode in free 
space. 

In this paper, we propose a metamaterial-loaded 
rectangular waveguide which is described by the effective 
medium theory and provide a method for the retrieval of 
the effective material parameters from the dispersion 
relation. The method presented here can offer a 
theoretical foundation for developing novel metamaterial-
based accelerators and high-power vacuum electron 
devices [4] 

RETRIEVAL METHOD 
A square waveguide operating below the cut-off 

frequency which is loaded by split-ring resonators (SRRs) 
was first proposed by Marques et al. [5]  The empty 
waveguide can be considered as a negative permittivity 
medium only when the TE mode is excited, and the SRR 
array forms the effective negative permeability medium. 
As stated in [6], when metallic rods or stripes are loaded 
in the transverse direction of the waveguide operating 
below the cut-off frequency, the TM mode can be excited.  
Since TM modes are of interest in accelerator and vacuum 
electron device applications, we propose to use a 
rectangular waveguide loaded by complementary split-
ring resonators (CSRRs) as shown in Fig. 1 (a).  As 
opposed to SRRs on a dielectric in a waveguide where 
dielectrics can easily induce breakdown or damage [5], a 
CSRR-loaded waveguide is also completely composed of 
metallic elements and thus suitable for high-power 
applications.  

The CSRR array can be characterized by an effective 
negative permittivity in the y direction. In addition, when 
the loss of the proposed waveguide is not considered, the 
corresponding empty rectangular waveguide operating 
below the cut-off frequency can be considered as a 
"magnetic" plasma and its relative permeability is given 
by [6] 

 
2

2

, 1)Re(



 c
effr  ,  (1) 

 
22

00

11

hdc 


 . (2) 

Here c is the cut-off frequency for the TM11 mode,  is 
the angular frequency, and 0 and 0 are the vacuum 
permittivity and permeability, respectively, and d and h 
are the cross-section dimensions of the rectangular 
waveguide.

In Fig. 1 (b), two CSRR-loaded metallic plates are 
placed inside a rectangular waveguide and the beam is 
located between the two CSRR layers.  In this waveguide, 
there is a TM-dominated hybrid mode.  This mode is not 
pure TE or TM mode, but is a complex hybrid mode with 
field components both perpendicular and parallel to the 
electron beam direction. From the point of view of the 
effective medium theory, the "macroscopic" mode is 

 ___________________________________________  
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approximately a "TEM" mode because the integrals of the 
longitudinal electric- and magnetic- fields in a period 
approximately vanish, respectively. Thus, from the simple 
physical model, once the dispersion is obtained, the phase 
velocity is determined. Therefore, for the approximate 
"macroscopic TEM" mode, the phase velocity can be 
easily written as 

 
)Re()Re( ,,

0

effreffr

p

c
v


 , (3) 

where c0 is the light velocity in vacuum. Thus we can 
write the real part of the negative relative permeability as: 

 
)Re(

)Re(
,

2

2
0

,
effrp

effr v

c


  . (4) 

 
(a) 

 
(b) 

Figure 1: (a) a CSRR unit-cell, a=7.25 mm, b=8 mm, c= 
39.18 mm, d=43.18 mm, e=0.75 mm, g=2.5 mm, l=41.38 
mm; (b) the cross section of the proposed CSRRs-loaded 
rectangular waveguide, h=86.36 mm, t=1 mm.  

Therefore, knowing the dispersion of the proposed 
waveguide and using the permeability given in Equation 1 
we can completely determine the effective permittivity 
and permeability for the CSRR-loaded rectangular 
waveguide. 

SIMULATIONS AND RESULTS 
The two CSRR layers are symmetrically located in the 

waveguide along the z direction and the distance between 
the two CSRR layers is set to be 42 mm. The CSRRs are 
periodically placed along the axis of the structure with 
period 8 mm.  Using the Eigen-mode solver of HFSS [7], 
we can get the dispersion curve for this structure which is 
shown in Fig. 2.  Note that the material loss is not 
considered in the HFSS simulation. The cut-off frequency 
is ~3.89 GHz for the TM

11
mode in the empty rectangular 

waveguide, as shown in Fig. 3. From the dispersion curve 
the phase velocity can easily be obtained by 

 /)Re(pv . For example, we can see that the double-

negative frequency band is only from ~2.3 to 2.84 GHz 
for the l=41.18 mm case, where the directions of pv and 

 ddvg / (group velocity) are opposite. Here   is the 

phase constant.  
Applying the parameter retrieval method presented 

here, the effective permeability can be found according to 
Equations (1) and (2), and it is shown in Fig. 3. Also, 
using Equations (3) and (4) and simulation results of the 
dispersion (from Fig. 2), we can retrieve the effective 
permittivity in the double-negative frequency band which 
is shown in Fig. 4. In the simulations d  is kept as a 
constant and 2 lc  is varied for three different values.  
Decreasing the resonator length l increases the resonant 
frequency of the CSRRs and thus the dispersion curve 
moves to the high frequencies (Fig. 2). The retrieved 
effective permittivity is dramatically changed (Fig. 4).  

 
Figure 2: The dispersion curve for the proposed CSRR-
loaded rectangular waveguide.  

Here we are not interested in the frequencies beyond 
the double-negative frequency band, since this method is 
based on the effective medium concept and the dispersion 
characteristics. Note that this method is not rigorous, but 
it is approximately correct for the effective material 
parameters. Currently, we are developing another method 
based on the field analysis to retrieve the effective 
permittivity for the CSRRs which are filled in the 
waveguide. 
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Figure 3: The real part of relative permeability  
vs. frequency.  

 
Figure 4: The real part of relative permittivity  
vs. frequency. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONCLUSIONS 
In this paper, we have proposed a CSRR-loaded 

waveguide. Using the effective medium theory and 
setting up a simple physical model, we have developed a 
method to retrieve the effective parameters for the CSRR-
loaded waveguide. This method is based on the "magnetic 
plasma" concept and the structure's dispersion 
characteristics. It is different from the widely used 
scattering parameter method which is suitable for 
metamaterial slabs excited by TEM mode, but is not 
suitable for the metamaterial-loaded waveguide, where 
the waveguide affects the electromagnetic behaviour of 
the metamaterial. 
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Abstract 

A metamaterial waveguide is proposed for use in a 

linear accelerator. The waveguide walls are made of a 

metamaterial  structure composed of complementary 

split-ring resonators (CSRRs). In such a metamaterial 

waveguide, a TM-like mode exists that can be excited by 

an electron bunch. A complementary split-ring resonator 

is formed by slots machined in a metallic plate. The fact 

that the metamaterial waveguide is both planar and 

composed of elements that are direct machined makes it 

both easy to build and easily scalable to higher frequency 

linear accelerators. The metamaterial waveguide is 

coupled to single mode rectangular waveguides. These 

waveguides can then be connected to a microwave 

network  to couple power into or out of the waveguide. 

The metamaterial waveguide that is presented was 

designed using electromagnetic simulations in HFSS, and 

wakefield as well as PIC simulations of the structure were 

carried out using the CST Particle Studio code.  

INTRODUCTION 

Metamaterial (MTM) structures [1] are periodic 

structures that are both sub-wavelength and operate in a 

frequency range in which the structures are resonant. In 

contrast to the disk-loaded waveguides used as accelerator 

structures, spatial harmonics do not play a role in the 

accelerating properties of MTM structures. Basic studies 

of MTMs for use in or as accelerator structures, beam 

diagnostics, and interaction structures of higher power 

microwave sources are of interest due to the potential 

benefits of using frequency selective materials in 

microwave generation and the advances in MTM 

fabrication that may allow for high frequency design. 

A complementary split-ring resonator (CSRR) with 

negative permittivity has been introduced [1]. A medium 

formed of an infinite array of parallel plates with CSRRs 

machined into them was proposed as an accelerator 

structure [2,3]. This system can be considered as an 

infinite array of electric dipoles, and the effective 

permittivity and permeability of this MTM were 

determined and simulations showed that this MTM has a 

negative refractive index.  

The CSRR MTM has been modified to be used as an 

accelerator structure. Instead of using an infinite medium, 

a MTM waveguide is formed by placing the CSRRs in a 

waveguide that is below cutoff.  In this paper we study 

the dispersion properties of the MTM waveguide and the 

electron beam interaction with its field.     

METAMATERIAL WAVEGUIDE  
  The MTM waveguide proposed (Fig. 1) is an assembly 
of four rectangular waveguides that have each had CSRRs 
machined into one of their faces as shown in Fig. 2. The 
waveguides are assembled such that the waveguide walls 
into which the CSRRs have been machined divide a 
‘cross’ shaped pipe into four outer waveguide regions and 
one central waveguide region through which the electron 
beam passes. One period of the structure along the axial 
direction of the waveguide includes two split ring slots 
with openings facing each other, with total period p = 7 
mm (Fig. 2). The MTM waveguide is designed in the S-

band operating at 2.6 GHz. As the period is 7 mm, it is 
sub-wavelength at this frequency along the axial 
direction. The transverse dimension of the split rings is 41 
mm. The slot width is g=2 mm and the CSRR thickness is 
1.6 mm.  In addition to the cross shaped structure shown 
in Fig. 1 we have investigated square, hexagonal, and 
triangular geometries as well. 

 
Figure 1: Metamaterial waveguide assembled from four 

WR187 waveguides (47.55 x 22.15 mm) with CSRRs 

machined into inner face of assembled structure.  
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Figure 2: Metamaterial waveguide made from standard 

WR187 waveguide with CSRRs machined into one face 

of the guide.  

 

 Because of the electric response of the CSRRs, the MTM 
waveguide formed by the assembled waveguide structure 
has negative permittivity at 2.6 GHz. The structure’s 
negative permeability is caused by the operation of the 
waveguide below its cutoff frequency for TM (HE) 
modes.  The cutoff frequency of a waveguide with the 
same dimensions as the central region is near 5 GHz.  The 
combination of negative permittivity and negative 
permeability provides a negative refractive index.   
  The HFSS simulation results showing the dispersion of 
the MTM waveguide are presented in Fig. 3. The 
frequency is shown as a function of phase advance per 
one period in degrees.  

 

Figure 3: Dispersion curves of TM modes in the 
metamaterial waveguide. Two modes exist that couple to 
the electron beam, a negative refractive index mode at 
2.5-2.6 GHz (red) and a positive index mode at 3.5-4.5 
GHz (black). The relativistic electron beam dispersion 
line is also shown (2πf=kzc, purple).  

 

The negative group velocity, negative refractive TM-

Hybrid mode is found at the frequency range of 2.5-2.6 
GHz. In addition to this mode, the presence of the CSRRs 
also supports a lower group velocity mode at 1.9 GHz.  
The differences between these two modes have to do with 
the symmetry of fields between adjacent split rings.  

There is antisymmetry between split rings in the lowest 
order mode, which results in field cancellation and a very 
small axial field in the structure.  Therefore, this mode is 
not expected to couple to the electron beam as well as the 
HE modes. At higher frequencies (3.5-4.5 GHz) a positive 
index mode is found.  Shown in Fig. 3 is the dispersion 
line of a highly relativistic (v ≈ c) electron beam. The 
beam excites the MTM modes at the frequencies where  
this beam line intersects the modal dispersion curves.   
      

WAKEFIELD SIMULATION 

  The CST Particle Studio wakefield solver was employed 
to simulate the wakefield created from a single impulse 
bunch travelling through the structure.  While the 
wakefield solver lacks the ability to characterize the full 
beam-wave interaction as a PIC code would, it is an 
efficient way to estimate the relative coupling of an 
electron beam to any particular mode in a structure when 
we examine the wake impedance as a function of 
frequency.  The wake impedance as a function of 
frequency � �  is found by taking the Fourier 
Transform of the wake potential � � , which is defined 
by the relation � � = −∫ � �     �   ∫ � �     �    

where �  is the longitudinal charge distribution and � is 
the distance behind the impulse bunch.  The wake 
potential created by the test bunch, shown in Fig. 4, is 
displayed in Fig. 5 as a function of �.  

 

Figure 4: Test bunch current profile used in the wakefield 
simulations.  

 

Figure 5: Longitudinal wake potential as a function of the 
distance behind the impulse bunch (s). 
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For this simulation the bunch length used is much shorter 
than the wavelength of interest.  Fig. 6 shows the 
longitudinal wake impedance as a function of frequency. 
The on-axis bunch excites the TM modes in the MTM 
waveguide and the longitudinal wake impedance indicates 
narrow band excitation at the frequencies of 2.6 GHz and 
4.5 GHz.  In addition to these two modes, there is slight 
excitation of the mode at 1.9 GHz because it does have a 
small, but nonzero axial field.  The frequencies of each 
mode are in good agreement with the HFSS 
electromagnetic simulations. 

 

Figure 6: Longitudinal wake impedance shown as a 
function of frequency.   
 

RADIATION OF A TRAIN OF BUNCHES 

PIC simulations of a train of bunches in the 2.6 GHz 

MTM waveguide were performed using the CST Particle 

Studio code. This research is of interest for potential 

application at the beam line of the Haimson Research 

Corporation (HRC)/MIT 17 GHz linear accelerator, 

where the MTM waveguide simulated at 2.6 GHz is 

easily scalable to 17 GHz due to the frequency selectivity 

and planar geometry of the MTM.  The HRC/MIT 

accelerator produces a train of sub-picosecond bunches 

with the repetition rate of 17.14 GHz. Radiation from this 

17 GHz train of bunches has been used for bunch 

diagnostics, particularly bunch length measurement [4]. 

Radiation of the train of bunches in a photonic band gap 

structure was characterized in Ref [5].   

These simulations were done for the S-band MTM 

waveguide and a train of bunches with a repetition rate of 

2.6 GHz, an injected energy of 500 keV, and a time 

average current of 1 Amp.  Fig. 7 shows the 1.1 m length 

of MTM waveguide with the electron bunches injected 

from the left.  

 

 

 

Figure 7: CST simulation of metamaterial waveguide 

structure with a train of bunches.   

 

The radiation output is at the injection end of the 

structure because the radiation propagates backward, as 

predicted from the negative dispersion of the HFSS 

simulation. The energy distribution along the length of 

MTM waveguide in the train of bunches is shown in Fig. 

8. Bunches give up their energy to radiation and the 

energy spread increases as the energy decreases.  

 
Figure 8: Electron energy distribution of the train of 

bunches as they travel through the structure.  The bunches 

are injected at an energy of 500 keV (0.98 mec
2
).   

 

CONCLUSIONS 

A metamaterial waveguide is proposed for use in an 

accelerator as a diagnostic or accelerating structure. The 

MTM waveguide is designed at the S-band but can be 

scaled to higher frequencies due to the simple and easily 

machined planar elements that give the waveguide its 

frequency response. A negative refractive index mode 

was identified for this MTM waveguide using the code 

HFSS, and this mode was also confirmed to both exist 

and couple strongly to the electron beam using the 

wakefield solver of CST Particle Studio. The excitation of 

the MTM waveguide by the electron beam was modelled 

and studied using the PIC solver of CST. A possible 

experiment using the HRC/MIT linac is presented.    
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RIBBON ELECTRON BEAM SOURCE FOR BUNCHED BEAM PROFILE 
MONITOR AND TOMOGRAPHY 

 V. Dudnikov, Muons, Inc., Batavia, IL 60510, USA  
A. Aleksandrov, ORNL, Oak Ridge, TN 37831, USA 

Abstract 
Ribbon electron beam source with a strip cathode has 

been designed, fabricated and tested. Image of the ribbon 
electron beam with width up to 15 cm has been registered 
on the luminescent screen. This ribbon beam can be used 
for the large proton bunch profile monitoring in the 
Spallation Neutron Source (SNS) proton storage ring. 
Advanced beam diagnostics are essential for high 
performance accelerator beam production and for reliable 
accelerator operation. It is important to have non-invasive 
diagnostics which can be used continuously with intense 
beams of accelerated particles.  

INTRODUCTION 
Beam profile determination at high intensity ion 

accelerators requires the use of non-destructive methods. 
The basic physics and recent technical realizations of 
important non-intercepting profile diagnostics are 
summarized in Ref. [1]. Transverse electron beam 
scanners were realized recently for use in the SNS storage 
ring by Aleksandrov et al. [2, 3].  

In the electron beam profile monitor (EBPM) 
developed at the SNS, a transverse beam profile is 
reconstructed from the deflection of electrons crossing the 
proton or ion beam after being influenced by the beam’s 
space charge, as schematically shown in Fig. 1 [1]. A 
pencil electron probe is formed by an electron gun and 
scanned through the proton beam by the electric field of 
deflectors as in an oscilloscope tube. The position of the 
scanning electron probe after crossing the proton beam is 
visualized by a fluorescent screen and the image is 
captured by a camera for further processing. Assuming 
the electron beam has a much lower diameter than the 
proton or ion beam and the scan duration is much shorter 
than the ion bunch passage, the space charge field can be 
treated as constant. The beam profile can be reconstructed 
from the electron beam trace using the mathematical 
formalism given in Ref. [2].This method was considered 
for high energy synchrotrons and recently commissioned 
at the SNS [3]. A significant part of the scanner hardware 
is used for the extension of the scanning e-beam. Large 
quadrupole magnets also complicate the magnetic 
shielding of this version of scanner. For these reasons, 
electron beam profile monitors (EBPM) with electron 
beams formed by the deflection of pencil e-beams can be 
long, and fairly complex. Potentially more practical e-
beam profile monitors that are more suitable for proton 
beam tomography can be developed using a strip cathode 
for formation of a ribbon beam as discussed below [4].  
The analysis of the data for beam bunch transverse 

profiles for the system that we are proposing will be very 
similar to what has been developed for the EBPM as 
described below. 
 

 
Figure 1: Schematic of an electron scanner for the vertical 
beam profile [1]. 

RIBBON ELECTRON BEAM PROFILE 
MONITOR (REBPM) 

The ribbon electron probe beam profile monitor 
(REBPM) using a strip cathode is proposed as shown in 
Fig. 2. The electron ribbon (6) is generated by the strip 
cathode (1) with extractor (2). The transverse dimensions 
of the ribbon are defined by the collimator with two slits 
(3) and (5). The width or duration of the ribbon electron 
probe (6) is formed by the deflection of the ribbon 
electron beam across slit (5) by a pulsed voltage on the 
deflecting plates (4). Electrons of the ribbon electron 
probe after deflection by electric field of the proton bunch 
are visualized on the luminescent screen (7) and recorded 
by a fast CCD camera for further processing by the 
corresponding software discussed above. 

 
Figure 2: Electron probe beam profile monitor with a strip 
cathode. 

The mechanical design of the system is shown in Fig. 3, 
the 3D models of the of the strip cathode electron gun 
with insulators and support insulators are shown in Figs. 
4-6. 
 

 _______________________________________  

*Work supported by Contract DE-AC05-00OR22725 and by STTR 
 grant DE-SC0007559.  
#Vadim@muonsinc.com 
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Figure 3: Mechanical design of the RBPM. a-cross-
section in the plane of the ribbon electron beam; b- view 
of cross section in plane A-A. 1-strip cathode; 2-anode 
with slit; 3-extraction electrode with a slit; 4-vacuum 
vessel; 5-deflection plates; 6-beam forming electrode with 
collimating slit; 7-ribbon electron beam (up to 15 cm 
wide); 8-high voltage insulator; 9-slit valves for proton 
tube vacuum insulation (need slit ~50x180 mm2); 10-
electron beam vacuum chamber joined with proton 
vacuum tube 12; 11-proton bunch; 12-proton storage ring 
vacuum tube (OD=254 mm, ID=248 mm); 13-
luminescent screen for electron beam observation; 14-
vacuum window. 

 
Figure 4: Design of Ribbon strip cathode electron gun. 

Ribbon electron beam formation was optimized using 
the computer simulation code PBGUNS. The study below 
shows the optimization to reduce the electron beam 
divergence in the plane orthogonal to the ribbon.  This is 
necessary to keep the image of the ribbon focused on the 
phosphor screen. The cross section of the electron gun for 
ribbon beam production is shown in Fig. 7. The scale of 
this drawing is 1 mm per division. The simulation grid 
step-size near the emitter can be up to 16 times smaller 
than the regular grid and the emission area can be 
simulated with high accuracy in an acceptable simulation 
time. The extracted electrons escape from the gun through 
a slit with width h=1 mm. 

 

 
Figure 5: 3D design of RB electron gun with extraction 
electrode, accelerating anode, and deflection plates. 
 

 
Figure 6: Adaptation of RB e-gun on the vacuum tube of 
the proton storage ring with vacuum valves. 

The escaping electrons are accelerated by an anode (4) 
with voltage Ua= 100 kV located at coordinate Z4=8 mm. 
Deflecting plates (5) with coordinates between Z4=9 mm 
and Z5=13 mm are located between the anode (4) and 
electrode (6) with coordinate Z6=14 mm. The ribbon 
electron beam can be deflected by the transverse electric 
field created between these plates and can be focused by 
electric fields near ends of these plates. This simulation 
was made with the potential of deflecting plates Ud=95 
kV, which corresponds to the focusing voltage of a 
cylindrical (one dimensional) Einzel lens Uf=-5 kV.  

The simulation was conducted with a space charge 
current limitation and with emission current limitation at 
the level of Je=100 mA/cm2 ~ 1.5 mA per cm of the 
cathode filament (the simulation used a 1 m long 
filament). As can be seen from Fig. 7 the emitted flux of 
electrons is very divergent because of the cylindrical 
emission surface. The extraction electrode (first anode) 
intercepts a linear current density J1~0.23 mA/cm and 
J2~0.08 mA/cm is emitted from the gun. The central part 
of the beam has a regular divergence of α=40 mr/mm 
which must be compensated by additional focusing. This 
additional focusing was provided by the Einzel lens made 
by the fields between the deflection plates and the 
collimating slits.  
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Figure 7: Edge view of the strip cathode electron gun 
showing the simulation of ribbon electron beam 
extraction, acceleration, and focusing by the deflector 
plates (extraction voltage Uex=10 kV, accelerating 
voltage Ua=100 kV, focusing voltage on the deflector 
system is Uf=-5 kV). Red lines are electron trajectories, 
green lines are equipotentials. The scale is 1 mm/division. 
The flat electrode (1) at Z1=0 mm has zero potential, the 
same as the cylindrical emitter (2) with radius r=0.05 mm, 
located at coordinate Z2=1.5 mm from the flat electrode. 
The electrons are extracted from the cylindrical emitter 
(2)  by extraction electrode (3) located at coordinate 
Z3=3.2 mm with potential Uex=+10 kV relative to the 
emitter. 

A strip cathode with strong filament tension have been 
built and tested (see Fig. 8). The filament (1), (0.11 mm 
diameter thorium doped tungsten) has been attached to 
insulated holders (3) by spark welding with nickel foil 
interface and has been kept straight by a system of 
springs. The right holder is fixed on insulator 8. The left 
holder (3) can slide along a rod (4). Two direction plates 
with a glassy carbon inserts (5) can keep the left holder 
from rotating.  The spring (6) can press the left holder to 
the left direction to keep the filament (1) straight. The 
filament (1) is positioned along the slit (2) of extractor 
(9). The anode (10) is used for further electron beam 
acceleration. The cathode is assembled on the base plate 
(7). 
 

 

Figure 8: Design of a strip cathode gun with a tension by 
a spring. 1-filament thorium doped tungsten; 2-slit of 
extractor electrode; 3-cathode holder, sliding along 
support rod (4); 4- support rod; 5-plates for direction a 
cathode holder with a glassy carbon sliders; 6-spring 7-
insulated base plate; 8- high voltage insulators; 

The image of the ribbon beam from the e-beam gun 
prototype hitting the phosphor screen is shown in Fig. 9. 
The filament was heated by current Ih=1 A. The electron 
beam was extracted from the filament by pulsed 
extraction voltage Ue~ 1kV with the pulse duration T=1 

µS and repetition up to f=10 Hz transmitted through an 
insulating transformer.  

 
 

 
 
Figure 9: Ribbon electron beam on the luminescent screen 
deflected by deflection plates. 1-extractor electrode; 2-
anode; 3-deflecting plates; 4-image of the ribbon electron 
beam on the screen; 5-luminescent screen. Diameter of 
luminescent screen is 110 mm, the shielding plate width 
is 25 mm.  

The green line (4) on the screen (5) in Fig. 9 is an 
image of deflected ribbon electron beam. In this 
experiment, the beam line image was ~3 mm wide 
because the beam focusing by the deflecting plate 
electrostatic lens, as described in the section above on 
computer simulations, was not used. The beam trace 
visible on the screen can be seen and registered after one 
pulse. 

With the electron beam energy increased to 100 keV, 
the luminescent screen trace can be seen with lower beam 
current. More-efficient luminescent screens with 
metallization will be used for the regular RBPM 
developed in Phase II. Increased accelerating voltage and 
fine focusing by the deflecting plates will produce a finely 
focused ribbon beam with thickness less than 1 mm, 
which is enough for good RBPM accuracy.  
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POSSIBLE EXPERIMENTS ON WAVE FUNCTION LOCALIZATION DUE 
TO COMPTON SCATTERING  

V. Danilov, A. Aleksandrov, J. Galambos, T. Gorlov, Y. Liu, A. Shishlo, ORNL, Oak Ridge, TN 
37831, U.S.A. 

S. Nagaitsev, Fermilab, Batavia, IL 60510, U.S.A. 
 

 
Abstract 

The reduction of a particle’s wave function in the 
process of radiation or light scattering is a longstanding 
problem. Its solution will give a clue on processes that 
form, for example, wave functions of electrons constantly 
emitting synchrotron radiation quanta in storage rings. On 
a more global scale, it may shed light on wave function 
collapse due to the process of measurement. In this paper 
we consider various experimental options using Fermilab 
electron beams and a possible electron beam from the 
SNS linac and lasers to detect electron wave function 
change due to Compton scattering.  

INTRODUCTION 
   The first dedicated experiments to measure the wave 
function of an electron in accelerator were started in 
Novosibirsk about two decades ago and described in [1, 
2]. The experiments showed that the wave function of an 
electron in a storage ring is very localized, and its motion 
is similar to the motion of a classical particle with random 
kicks without any sign of phase space dilution due to the 
potential well (RF) nonlinearities.  

  The experiments were performed in the VEPP-3 
storage ring with a single circulating electron [2] and the 
light from an undulator that was detected by 
photomultipliers. The standard Brown-Twiss intensity 
interferometer scheme used a splitter to send the photons 
to two photomultipliers. The basic idea to measure the 
longitudinal wave function size was to detect two photons 
by different photomultipliers during one passage of an 
electron through the undulator and the rms difference in 
time, multiplied by velocity of light, was supposed to give 
the wave function size. Unfortunately, the 
photomultipliers were slow – their response time (called 
the dispersion in [2]) was around 160 ps. The signal time 
difference from two photomultipliers was well within this 
number, therefore it was concluded that the wave function 
size is much shorter than the available resolution. 

Here we pursue another approach. Using scattered 
instead of radiated quanta, and knowing the precise 
energy of electrons and photons, we can measure the 
resulting energy distribution (and, consequently, the 
electron wave function) after the scattered photon is 
measured by a detector and after we employ coincidence 
scheme, i.e. take only pairs of related electrons and 
Compton photons with very small angle with the beam 
velocity vector. This results in a very small transverse 
recoil and the electrons have mostly longitudinal 

momentum (or energy) change. This is possible if the 
resolution of detectors is high and the repetition rate of 
events is low. If the repetition rate is high, the electron 
beam energy spread in its left shoulder (see Figure 1) 
gives the energy spread of scattered electrons even 
without precise knowledge of the measured gamma 
quanta if the quanta don’t introduce a large angular spread 
for electrons (we discuss this in the next sections).  

An experiment outline is shown schematically in Figure 
1. An electron beam with very small energy spread from a 
linac with energy in the range of hundreds of MeV 
collides with a laser beam producing rare Compton 
quanta. The backward scattered quanta are measured in a 
small scattering angle range (to have precise knowledge 
of their energy) by an X-ray detector and the electron that 
scattered the quanta is measured in an energy analyser 
that separates this electron from the rest of the beam by, 
e.g., magnetic field.  

 
Figure 1:  Experiment outline. 

 If the separation is larger than the width of the electron 
beam after the magnets, it is possible to measure the 
width of the energy distribution of the scattered electrons. 
This distribution, if different from the beam distribution, 
will give us the wave function width, or its localization, 
after the process of scattering and measurement of the 
photon. One has to notice that Figure 1 two-peak 
discontinuous distribution of electrons can be obtained if 
we cut out all electron-photon scatterings with large 
angles of Compton quanta with respect to beam axis 
pointing toward beam velocity. This procedure will 
eliminate the scattered-electron angular spread 
contribution to the left shoulder distribution and as a 
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result will give more accurate details on the localization 
process. 

 In the next section we present calculations for the 
process probability and accuracy of the measurement. 
Last section presents simple estimations for the resulting 
wave package width – the technique is simple and related 
to the Heisenberg uncertainty principle. 

ESTIMATIONS OF THE MAIN PROCESS 
PARAMETERS 

Here we are interested in estimating for a given 
Compton quanta flux, the required laser and electron 
beam parameters, accuracies of the beams alignment, etc.  

First of all, the electron beam should be as 
monochromatic as possible and the Compton quanta 
energy spread has to be minimal. The energy spread of the 
scattered electrons includes the energy spread of the 
incident electron beam and Compton quanta plus energy 
spread increase due to localization process. The smaller 
the first contribution is, the larger the accuracy of the 
energy spread increase measurement will be. In the limit 
of zero energy spread of the electron beam and Compton 
quanta energy, the energy spread of the scattered electrons 
(left screen in Figure 1) is a result of localization process 
and the Fourier image of the square root of the 
distribution gives us the localized electron wave function 
after the Compton quantum measurement (see the 
discussion of its physics in the last section).  

Let’s estimate separation of the beams – scattered (left 
trajectory in Figure 1) and unperturbed (right trajectory in 
Figure 1). Assuming a head-on collision, for 

backscattered quanta the energy s  is: 

 24s ,                                   (1) 

where s  is the Compton quanta energy, and  is the 

relativistic factor of the electron beam (here and below we 
assume that we are in Thompson regime, i.e. photon 
energy in the electron rest frame is much less than the 
electron rest energy).  Assuming the electron energy 
E=405 MeV for SNS [3] and E=150 MeV for Fermilab 
IOTA injection line [4] we have roughly 8.8 MeV and 1.2 
MeV backscattered quanta for these facilities, 
respectively, for readily available 355 nm light. More 
important is the relative energy change that is 2.2 % and 
0.67 %, respectively. The typical relative electron beam 
energy spread is 0.01%. It shows both Fermilab and SNS 
electron beam energy separation could be made almost 
two orders of magnitude larger than the spread which 
gives us opportunity to make clean experiments on wave 
function localization. 
     The next step is to calculate the angle for quanta 
registration to reach the desired accuracy of scattered 
electron spread and the detection rates. The Compton 
cross section σ in electron rest frame in the Thompson 
regime is: 

 d
r

d e )cos1(
2

2
2

 ,                        (2) 

where re is the classical radius of the electron, and χ is the 
angle of the scattered photon with respect to the initial 
angle that is assumed to be exactly (or very close to) 180 
degrees with the electron beam direction. We have to 
register backscattered photons very close to beam axis 
and, once a photon is registered, detect the scattered 
electron. In this way we minimize spread of scattered 
electron energies. If we want it to be small, the angle   
θ=π-χ has to be small also. Recalculating the photon 
energy εs from the electron rest frame to laboratory frame 
yields: 

 )
4

1(4)cos1(2
2

22  s .    (3) 

The spread of photon energies is about 
4

2 s , and has to 

be less than the electron beam energy spread δE which 
yields: 

s

E

E

E


 2 .                                     (4) 

The rough estimate for both facilities 

(assuming 410
E

E
) for 355 nm light is 2.0  

radians. Only photons within this angle have to be 
collected. We have to recall here that the Compton photon 
with a large angle gives a transverse kick (around 10-3 
angle for our maximal angle of 0.2 rad in the beam’s rest 
frame) and this reduces the accuracy of measurement 
because the electron separation due to dispersion and 
energy drop of scattered electrons will be smeared by the 
spread of the horizontal coordinates that appear due to 
Compton photon transverse momenta. We just have to 
reduce beta function at interaction region to mitigate this 
effect. In addition, the dispersion function after the 
magnets has to be as large as possible and the beta 
function at the electron position measurement has to be 
minimized – we leave these details for future work on 
more detailed design of the beam and laser optics. 
   At this point we have to estimate the needed electron 
flux and the detection rates for reasonable lasers. In the 
laboratory frame this photon angle becomes: 

 


2

L ,                            (5) 

that is around 0.3x10-3 for the Fermilab parameters. It 
means that the gamma detector, placed 10 meters from 
the beam, has to have an aperture diameter only 0.6 cm 
for the Fermilab case. SNS parameters have the similar 
values. For this small angle the cross section (2) becomes: 

22 er ,                              (6) 

And the rate f of Compton quanta detection is: 

SNff eph / ,                         (7) 

where fph is the number of photons per second,  Ne is the 
number of electrons in the interaction volume, and S is the 
area of beams overlap.  
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    Estimation for the simplest SNS experiment can be 
done under following assumptions:  

1) Electrons come from H- stripping by a Q-switch 
laser with duration around 10 ns with repetition rate 
30 Hz; 

2) Only a small fraction (1%) of ions are stripped to 
prevent electron beam blow-up due to space charge 
force, therefore the total number of electrons per 
one laser shot is Ne=2x107; 

3) The laser for interaction is also a 30 Hz Q-switch 
laser with the number of photons = 1.5x1018 per 
pulse assuming 25% efficiency conversion into 355 
from 1064 nm light; 

4) The area of overlap can be made around 1 mm2; 
5) We assume the electron beam spread can be 

reduced to 10-4 or below – either naturally or using 
some collimation. 

   The SNS events rate for 100% efficiency of gamma 
detector is kHzf 9.0 . This number is too high in 

order to use coincidence registration for electrons and 
gamma quanta. Probably, it is not necessary. But we can 
collimate the beam to reduce the energy spread and 
number of electrons will go down two orders of 
magnitude or so. That means the detection rate of around 
9 Hz would be less than 30 Hz laser rate (0.3 Compton 
photons per shot), and we can use coincidence scheme to 
make clean measurements of electron energy 
distribution.  
      The Fermilab linac needs special low current injector 
producing monochromatic beam for such experiment. In 
the IOTA channel it is desirable to increase the 
dispersion as much as possible after the bend and reduce 
the betatron horizontal size. The counters for Gamma 
quants can be chosen different to see if the results of 
experiment depend on the boundary conditions for 
absorbed scattered photons. 
    Typical accuracies of the laser beam alignment have 
to be about 10-4. The angular spread of the electron beam 
angles has to be about the same. All misalignments have 
to be less than acceptable angle of Compton quanta that 
is 0.3x10  for the typical beam parameters (see eq. [5]). -3

WAVE FUNCTION SIZE EXTRACTION 
   The expected result is that Compton energy spectrum 
for electrons doesn’t change after the quantum 
measurement and we don’t see any broadening of 
scattered electron distribution. The wave function 
localization is very weak then and can’t be measured. If 
we see broadening of the left distribution in Figure 1, it 
will indicate that some localization took place. 

  Here we would like to speculate on how we calculate 
wave function size from a measured image on the screen 
(see Figure 1, left distribution). We assume that the 
dispersion function D can be made large enough so that 
the betatron size of the beam can be made much smaller 

than the energy spread-related size, that is
E

E
D


.  In 

addition, we assume the electron spin doesn’t influence its 
motion much, and ignore the rest mass of the electron. In 
this case its motion is similar to the light and the Fourier 
transform of the energy spectrum (taken as square root of 
the measured distribution) produces the wave function in 
time-space representation. There is always a question of 
wave function slow phase that can’t be determined from 
the measurement of this type – we assume it is close to 
being a constant. 

Simple arguments give us the following picture: if the 
wave function gets localized after the measurement to one 
photon wave length, the energy spread will be equal to the 
photon energy meaning the left image in Figure 1 will 
overlap the right one. If the localization is about 10 wave 
lengths, the energy spread is around 10% of the photon 
energy (the width of the right distribution is about 10% of 
the distance to the right one), etc.  

The parameters, chosen in this paper, allow us to see 
the localization size if it is below 100 backscattered 
photon wave lengths. If the localization length is larger, 
meaning the increase of the energy spectrum width is not 
seen, one needs to decrease the electron beam and 
backscattered photons energy spread further. 

SUMMARY 
In this paper we have presented examples of possible 

experiments at SNS and Fermilab on electron wave 
function localization due to Compton quantum scattering 
and its measurement by a detector. It is shown that if the 
localization of the electron wave function is below 100 
wave lengths of backscattered photons, it will be possible 
to measure it with moderate modifications of existing and 
future facilities at SNS and Fermilab. 
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Abstract

Fermilab’s Integrable Optics Test Accelerator (IOTA)

is an electron storage ring designed for testing advanced

accelerator physics concepts, including implementation of

non-linear integrable beam optics and experiments on op-

tical stochastic cooling. In this report we describe the con-

tribution of RadiaBeam Technologies to the IOTA project

which includes non-linear magnet engineering, prototype

fabrication and measurement.

INTRODUCTION

IOTA is an electron ring designed as a proof-of-principle

of non-linear integrable optics [1] at the ASTA facility [2].

Nonlinear optics are predicted to increase stability of the

electron beam through Landau damping [3] and the nat-

ural tune spread of the electron beam will also increase

dynamic aperture [1], leading to more intense beams in

high-energy physics machines. The goal of the project is

to study single particle dynamics in the non-linear regime

using a 150 MeV electron beam in a ∼40 m circumference

ring with 4 non-linear inserts that are each 2 m long [4].

While the beam dynamics of the non-linear optics system

is being studied at Fermilab, the magnetic inserts are being

designed and manufactured at RadiaBeam Technologies.

In this paper we discuss the magnetic design and toler-

ance requirements of the IOTA inserts and the measure-

ment system being built to measure the first prototype of

these unique magnets. The goals of the prototype magnet

insert are to gain experience manufacturing a complex ge-

ometry, determine the cross-talk between adjacent magnet

segments, and measure the field of a challenging insert that

is tens of centimeters long with a sub-centimeter aperture.

DESIGN

The approach to this problem is the standard magne-

tostatic approach [5]: find the equipotential surfaces and

choose one to fill with iron, correct the edge fields for the

finite extent of the real magnets and then magnetize that

iron via a current carrying coil on a ”far off” yoke. The

magnetostatic problem is defined in terms of the magnetic

vector potential for a 2D object:

∗Work supported by DOE under contract DE-SC0009531.
† oshea@radiabeam.com

Az(x, y, s) =
Bρ c2 t

β(s)

∞
∑

n=1

22n−1n!(n− 1)!

(2n)!

×

(

x2 + y2

β(s) c2

)n

cos [2n arctan (
y

x
)].

(1)

Where Bρ is the magnetic rigidity of the particles, c is a

scale factor with units m1/2, t is a unitless strength param-

eter, x, y and s are the horizontal, vertical and longitudinal

coordinates, respectively, and β(s) = β∗ + s2

β∗
is the beta-

function in the non-linear insert with β∗ = 0.727 m at the

longitudinal center of the insert.

The vector potential (and as we will see, the scalar po-

tential) is clearly continuous in the longitudinal coordinate

but it would be very difficult to create a single 2 m long de-

vice that varies continuously to produce the desired scaling.

Accordingly, the 2 m device is divided into 20 sections of

constant parameters that are 6.5 cm long, between each sec-

tion is a 3.5 cm long non-magnetic block (or air gap) used

to separate the different segments. Because of the symme-

try around the longitudinal center of the device, there are

10 different segments. The segments are labeled 1 through

10 with 1 being nearest the center of the 2 m device and 10

Figure 1: Contour plot of the equipotential lines of

φ(xN , yN). The superimposed green line is the line taken

for the face of the poles.
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Figure 2: Real space outline of the 2D IOTA design for

segments 1 (blue), 5 (green) and 10 (red), including a con-

tinuous return yoke. The dashed lines show the outline of

the excitation coils. All dimensions are in centimeters.

being the outer most segment.

To lowest order, the problem is limited to a 2D plane, so

the scalar potential is related to the vector potential via a

π/2 rotation about the longitudinal axis [6]:

φ(xN , yN ) = t
∞
∑

n=1

22n−1n!(n− 1)!

(2n)!

×

(

x2
N + y2N
c2

)n

sin [2n arctan (
yN
xN

)].

(2)

Here, the scalar potential has been normalized such that

Φ(x, y, s) ≡ Bρc2

β(s) φ(x/β
1/2, y/β1/2) with xN ≡ x/β1/2

and yN ≡ y/β1/2. Because we know the scaled form of

the potential and how the beta-function evolves through the

non-linear magnet, we can solve for the pole face once and

then scale it via the beta-function for all of the magnets.

Further, because of the four-fold symmetry of the problem,

we need only find the solution in one quadrant. The equipo-

tential lines of the scalar potential in Eq. 2 are shown in Fig.

1. The green line in Fig. 1 shows the contour that will be

used to define the pole faces. Because the solution is scaled

by β(s), this is the face for all of the magnets.

We note here that the potentials given by Eqs. 1 and 2

have singularities at (xN = ±c, yN = 0), so whatever

solution is found can never include normalized coordinates

greater than c. Further, because the singularities are located

on the y = 0 line, the vertical aperture is larger than the

horizontal aperture.

In order to make the design easier to produce we have

decided to make a single yoke design for all of the different

pole tips. This way, the yokes can be produced en masse

while the tighter tolerance pole tips are made for each of the

segments separately. Fig. 2 shows a 2D outline of poles 1

(the smallest pole, it is the pole closest to the longitudinal

symmetry point), 5 and 10 (the largest pole) of the IOTA

insert design along with a continuous return yoke and a

single excitation coil. The curved surface of each segment

is given by the green line in Fig. 1.

Above the curved pole tip, a straight face is extended

to 1.3 times the height of the highest point on the curved

face. This straight corner improves the agreement between

Figure 3: Isometric view of the IOTA insert prototype. A

plate on top has been hidden to show detail below. The

copper items are the excitation coils, the dark grey items

are the steel poles and return yokes and light grey items are

aluminum.

the simulation results and the desired field. The value was

found via 2D optimization of the field using the code Pois-

son [7]. The height of the yoke is defined by the height of

the pole face extension for the number 10 segment. On the

lower side, the curved face is cut off by a flat section that is

”chamfered” on the outside edge (to the right in Fig. 2) to

prevent field concentration there. These underside changes

are made in the scaled coordinate system, so they are dif-

ferent for each magnet.

An isometric view of the prototype insert can be seen

in Fig. 3. The prototype insert will contain 4 complete

segments. Because the smallest aperture comes from the

number 1 pole, the prototype insert will have the follow-

ing segments (in order): 1, 1, 2, 3. This combination of

segments allows us to measure the smallest aperture mag-

nets and the coupling between segments. 3D simulation

using the code Maxwell [8] has shown that the longitudinal

symmetry point of a full length insert will be faithfully re-

produced between the two number 1 poles in the prototype.

NONLINEAR MAGNET REQUIREMENTS

Figure 4: Close up image of the tongue and groove reluc-

tance gap.

The magnets shown in Fig. 2 are closed yoke magnets.

However, because the beta-function of the electron beam

evolves along the length of the insert, each of the 10 seg-

ments requires a different excitation magnitude. To reduce

the number of power supplies needed, we have decided to
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Figure 5: View of the IOTA insert measurement system.

use a single excitation coil for all of the yokes and to tune

the field in each segment using a reluctance gap that can be

set by moving the return yoke of each segment individu-

ally. If the reluctance gap were comprised of two flat faces,

the required precision of the position of the yoke relative to

a fixed pole tip is very tight, a few micrometers. To reduce

the required tolerance we opted for a tongue and groove

approach, this results in a required positional tolerance of

∼50 µm. A close up of the tongue and groove reluctance

gap can be seen in Fig. 4.

The field quality requirements were defined using a fre-

quency map analysis [4], the analysis indicates that a good

field region of |y| ≈ c and |x| ≈ c/2, with good being

defined as difference from the ideal field by less than 1%,

is required. Further, the magnetic center of the segments

must be placed along the same line with an accuracy of

50 µm or less. To compare the magnetostatic simulations

to the theoretical field, the simulated field is compared to

the ideal field on the y-axis (Bx) and x-axis (By). Of the

above defined magnets, the number 1 pole has the worst

field quality: the difference is less than 0.5% at all points

within (x < 0.6c,y < 0.8c). Therefore, simulations show

that all magnets are potentially within the desired tolerance.

Harmonic analysis of the fields produced by Poisson shows

that the field faithfully reproduces the quadrupole and oc-

topole moments with 0.1% of the desired values while the

dodecapole moment is within 3% of the desired value (rN
= 0.5). The fields in the aperture are quite small at B ≤
100 G, using t=0.45, c = 0.009 m1/2 and Bρ = 0.502 T-m,

which are the design parameters for the prototype.

MEASUREMENT SYSTEM

To measure the magnetic field of the prototype insert re-

quires that we design a measurement system with over 40

cm of travel in the longitudinal direction that can fit within

circular gap of ∼10 mm diameter within the number 1 pole

Figure 6: View of the hall probe holder showing the cus-

tom mechanics to allow probe motion in the radial direc-

tion. The red and green crosses are the locations of the hall

probes.

(see Fig. 5). Additionally, the hall probe must be able to

move within this 10 mm diameter gap. To accomplish this,

we have designed a ”rod and radius” system wherein a set

of miniature hall probes [9] are mounted in a custom holder

in a rod of the specified diameter (see Fig. 6). The rod is

moved longitudinally via a linear motion stage and rota-

tionally via a rotational stage. The radius is set manually

with a set screw. This design will allow us to measure a

large fraction of the desired aperture. We will use 4 hall

probes that are separated longitudinally in the probe holder,

such that two different radii within the IOTA insert aper-

ture can be measured in a single, automated longitudinal

scan (see Fig. 6). We intend to zero and measure each of

the probes in a pair of common standards and to have an

overlap region that can be measured by both sets of probes

for direct comparison. At the time of publication, the IOTA

insert is being manufactured and the measurement design

is being completed.
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PERFORMANCE OF PLANAR RADIATOR IN THE RADIABEAM-IAC 
EXPERIMENT* 
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One can see from Table 1 that with the absorbing 
periphery (having as low as 1 Sm/m surface conductivity) 
the factor F reduces fast as the modal order increases. 
This effect is similar to the spectrum rarefaction in open 
cavities and waveguides. One can see that mode #2 (at 
312 GHz) strongly dominates in beam interaction due to 
radiation losses and higher r/Q at finite beam width.  

 

 

 
 

 

 

 
 

 

 

Longer bunch causes appearance of spectrum lime at 
lower frequencies (tens of GHz, see Fig. 5, right) and 
magnitude reduction at 300 GHz (compare to Fig. 4, 
right). We observed very similar behaviour 
experimentally [1], when we obtained signals from fast 
oscilloscope (~20 GHz bandwidth) whereas the 
pyrodetector signal was weak or not registered yet.  That 

occurs when the chicane and RF phases were tuned 
incompletely.     
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Simulation confirmed ~mW power radiated from the 

insertion device at sub-THz frequency estimated earlier 
from measurements at negligible contribution of 
geometric wake induced by the antenna horn.  
Flat beam considerably modifies wakefield pattern and 

 
Wider beam (>5 mm) also results in appearance of ~120 
GHz line and shift of the main peak to higher frequency 
(340 GHz at 7 mm width).  
Radiation from longer bunches ( 650 fs) is dominated in 
the insertion device by lower frequencies (10-100 GHz) 
that was effectively used in the experiment for the pre-
tuning of the beam compression system with fast 
oscilloscope.   
At shorter bunches the radiation is strongly dominated by 
a single mode at ~310 GHz. That validates analytical 
simulations made previously to design the experiment [1].  
Gratings randomization (~a mill) does not change much 
the coherent part of the wake making the high group 
velocity structure exceptionally attractive for applications.   

 
The authors are deeply grateful to Warner Bruns for the 

opportunity to use GdfidL code and help in simulations. 
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WAKEFIELD CALCULATIONS FOR SEPTUM MAGNET IN LCLS–II∗

K.L.F. Bane, T. Raubenheimer, SLAC, Menlo Park, CA 94025, USA

INTRODUCTION
The LCLS-II would have delivered low emittance beams

with an energy in the range 7–13.5 GeV to one of two
undulators, one for generating soft x-rays (SXR) and the
other for hard x-rays (HXR) [1]. To allow for flexibility in
the distribution of the beams to the two undulators, a fast
kicker and Lambertson-type septum magnet would be in-
stalled just upstream of the undulator region. The septum
itself is 2 m long and the beam is meant to traverse it while
passing within millimeters of metallic walls, which will in-
duce resistive wall wakefields. The longitudinal wakes will
take energy from the beam and add a longitudinally cor-
related energy variation—an energy chirp. The transverse
wakefields can increase the beam’s projected emittance.

In this report we perform calculations of the longitudinal
and transverse wakefields of the septum, find their effects
on the beam, and put the results in the context of the wakes
of other objects in the downstream part of LCLS-II.

Figure 1 gives the layout of the LCLS-II beamlines up-
stream of the undulators, showing the location of the fast
kicker and septum magnets. The septum magnet geometry
we consider is shown in Fig. 2. The design orbit for the un-
kicked (free) beam is 1.6 mm above a curved SS surface;
the (horizontally) kicked beam moves in the middle of a
flat, rectangular chamber with a vertical aperture of 5 mm.

Figure 1: Layout of the LCLS-II beamlines in the vicinity
and downstream of the fast kicker and septum magnet [2].

WAKES OF SHORT BUNCHES
Four bunch scenarios are considered for the operation

of LCLS-II: short, relatively flat distributions with bunch
charge eN = 250, 60, 12, 50 pC; peak current Î = 3,
3, 3, 4 kA; full width tfw = 70, 15, 3, 10 fs. With the
peak current (relatively) fixed and the bunches quite short,
the wake strength of a bunch tends to vary ∼ tfw—since
the wake is normalized to total charge eN . Thus it is the
first scenario, the so-called “high charge” case with eN =
250 pC that will induce the largest wake effects by far, and

∗Work supported by the U.S. Department of Energy under contract
DE-AC02-76SF00515.

Figure 2: Cross-section the horizontally deflecting Lam-
bertson septum magnet, “HLAM”, considered in this re-
port. The length of the chamber is 2.2 m. (Dimensions in
the figure, unless otherwise specified, are in inches.)

in this report we limit our study to this case. The bunch
distribution I(s), to be used in calculations, is taken from
the LCLS and is shown in Fig. 3 (the blue curve); note that
the head is to the left, at positions s < 0. The distribution
is double-horned, with an rms length σz = 6.1 µm; its core
can be approximated by a uniform 3 kA (the red curve).
Presumably, for the FEL we would like the entire beam
core to reach saturation in the undulator together; thus the
wake effects over the bunch core are most important.

Figure 3: The bunch distribution used in the simulations,
which represents the “high charge,” 250 pC case (blue), and
a uniform approximation of the core at 3 kA (red).

The energy variation induced in a bunch by the wake is

Ew(s) = −L
c

∫ ∞
0

Wz(s
′)I(s− s′) ds′ , (1)
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with L the structure length, c the speed of light, and Wz(s)
the longitudinal point charge wake (Wz > 0 means energy
loss). The point charge wake of a periodic structure has a
maximum value at s = 0+. In a round structure that value
is Wz(0

+) = Z0c/(πa
2), with Z0 = 377 Ω and a the min-

imum radius of the boundary [3]. Similarly, for the dipole
wake, for which Wy(0) = 0, the slope at origin is limited
to W ′y(0+) = 2Z0c/(πa

4). For non-round structures the
scaling will be the same but the constant factor will differ.

For bunches that are short compared to the zero-crossing
distance of the wake, Eq. 1 can be approximated by
Ew(s) ≈ −LWz(0

+)Q(s), with Q(s) =
∫ s
−∞ I(s′) ds′/c.

If, in addition, the core of the distribution is uniform, then
over the core,Q(s) ∼ s and the wake-induced energy chirp
will be approximately linear, with negative slope.

SEPTUM MAGNET
Free Beam

The resistive wall wakefields are weak forces for long
bunches, i.e. when σz � s0 ≡ (2a2/Z0σc)

1/3, where
a is the offset of the beam from the wall, and σc is the
conductivity of the wall metal. For the free, HXR beam,
we find that σz � s0 = 21 µm (a = 1.6 mm, σc =
1.4 × 106 Ω−1m−1 for SS), and the effect is strong. In a
round chamber, the longitudinal point charge wake (in the
dc approximation) is given by [4]

Wz(ζ) =
4Z0c

πa2

(
e−ζ

3
cos
√

3ζ −
√

2

π

∫ ∞
0

x2e−x
2ζ

x6 + 8
dx

)
(2)

with ζ = s/s0.
However, the chamber surrounding the free beam is only

partially round, at the bottom (see Fig. 2). K. Yokoya has
found the solution of the resistive wall wake for any bound-
ary shape [5]. The solution is given in terms of an integral
equation that he then solves numerically in a computer pro-
gram. We use his program to find the wakes excited by the
beam. In Fig. 4 we show in cross-section the lower part
of the actual chamber shape (in red), the modified chamber
that we use as boundary in our calculation (in blue), and
the nominal position of the free beam (the olive dot).

The calculation results are given in Fig. 5. In frame
(a) we present the point charge wake Wz(s) for the model
structure (blue), and the wake if the entire boundary were
a circle of radius a = 1.6 mm (blue dashed, Eq. 2). Be-
cause of the vertical asymmetry in geometry, the energy
loss varies linearly with vertical offset. However, for rea-
sonable offsets (∆y < 100 µm) Yokoya’s program finds
that the change in wake is small.

Using Eq. 1 we obtain the energy variation in the bunch,
−Ew(s)[Figure 5(b)]. We see that the energy varies rather
linearly over the bunch core, with a total ∆Ew = 1.3 MeV;
over the entire bunch the variation is ∆Ew = 2.6 MeV. In
the two frames we show also the wake and its effect if the
surface were plated with Cu (the red curves). This reduces
∆Ewto 0.4 (0.7) MeV over the core (the entire beam).

Figure 4: Position of unkicked beam, its relation to the
chamber wall, and the model chamber used in calculations.

Figure 5: For the free beam: (a) Point charge wake in
the SS structure (blue), if it were Cu plated (red); for
an inscribed round pipe with SS, shown for comparison
(dashes). (b) Total wake energy change for eN = 250 pC
case. Bunch shape I is also shown (gray).

Transverse Wake
For our structure, with mirror symmetry in x and no

symmetry in y, the transverse wake between two particles
can be written as

Wy(s, y1, y2) = Wy0(s) + y1Wyd(s) + y2Wyq(s)

Wx(s, x1, x2) = x1Wxd(s)− x2Wyq(s) (3)

where x, y, indicate (small) offsets from the design orbit,
and subscript 1 (2) refers to the leading (trailing) particle.
Even on the design orbit, the vertical wake induced by the
beam, Wy0(s), will kick the beam downward and increase
its projected emittance. The other wake functions Wxd(s),
Wyd(s), Wyq(s), are dipole and quad wake components.
Yokoya’s program finds all these components.

In Fig. 6(a) we plot the numerically obtained −Wy0(s)
(the blue curve). Convolving again like in Eq. 1 and di-
viding by the energy E, we obtain the kick angle ∆y′.
With normalized emittance εn = 0.4 µm, E = 7 GeV,
βy = 30 m, then σy′ = 1 µr. The normalized kick ∆y′/σy′

is plotted in Fig. 6(b) (the blue curve); the average and rms
values are 0.74, 0.54. The projected emittance growth on

Proceedings of PAC2013, Pasadena, CA USA WEPBA19

05 Beam Dynamics and Electromagnetic Fields

D07 - Electromagnetic Fields and Impedances 929 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



the design orbit is comparable to the slice emittance! Plat-
ing the septum wall with Cu can greatly reduce the effect
(the red curves in Fig. 6). The relative average and rms kick
values become 0.21, 0.11.

Figure 6: For the free beam: (a) Point charge vertical wake
(on the design orbit) in the SS structure (blue) and if it were
Cu plated (red). (b) Relative total vertical kick angle for
eN = 250 pC case. Bunch shape I is also shown (gray).

The dipole wake functions Wxd, Wyd, were also com-
puted. In an FEL the allowable pulse-to-pulse variation in
orbit is similar to the beam size, which in the septum region
is σy = 30 µm. Repeating the previous exercise with Wyd

for a beam offset by σy , we find that the average and rms
values of ∆y′/σy′ are 0.01, 0.01, for SS, which are negli-
gible (the results forWxd are similar). As to the quad wake
Wyq , it defocuses in y and is weak: the minimum effective
focal length (near the tail of the bunch) is 6.5 km.

Kicked Beam
The SXR beam passes near the center of a rectangular

chamber of width 76 mm and height 5 mm; its trajectory
is bent horizontally. The bottom and sides are SS, the top
is low carbon steel (σc = 107 Ω−1m−1). For simplicity
we will take as model parallel SS plates. The results will
be slightly pessimistic for the longitudinal effect, and will
miss the vertical kick on the symmetry plane (which we
expect to be small).

The point charge wakefields between parallel, resistive
plates have long been known [6, 7]. However, for conve-
nience, we use Yokoya’s program here again. In the flat
case, the longitudinal wake at the origin, for plates sepa-
rated by 2a, is smaller than for the round case (with ra-
dius a) by the factor π2/16. Performing the same calcula-
tions as for the free beam we find that the induced energy
change Ew is similar to that given in Fig. 5(b) (the blue
curve), though the amplitude is here about half as large.
The energy variation over the bunch core (entire bunch)
∆Ew = 0.7 (1.3) MeV.

The transverse wake for the parallel plate model follows
Eq. 3, with Wy0 = 0, Wxd(s) = Wyq(s). In flat geometry
Wyd(s) ≈ Wyq(s) over short distances. For a beam offset
by σy , the maximum wake kick ∆y′/σy′ (at the back of
the bunch) is 0.02, with an average of 0.01, again a small
effect. The quad wake defocuses vertically and is weak: the
minimum focal length (at the back of the bunch) is 1 km.

The dispersion for the kicked beam can turn the wake

induced energy spread into emittance growth as: δεx ≈
βxη

′2
x σ

2
δw/(2εx), with η′x the derivative of the dispersion

function and σδw the relative rms energy spread due to
the wake. Taking βx = 36 m, η′x = 7 × 10−3, σδw =
0.7 MeV/(2

√
3E) = 3 × 10−5, we obtain δεx = 0.03, a

negligible growth.
DISCUSSION

In Table 1 we show how the wake-induced energy vari-
ation ∆Ew in the septum compares with that in other vac-
uum chamber regions of LCLS-II downstream of the last
bunch compressor, BC2: in the 580 m of Linac 3, the
bypass line (1200 m), the linac-to-undulator transfer line
(LTU) (300 m), and the undulator blank (in the HXR beam
line) (170 m). Considering the septum is only 2.2 m long,
its wake effect is relatively strong (assuming SS)—due to
the extremely small chamber aperture. Note that for the
septum as well as for the other regions in the table, the
chirp is negative and mostly linear. In the LCLS-II the total
wake-induced chirp serves an important function—to com-
pensate the energy chirp left in the beam in BC2.

Finally, an important conclusion of this work is that, in
order to avoid wake induced emittance growth, the sep-
tum surface in the vicinity of the free-beam orbit should
be plated with a good conductor like Cu, even if the longi-
tudinal wake adds a small nonlinearity to the energy chirp.

Table 1: Wake-induced Energy Variation ∆Ew in Different
Regions of LCLS-II after BC2, for the High charge Case,
eN = 250 pC [8]. Results are Given for the Core of the
Beam, and the Entire Beam. The Septum Results Assume
SS.

Region Core Total
Linac 3 19.8 MeV 36.0 MeV
Bypass 7.1 12.5
LTU 5.9 10.0
Septum, Free Beam 1.3 2.6
Undulator Blank 2.6 7.8
Total 36.7 MeV 68.9 MeV
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NEW TECHNIQUE TO MEASURE THE EMITTANCE OF BEAMS WITH 
SPACE CHARGE 

K. Poorrezaei, R. B. Fiorito, and R. A. Kishek  
Institute for Research in Electronics & Applied Physics, 

University of Maryland, College Park, MD 20742, U.S.A. 
 

Abstract 
Characterization of the transverse phase space of 

electron beams with space charge is an important 
requirement for high brightness particle accelerators. We 
present a novel technique to measure the transverse rms 
emittance. The method uses the beam divergence, 
measured, e.g. with optical transition radiation 
interferometry, and the beam radius, obtained by imaging 
the beam, to determine the cross correlation term and thus 
all the terms in the equation for the rms emittance. The 
experimental data is obtained with a lens-drift-screen 
setup similar to what is used in  a quadrupole scan. 
However, the analysis of the scan data is unique.  It 
involves taking the cross-correlation term as a control 
variable in a procedure which matches the beam envelop 
radius and its derivative calculated from the envelope 
equation, with the measured radius and divergences at the 
screen. A linear space charge model is used in the 
envelope equations, hence the errors in the measurement 
relate to the nonuniformity of the beam transverse 
distribution. The technique is tested using simulated data. 

INTRODUCTION 
It is important to measure the transverse beam 

emittance in accelerators to quantify the beam quality and  
match the optics in an accelerator beam line. Most beams 
of interest are space-charge-dominated near the source 
and low energy transport section, where the beam 
dynamics are mostly determined by interparticle forces 
rather than the beam pressure represented by emittance. 
Space charge usually modifies and degrades the 
performance of emittance measurement methods such as 
quadrupole scan techniques [1]. Reference [2] presents a 
comprehensive analysis of space charge force effects on 
such measurements. Several amendments have been 
proposed in literature to enhance the accuracy of 
quadrupole scan method for high intensity beams [3]. 

From the symmetry of the expression for the rms 
emittance  

 
it is obviously possible to determine emittance with a 
quadrupole scan technique using measurements of either 
the beam radius or divergence . The usual implementation 
of the method is to perform a quadrupole scan of beam 
size only. However, it is possible to obtain simultaneous, 
high-quality measurements of beam size and divergence 
[4].  In this paper, we propose a method for measuring 
emittance, assuming a linear space charge model, from a 
small number of measurements of divergence and radius. 

In order to use these observables to determine the rms 
emittance at arbitrary focus points we need a 
methodology which relates the measured observables, i.e. 
divergence and  beam size  to the cross-correlation 
( ) term.  We will show how this can be done by 
taking the cross-correlation term as a control variable for 
matching beam envelopes to their actual envelopes with 
the constraint that the beam radii and divergences at the 
screen are same as the measured values. 

MEASURING EMITTANCE FOR BEAM 
WITH SPACE CHARGE 

Figure 1 shows a typical quadrupole scan setup. The 
focal length of the quadrupole (or solenoid) is scanned to 
achieve a minimum spot size on the screen located 
downstream at a distance L from the quadrupole.  

 
 

Figure 1: Diagram  of  a  quadrupole  scan  setup  to 
measure emittance. Beam enters the quadrupole with 
envelope  and slope  and leaves it with slope . 

 
For a uniform round beam distribution where space 

charge is linear, the beam envelope evolution in a drift 
region is described by the following pair of coupled 
nonlinear ordinary differential  equations (ODE):  

 

where  ranges over transverse coordinates  and , and 
dimensionless quantity 

 

is defined as the generalized perveance representing space 
charge defocusing forces. In Eq. (2),  is charge of the 
beam particles and  is the beam peak current.  
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We present a method for deriving emittance from two 
samples of beam radius and divergence for a round beam. 
As  and  are equal in this case, we drop the index  
and treat all parameters for .      
Multiplying Eq. (1) by  and then integrating with 
respect to  leads to the following first order ODE: 

 

where  and , denote the radius and slope of the 
envelope at the lens.  We need to have the beam envelope 
relation in terms of at-screen radius and slope quantities. 
This can be done simply by switching  and  with 
beam quantities at the screen,  and , and 
applying a minus to the LHS of Eq. (3). 

 

 Such minuses are necessary as we are treating the 
envelope evolution along . Thus, envelope ODE in 
terms of envelope parameters at screen can be expressed 
as: 

 

 
This form of envelope ODE can easily be solved by 
numerical integration in packages like MATLAB.  

As there is no closed form solution to this equation for 
large K, we cannot provide a closed form answer for 
emittance. The following procedure is devised to 
determine the emittance.  

We start with a guess for cross-correlation term and try 
to infer focal setting applied to the lens by solving Eq. (4). 
Beam radius and divergence measurements at the screen 
are translated to  and  and therefore inferred 
focal length is going to be a function of the guessed cross-
correlation. We use the error between calculated focal 
length with actual focal length to correct our guess for 
cross-correlation and reiterate the procedure. Finally, after 
several steps, as the inferred focal length converge toward 
the actual one we come within a close vicinity of the 
actual cross-correlation. 

 

Numerical Procedure 
The detailed steps of the procedure are described here. 

As before we need two sets of beam radius and 
divergence measurements at two distinct focal lengths  
and  : 

 

 

Henceforth, we use subscript , denoting the step number, 
alone or besides the measurement numbers 1 or 2 on all 
parameters that change over subsequent steps.  
 

1. , initial guess for the cross-correlation term 
at , is chosen according to the discussion in 
next section. 

2.  , the cross-correlation term at , is 
calculated as: 

 

3. Next,  (not to be confused with normalized 
emittance) and  for two measurement sets 
( ) are calculated as: 

 

 

Note that all three relations are in term of . 
 

4. ODE Eq. (4) can now be solved for finding at-
lens envelope radius and slope conditions of 
measurements 1 and 2: 

 

 
5. For   and  estimates of focal lengths we 

have: 
 

 

Canceling the unknown  between these two 
equations and replacing  with its final value 

 leads to: 

 

This equation is used to update  at each step 
. As before, the necessity for two pair of 

measurements arises from .  
 

6. It can be easily checked that  is a function of 
. i.e. ( .  should be 

modified so that reiteration of the procedure 
from entry 2 makes  closer to the target value 

. In other words,   is zero of this 
equation: 

 

,

.
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Since derivative of the function  is not known, 
a modified form of Newton method [5] was used 
to find  as zero of this equation.  

After updating  the procedure is repeated from 
entry 2 until  converges with desired precision 
toward . The process can also be stopped when the 
variation on emittance calculated at two consecutive steps 
is less than some % of the calculated emittance, where  
is usually chosen between 1 and 10. Finally, beam 
effective emittance is the last  calculated in entry 3. 

SIMULATION RESULTS 
In this section, we present results of tests of our 

proposed approach with simulated beams. We used the 
software WARP [6] to simulate the lens-drift experiment. 
Based on presumed beam parameters  and  and an 
initial envelope radius at the lens, , WARP generates a 
set of beam radius and divergence rms values  and 

 at end of the drift section with length  where 
beam divergence and size are supposedly measured, e.g., 
using OTRI. The focal length of the lens, , is calculated 
according to a hard edge model of the lens. The 
performance of the method for the several grades of the 
space charge was tested.  

 

Figure 2: Plot showing convergence of emittance for (a) a 
medium space charge beam ( ), and (b) 
for a high space charge beam ( ). 

Figures 2.a and 2.b show emittance convergence curves 
for space charge dominated beams with  
and  respectively. The convergence is 
fast and errors in calculation of emittance are satisfactory.  

To see effectiveness of the proposed procedure we tried 
to compare mentioned results with the emittance 
measured by conventional Courant Snyder (CS) 
parameter fitting and the minimum beam size method. 

In figure 3 we compare the emittance obtained with 
different methods as a function of the parameter K. As 
expected the error in determining the emittance obtained 
using the CS quadratic fitting technique and the minimum 
beam size method, which are both accurate for emittance 
dominated beams, becomes increasingly large as space 
charge increases. In contrast, our two points fit method 
gives acceptable values for the emittance for all values of 
the K parameter shown. 

 

Figure 3: Comparison of the emittance measured using 
different methods as a function of beam perveance (K): 
dashed green curve: CS parameter fitting method,  red 
curve: cross-correlation determination at minimum of  
quad beam size scan,  blue curve: two value method 
including space charge,  showing small  deviation from 
the actual emittance. 
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HIGH POWER RF SYSTEM FOR e-linac FOR TRIUMF 

A.K. Mitra, Z. Ang, I. Bylinskii, S. Calic, D. Dale, S.R.  Koscielniak, R.E.  Laxdal, F.  Mammarella 

TRIUMF, 4004 Wesbrook Mall, Vancouver, BC, Canada, V6T 2A3

Abstract 

The TRIUMF e-linac high power system will be built 

in stages. For the first phase of installation to be 

completed by September 2014, the injector cryomodule 

(EINJ) will be fed by a 290 kW cw klystron at a reduced 

power level and the accelerating cryomodule (EACA) 

will be powered by an identical klystron.  The first 290 

kW 1.3 GHz klystron has been purchased from CPI, USA 

and the high power supply system has been bought from 

AMPEGON, Switzerland. The second klystron and 

second high voltage power supply are being procured 

from the same manufacturers.  The 290 kW cw 1.3 GHz 

klystron is a factory tuned multi-cavity, high efficiency, 

high gain, broadband, water cooled tube. The klystron has 

been tested at the factory. The maximum usable linear 

range of the rf output power of the klystron is 270 kW 

and is governed by the incremental gain of 0.5 dB/dB. 

Thus, rf power required for EACA   of 200 kW cw is 

adequately met by the klystron after taking into account 

the loss in the waveguide components. and waveguides. 

The high voltage power supply system (KPS) for the 

klystron, based on  a voltage controlled power module 

technology,  consists of 65 kV beam power supply, focus 

supply,   filament power supply and vacuum  ion pump 

power supply.  The klystron will be tested to full power 

on a dummy load by October 2013. At the same time, the 

KPS will be tested fully with all controls, interlocks, 

protections and integration of  the klystron and a 300 kW 

high power circulator. 

INTRODUCTION 

The TRIUMF e-linac consists of an electron gun, 

buncher cavity, injector cryomodule, and two main-linac 

cryomodules [1]. The injector module has one 9 cell 

cavity whereas each of the accelerating (main-linac) 

cryomodules contains two 9-cell cavities. The cavities 

operate at 1.3 GHz at 2 Kelvin. The nominal energy of the 

e-linac is 50 MeV kinetic with an average current of 10 

mA. Each 9 cell cavity has two 60 kW high power 

couplers. Two 290 kW CW klystrons will be employed to 

feed injector cryomodule (EINJ) and the accelerating 

cryomodule (EACA). However, the klystron for the 

injector will be operated at reduced output power.  The 

linac will be built in stages. In the first stage, to be 

completed by September 2014, a minimum beam energy 

of 25 MeV, 4 mA will be obtained using the 290 kW 

klystrons. In the second stage, to be implemented in 2017, 

a second accelerating cryomodule (EACB) will be added 

and a 120 kW rf generator will be procured which will 

feed the injector.  The  two 290 kW Klystrons will be 

restored to full power operation to feed the first and the 

second accelerator cryomodules, to achieve the final 

beam power goal of 500 kW. 

BASIC SCHEME OF THE HPRF SYSTEM 

The basic scheme of the high power rf system for the first 

accelerating cryomodules is shown in Figure 1.  The 

injector has 1 9-cell cavity and  will be powered by one 

290 kW klystron at a reduced power level whereas the 

accelerating cryomodule EACA will be run by the second 

klystron operating at full power.  A variable power 

divider has been employed to facilitate rf conditioning of 

the two 9-cell cavities in EACA cryomodule. Also, 

variable phase shifters are employed to achieve phase 

balance between two couplers in the same cavity and for 

phase balance between adjacent cryomodules. The major 

components of the high power rf system is outlined in the 

following sections. 

 
 

Figure 1: Basic schematic of HPRF system for the first 

accelerating cryomodule for e-linac 
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 CHOICE OF KLYSTRON 

The choice of commercially available high power cw rf 

sources operating at 1.3 GHz is very limited. Using a 150 

kW klystron (available power at the cavity is about 120 

kW) for each cavity would have been the ideal choice for 

e-linac since it would have utilized fully the rf coupler 

power handling capacity (60 kW operational rating, 75 

kW maximum) and provide simple and straight forward  

low level rf control. Such a system would be very 

expensive and also a 150 kW klystron is not 

commercially available. A 290 kW cw klystron, CPI type 

VKL7967A, shown in Figure 2, has been recently 

developed jointly with HZB, Berlin and TRIUMF and has 

been tested at the factory.  This solution has been found to 

be suitable for the e-linac high power rf system and fits to 

the tight time schedule and available funding of the 

project.  Figure 3 show the measured output power vs 

drive power for two different operating conditions. The 

basic parameters of the klystron are listed in Table 1. An 

oil tank houses the filament and the cathode of the 

klystron and a snubber is attached to the cathode circuit to 

limit the stored energy less than 15 joules. Some of the 

basic  parameters for 290 kW and 150 kW operation are, 

beam voltage 60.5 kV/48.5 kV, beam current 8.1 A/6.8 A, 

rf drive power 8.0 w/11.0 w, rf efficiency 53%/48%  

respectively. 

 

 

Figure 2: CPI type VKL7967A 1.3 GHz cw klystron 

HIGH VOLTAGE POWER SUPPLY FOR 

THE KLYSTRON 

  A 65 kV, 10 A dc power supply (referred as KPS) has 

been developed by AMPEGON, Turgi, Switzerland for 

the CPI klystron. The power supply utilizes 12.5 kV AC 3 

phase input and has a transformer with 48 secondary 

outputs. Each output is connected to a dc switching mode.  

 

Figure 3: Output power vs drive power of the klystron 

module.  

  A novel low ripple enhanced PSM (power switching 

module) technology has been employed for the cathode 

power supply [2]. The dc voltage can be varied from 0 to 

65 kV with a ripple <0.1% and a efficiency >96%. The 

KPS contains all required auxiliary power supplies to 

operate the klystron, rf driver amplifier, amplifier control 

and fast interlock system. For safety and maintenance of 

the KPS,   a manual disconnect is interposed between the 

power supply and the Siemens switchgear which supplies 

all AC power requirement for e-linac. TRIUMF safety 

system will provide a +24 volt ENABLE control signal 

for the KPS and will initiate a trip by withdrawing this 

ENABLE control signal. The power supply has been 

tested at the factory for all functions, interlocks and local 

control. Short circuit was applied to a dc cable connected 

to the dc output of the KPS and the test showed that the 

output current increases from 0 to 40 amps in 10 µs while 

output voltage goes from 65 kV to 0 volts. The KPS is 

now installed at TRIUMF in its final location and is 

undergoing commissioning Figure 4 shows the photo of 

KPS being installed at TRIUMF.  

 

Figure 4: AMPEGON KPS at final location at TRIUMF 
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300 KW CW CIRCULATOR 

A high power circulator is connected at the output of 

the klystron in order to protect it from  high reflected 

power arriving at the klystron output window due to 

mismatch of the coupler-cavity impedance or arc in the 

waveguide components. The circulator, rated for 300 kW 

cw, is water cooled and has an arc protection system. A 

low-loss glass fiber cable transfers the light of an arc 

detected with a high sensitive photodiode to the optical 

input of the arc detector module.   The circulator and two 

300 kW dummy waveguide loads and system integration 

is provided by COMARK, USA. 

VARIABLE POWER DIVIDER 

A variable power divider was chosen to divide power 

for the two cavities of EACA and was procured from 

MEGA Industries. During normal operation of the 

accelerator, the power divider will be set to mid-value so 

that power from klystron is equally divided and is fed to 

the two EACA cavities.  Since, the cavities are rf 

conditioned via a self excited mode dictated by low level 

rf system, the variable power divider will be set for 

maximum power transfer to the cavity to be conditioned. 

For rf conditioning the cavities, 2 to 4 kW cw and 5 to 15 

kW pulse power may be required depending on the 

coupling of the power couplers to the cavity. Maximum 

attenuation of 37 dB of incident power can be achieved 

with a maximum insertion loss of 0.17 dB. 

VARIABLE PHASE SHIFTER 

Variable phase shifters are required to balance the 

phase of the RF input couplers on the same cavity. These 

variable phase shifters should have more than 120 degrees 

of phase shift to compensate for tolerances in the 

waveguide assembly. Also, phase shifter is required to 

compensate for phase shift between two adjacent 9-cell 

cavities in the same cryomodule. Multiple solutions were 

investigated using two stub phase shifter, three stub phase 

shifter and a hybrid based phase shifter. Simulations were 

conducted for each case. The two stub phase shifter is not 

capable of providing the required phase shift; however, 

the three stub phase shifter can provide the phase 

adjustment required but requires at least two motors (or 

three, if two are not ganged together) with independent 

controllers. The relationship between phase and position 

of the stubs is not straightforward, so calibration and 

intelligent control is needed. The hybrid coupler based 

phase shifter requires significantly more room but has an 

excellent phase shift characteristic with the movement of 

the short circuit. The simulation of such a phase shifter 

shows a phase change of 22.5 degrees occurs for 1 cm 

change in stub position   The simulated insertion less and 

return loss are <0.1 dB and <-23 dB respectively for the 

complete range of phase shift. 

 
 

 

 

Table 1: Parameters of CPI Klystron Type VKL 7967A 

Operating Frequency Mid-band  1300 MHz  

CW Output Power  290 kW  

RF Power Gain at nominal beam 

voltage 

42 dB 

Usable CW Output Power
1
 270 kW 

Usable DC to RF Efficiency
1
   52 % 

VSWR Tolerance, maximum 1.2:1 

-1 dB Bandwidth 2.0 MHz 

-3 dB Bandwidth  6.0  MHz  

Klystron Beam Voltage  62.5 to 65 kV  

Klystron Beam Current, maximum  9.1A  

Beam Perveance, minimum  0.55 µA/V
1.5

  

Collector Dissipation, maximum  600 kW  

Body Dissipation (without Output) 1% Pbeam 

Tuning  Fixed tune  

Beam Focusing  Electromagnet  

Phase shift of Output Power to 

Beam Voltage shift at operating 

beam voltage  

<0.05 

degree/volt  

Output Wave Guide  WR-650  

Cooling  de-ionized water  

RF Input, coaxial  Type“N”  

 Note 1: for incremental gain, IG >0.5dB/dB 

INSTALLATION AND TEST OF THE 

KLYSTRON 

It is proposed to commission the KPS and test the 

klystron by October 2013. At first, the KPS will be tested 

for all interlock functions, safety switching on/off 

procedure with Siemens switch gear and manual 

disconnect and key sequence for lock out procedure. The 

front touch panel will be also tested to bring up the KPS 

in a controlled mode. After short circuit test of the dc 

output is done, the dc high voltage cables will be 

connected to the klystron. In the mean time, the klystron 

will have a snubber installed in the oil tank the focus, 

filament and vacuum ion power supplies connected and 

water cooling will installed. The circulator and the two 

dummy loads will be connected to begin the high power 

test of the system. EPICS control system interface will be 

commissioned. This will allow control of the KPS system 

as well as monitoring    the temperature and flow of the 

water cooling system of the klystron, the circulator and 

the two loads and the dc parameters of the KPS-klystron 

system. 
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THE LAYOUT OF 352 MHz 400 kW RF POWER AMPLIFIER 
A. Smirnov, A. Krasnov, I. Rezanov, E. Ivanov, K. Nikolskiy, S. Polikhov, G. Sharkov 

Siemens Research Center LLC, Moscow, Russia  
 

Abstract 
In this paper, we present the current status of the RF 

power amplifier under development for European 
Spallation Source (ESS, Sweden) normal conducting and 
superconducting accelerating sections based on solid-state 
architecture. A single 400 kW pulsed machine is 
represented with four standard 19" cabinets. Brief 
description and technical solutions regarding 8 kW 
(Class-AB, Si transistor based) RF modules, different 
power combiners and control system are shown. 

INTRODUCTION 
High power RF sources are important elements for 

most of linear accelerators that have found growing 
number of applications in science and medicine. Current 
power amplifier is being designed and developed to fulfil 
the requirements for superconducting cavities in ESS 
accelerator facility [1]. 

Main benefits of the generator under development are 
its smaller footprint, perspective of lower cost, better 
reliability and higher efficiency, achieved with class-AB 
operation, compared to conventional RF power sources 
like klystrons or other vacuum tubes generators. The 
solid-state microwave power amplifier modules based on 
Freescale LDMOS transistors arranged in parallel scheme 
with use of Wilkinson dividers/combiners are designed on 
PCB boards.  

One machine is planned to be assembled inside set of 
four 19” cabinets. Each will contain 12 RF power 
amplifier modules with individual power combiner. All 
modules are connected to a power combiner with 50 Ohm 
coaxial cables. The set is terminated with a single 
common power combiner. 

RF POWER MODULES 
We have designed and manufactured compact RF 

power amplifier (RFPA) module prototype. The principal 
RFPA scheme is shown in Fig. 1. The driver stage is built 
using Freescale MRFE6VP100H transistor pair. The 
device is operated in Class-AB. Downstream the driver 
stage; there is a lumped element 1-to-8 Wilkinson-type 
splitter with final stage amplifiers at its outputs. All 
splitter ports have impedances of 50 Ohm.  

Freescale MRFE6VP61K25H transistor pairs are being 
used for the final stage amplifying. 

The second Wilkinson 8-to-1 power combiner is 
located downstream to the final stage amplifiers. The 
intermediate impedance of this combiner equals to 12.5 
Ohms, which results in lower insertion loss. Additionally 
a lumped element mathing network is used to match the 
12.5 Ohm intermediate impedance to output 50 Ohms. In 
Fig. 2, one of the fabricated RFPA modules is presented. 

 
Figure 1: Single RFPA module principal scheme. 

 

Figure 2: RFPA module: 1 –  RF input; 2 – driver stage; 3 
– input Wilkinson splitter; 4 – front-end amplifiers; 5 – 
output Wilkinson combiner; 6 – 12.5 to 50 Ohm matching 
circuit; 7 – RF output. 
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Total efficiency dependence on the output RF power is 
shown in Fig. 3. 

 

 
Figure 3: Efficiency vs. output RF power. 

This prototype module is lying on a 5 mm thick copper 
plate that is air cooled, but in future it is planned to 
replace it with water based heat sink to guarantee heat 
sink temperature of less than 40°C.  

RF performance features of a single RFPA are listed in 
Table 1. 

 
Table 1: RFPA Specifications 

Parameter Value 
Operation Frequency 352.21 MHz 

Operation mode max. 4 ms pulse,  
5% duty cycle 

Output RF power 8000 W 
RF efficiency ~63% 

Gain 50 dB 
Input RF power max. 10 W 
Supply voltage 50 V 

Input/Output impedance 50 Ohm 
Dimensions 190×440×80 mm3 

POWER COMBINER 
The current amplifier design implies an arrangement of 

48 modules (giving required total RF power of 400 kW) 
in four 19” cabinets with 12 RFPAs and individual       
12-to-1 power combiners in each of them. We have 
designed and fabricated compact power combiner based 
on rectangular-coaxial line with 12 7/16 input RF 
connectors and 3-1/8” EIA output flange like shown in 
Fig. 4. The 12 inputs are arranged in two rows with 6 in 
each.  

The shapes of the copper inner conductor and coupling 
loops have been optimized to achieve best matching 
between inputs and 50 Ohm output, low surface fields and 
equal amplitude and phases of transmission coefficients 
between every input and output. The inner conductor 
plate is connected to the same outer case wall on which 
the inputs are located. This gives an opportunity to easily 
insert water cooling channels inside this plate as it is the 
hottest part of the combiner. 
 

 
Figure 4: 12-to-1 power combiner prototype. 

 
S11 measurement result referring to the common output 

port 1 is plotted in Fig. 5; other RF characteristics are 
listed in Table 2. 

 

 
Figure 5: Measured return loss plot. 

 
Table 2: Power Combiner Features 

Parameter Value 
Operation frequency 352.21 MHz 

Return loss 36 dB 
Dissipated RF power ratio 0.5 % 
Power splitting equality ~3 % 

Dimensions 45×43×16 cm3 
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The device showed good performance and can be used 
in the amplifier. Currently the test bench for high power 
tests is under development.  The next step will be to 
redesign this combiner so that inputs and output will be 
on the same side. 

GENERATOR FORMFACTOR 
All blocks including RFPA modules, power 

distribution, control, measurement and water-cooling 
systems will be assembled in four 19” cabinets ending up 
with a common 4-to-1 power combiner as shown in Fig. 
6. 

We assume that total height of the final generator 
assembly would not exceed 42 units (~190 cm) which is 
less than typical door height. 

 
Figure 6: A row of 4 19” cabinets with common output 
power combiner. 

An arrangement in each cabinet is in the following 
order from bottom to top: water-flow system, 12 19” 

racks with RFPAs, control system and 12-to-1 power 
combiner.  

In each rack (see Fig. 7), there is a capacitor bank, 
supply power distribution system, 2 RFPA modules and 
water-cooling system with heat exchanger. 

 
Figure 7: A single 19” rack with 2 RFPA modules 
arrangement scheme. 

As for now the height of the racks is approx. 6 units 
(~27 cm) and is subject for further ompitimization. 

The final 4-to-1 power combiner is assumed to have 4 
3-1/8” EIA input flanges and a single 6-1/8” EIA output. 

SUMMARY 
The 352 MHz 400 kW pulsed machine is now in the 

design stage. In this paper, class-AB power amplifier 
modules based on Freescale 50V LDMOS transistors, 
box-shaped power combiner and the current system 
topology are described.  

We are now working on the flexibility and scalability 
of the system so that it can be easily adapted to wide 
variety range of customers requirements on total output 
RF power, pulse length, duty cycles etc. 

REFERENCES 
[1]  R.A. Yogi, A. Rydberg, et. al., Uppsala High-Power 

Test Stand For ESS Spoke Cavities, Proceedings of 
LINAC-12, Tel-Aviv, Israel, 2012. 
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THE LAYOUT OF 72 MHz 16 kW RF POWER GENERATOR 

A. Smirnov, A. Krasnov, I. Rezanov, E. Ivanov, K. Nikolskiy, S. Polikhov, G. Sharkov, 
Siemens Research Center LLC, Moscow, Russia  

 
Abstract 

In this paper, we present the current design of the RF 
power generator for medical cyclotron Eclipse (Siemens 
Healthcare) based on solid-state architecture. The 16 kW 
machine operating at 72 MHz in continuous wave regime 
is being assembled into standard 19" cabinet. Brief 
description and technical solutions regarding 2 k W 
(Class-AB, Si transistor based) RF modules, power 
combiner and control system are shown. 

INTRODUCTION 

High power RF sources are important elements for 
most of accelerators that have found growing number of 
applications in physics and medicine. Current power 
amplifier will feed Eclipse cyclotron that is being used for 
PET isotopes production (18F, 11C, 13N and 15O) with H- 
ions at 11 MeV [1]. 

The main benefits of the generator under development 
are its smaller footprint, perspective of lower cost, better 
reliability and higher efficiency, achieved with class-AB 
operation, compared to conventional RF power sources 
like klystrons or other vacuum tubes generators. The 
solid-state microwave power amplifier modules based on 
Freescale LDMOS transistors arranged in parallel push-
pull circuits, are designed on PCB boards.  

All modules are connected to a power combiner with 
50 Ohm coaxial cables. 

RF POWER MODULES 

We have designed and manufactured compact RF 
power amplifier (RFPA) modules with two pairs of 
Freescale™ MRF6V2010NR1 (driver stage) and 
MRFE6VP1K2H (main stage) transistors arranged in 
push-pull topology as shown on Fig. 1.  

The frequency is adjustable between 72 and 73 MHz 
because cyclotron resonant frequency changes in this 
range during operation. 

 
Figure 1: Parallel push-pull circuit. 

The manufactured module prototype is presented on 
Fig. 2. Arlon AD255 with ε=2.55 is used a substrate 
material. The transistors are fed with 1800 phaseshift, 
provided with an RF transformer. Achieved RF 
performance is shown in Table 1. 

 

Table 1: RFPA Specifications 

Parameter Value 

Bandwidth 72..73 MHz 
Output RF power max. 2100 W 

RF efficiency ~75% (>80% planned) 
Gain 52..55 dB 

Input RF power max. 30 mW 
Supply voltage 48 V 

Input/Output impedance 50 Ohm 
Input/Output VSWR max 1.3 

Dimensions 16×25 cm2 

 

 
Figure 2: RFPA module: 1 –  RF input; 2 – RF output; 3 –
driver stage; 4 – main amp stage; 5 – output matching 
transformer; 6 – output directional coupler; 7 – DC 
supply; 8 – water cooling tubes; 9 – MCU unit. 
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MCU (microcontroller unit) is a logic scheme that is 
able to collect the following measured parameters and and 
communicates with the external control system: 

- Supply voltage and current; 
- Input LLRF power level; 
- Forward/reflected power at the RFPA output. 
A set of nine of these RFPAs (giving total output RF 

power up to 18 kW) with individual off-shelf 3kW air-
cooled AC-DC converters and EMI filters are packaged 
inside nine 19” racks of 2 units (~90 mm) height as 
shown on Fig. 3. 

 
Figure 3: Single RFPA rack. 

The RF efficiency dependence on output RF power is 
plotted on Fig. 4. 

 
Figure 4: Measured RFPA efficiency vs. output RF power. 

POWER COMBINER 

Most of power combiners available on the market are 
based on coaxial geometry and are huge. In order to 
achieve the best compactness of the generator we have 
designed and manufactured the planar power combiner of 
1 unit (~45 mm) height (see Fig. 5). It has nine 7-16 RF 
inputs and 1-5/8” EIA output coaxial flange.  
 

 
Figure 5: 9-to-1 planar power combiner. 

The inner conductor with the outer shielding aluminium 
case forms two sections of rectangular-coaxial serving as 
pre-combining and matching elements. The oval-shaped 
hole in the pre-combining part serves for input signals 
amplitude and phase balancing. The water-cooling tubes 
shapes have been optimized to introduce low perturbation 
of the EM fields. 

Power combiner S-parameters measurement results 
referring to the common output port 1 are plotted on    
Fig. 6, other RF characteristics are listed in Table 2. 

 
Figure 6: Measured S-parameters plot (operation 
frequency range is highlighted). 

Table 2: Power Combiner Features 

Parameter Value 

Bandwidth 72..73 MHz 
Return loss 27..34 dB 

Dissipated RF power ratio 0.1 % 
Power splitting equality <1 % 

Dimensions 45×43×4.5 cm3 
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GENERATOR FORMFACTOR 

All 12 blocks including power distribution, control, 
measurement and water-cooling systems will be 
assembled  in  19”  cabinet   presented   with   components
 arrangement  on Fig. 7.

   
 

 
Figure 7: Generator assembly and arrangement scheme. 

According to the current preliminary design the total 
height of the cabinet is 30 units (~1.4 m) and will be 
reduced down to 18 u nits (~80 cm) by arranging the 
components closer to each other – especially by putting 
all RFPAs into a single 4 units (~18 cm) high rack and 
uniting measurement system with the power combiner, as 
shown on Fig. 8. 

 

 
Figure 8: Goal scheme of the generator design. 

The following is brief descriptions of the components. 

Temporary Control System  
The control system creates the reference signal, 

performs its splitting and amplifying. Each channel 
provides independent phase shift and adjustment of the 
transmission coefficients between master oscillator and 
the RFPA LLRF inputs. It is also possible to use an 
external reference signal. 

 Control system also examines the output RF signal and 
can adjust its phase and amplitude.  

Power Distribution System  
The generator can be used under 110V or 220V three-

phase electrical network. The distribution system equally 
divides power between three phases by connecting three 
RFPA modules to each phase. 

 
Cooling system located at the bottom of the cabinet 
provides the water flow through the RFPA modules and 
the power combiner.  

SUMMARY 

We have presented the current design of the 72 MHz 
18kW (CW) power generator that is now being assembled 
and undergoing high power tests. The solid-state class-
AB RF amplifiers show commendable efficiency of 75% 
at the operation output RF power level of 2 kW and will 
be improved to have over 80%. 

As for now, the total height of the prototype device is 
1.4 m and we are making efforts to shorten it down to 80 
cm. 

REFERENCE 

[1]  http://www.medical.siemens.com/siemens/en_GB/ 
       gg_nm_FBAs/files/dash/ds_09_eclipse.pdf 
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OVERVIEW OF THE RHIC E-LENS SUPERCONDUCTING MAGNET 
POWER SUPPLY SYSTEM * 

D. Bruno#, A.Di Lieto, G. Ganetis, R.F. Lambiase, W. Louie, C. Mi, T. Samms, J. Sandberg, 
Brookhaven National Laboratory, Brookhaven Science Associates, Upton, NY, 11973, USA.

Abstract 
A new superconducting solenoid magnet was installed 

in the yellow ring of RHIC before Run 13 as part of the e-
lens project. The second solenoid superconducting magnet 
will be installed in RHIC after Run 13 is over. There are 6 
power supplies required for the solenoid, fringe and anti-
fringe coils for both magnets. Commercial off the shelf 
unipolar power supplies are used to power the solenoid, 
fringe and anti-fringe coils. There are 24 corrector power 
supplies required for both magnets. Custom built 50A 
bipolar power supplies are used to power the correctors. 
Quench protection and quench detection have also been 
installed in this power supply system. In addition, 4 new 
phase shift power supplies have been installed in RHIC 
which are needed for the new e-lens system. These phase 
shift power supplies have been installed across the yellow 
focusing and defocusing arcs as well as the blue focusing 
and defocusing arcs from sector 8 to sector 10. Power 
Supply technology, control system, connections, the 
quench detection/protection system, and status will be 
presented. 

E-LENS POWER SUPPLIES 
Power Supplies Description 

There are thirty power supplies (p.s.’s) used in the e-
lens p.s. system. Fifteen p.s.’s for each magnet. These are 
all current regulated power supplies with a DC Current 
Transformer (DCCT) current sensing element. 

The two Solenoid p.s.’s are rated at 20Volts and 
750Amps dc. The ac input to both Solenoid p.s.’s is 
480Vac. The two Fringe and two Anti-Fringe p.s.’s are 
rated at 15Volts and 534Amps dc. The ac input to the 
Fringe and Anti-Fringe p.s.’s is 480Vac. The Solenoid 
and Helical p.s.’s are commercially available voltage 
regulated switchmode p.s.’s which are used within the 
BNL designed current regulator. The required p.s. current 
reproducibility is 0.01% of maximum current. 

The twenty four bipolar trim p.s.’s are 20Volts and 
50Amps dc. The ac input to the bipolar trim p.s.’s is 
208VAc. These are the same bipolar p.s.’s that are used 
for the RHIC corrector magnets. The required p.s. current 
reproducibility for the trim p.s.’s is 0.1% of maximum 
current. 

During normal operation these p.s.’s ramp up slowly to 
a dc level and stay there. 

The Solenoid, Fringe and Anti-Fringe p.s.’s are all 
connected to their own quench protection assemblies 

(QPA’s). These QPA’s contain an energy extraction 
resistor across an IGBT switch as well as a diode across 
the output of the p.s. The IGBT and energy extraction 
resistor are connected to the positive output terminal of 
the p.s. and the magnet. The diode is connected across the 
dc terminals of the p.s. When a fault occurs in the p.s. or 
the QPA, or if the magnet quenches, the diode conducts 
across the p.s. and the IGBT opens so the energy 
extraction resistor is now in series with the load. The 
current from the load goes through the diode and through 
the energy extraction resistor. The supply also trips to the 
STANDBY-FAULT state. A DCCT was installed in the 
QPA for the regulation of the e-lens p.s. The trim p.s.’s 
don’t have a separate QPA; they have a crowbar with an 
energy extraction resistor built into them. 

There is a quench detector (qd) for the e-lens p.s. 
system which monitors the voltage across the magnets 
and the current of the magnets. The qd trips the p.s. to 
STANDBY-FAULT if a quench is detected. Whenever 
the p.s. trips to the STANDBY-FAULT state, the energy 
extraction resistor becomes part of the circuit.  

e-Lens  P.S. Magnet Loads 
There are 17 superconducting magnets in one cryostat. 

The main Solenoid is connected to one p.s. The two 
Fringe magnets are connected in series to one p.s. The 
two Anti-Fringe magnets are connected in series to one 
p.s. The 12 trim magnets are connected to 12 individual 
p.s.’s. The Solenoid magnet has an inductance of 14H. 
Each Fringe magnet has an inductance of 515mH. Each 
Anti-Fringe magnet has an inductance of 38.4mH. The 
two long (vertical and horizontal) trim magnets are 
5.34mH each. The 5 short vertical and 5 short horizontal 
trim magnets are 19.2mH each. The dc resistance of the 
corrector cables to the magnets is between 74mohms and 
120mohms depending on the cable size used. 

Quench Detection for e-Lens 
The yellow solenoid magnet is made up of 11 double 

layers (coils). In order to protect the magnet during a 
quench the coil difference is taken between 5 coils and 6 
coils. If this coil difference ever exceeds 125mV the qd 
will tell the QPA to open the series IGBT, then the energy 
extraction resistor is connected in series with the load. 
The p.s. contactor opens after the IGBT in the QPA 
opens. The blue solenoid magnet is made up of 10 double 
layers. The coil difference is taken between 6 coils and 4 
coils because of the available voltage taps. 

There are 2 Fringe coils in each magnet and 2 Anti-
Fringe coils in each magnet. Each Fringe coil has dc 
terminals that come out of the magnet. The Two Fringe 
coils are connected in series outside of the magnet to one 

 ____________________________________________  

* Work supported by Brookhaven Science Associates, LLC under 
Contract No. DE-AC02-98CH10886 with the U.S. Department of Energy 
# bruno@bnl.gov 
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p.s. The coil difference is taken between these two Fringe 
coils. The qd coil difference trip setting is 125mV. Each 
Anti-Fringe coil has dc terminals that come out of the 
magnet. The two Anti-Fringe coils are connected in series 
outside of the magnet to one p.s. The coil difference is 
taken between these two Anti-Fringe coils. The qd coil 
difference trip setting is 125mV. 

The gas cooled leads for the Solenoid, Fringe and Anti-
Fringe coils are set to trip at 250mV. 

The super conducting leads for the Solenoid, Fringe and 
Anti-Fringe coils are set to trip at 25mV. 

The corrector coils do not have qd on the coils, gas 
cooled leads or superconducting leads. The p.s.’s have an 
overvoltage interlock which fires a crowbar SCR and 
connects an energy extraction resistor in series with the 
magnet coil when the voltage crosses a threshold. The 
overvoltage trip has been adjusted to make sure that we 
stay below the Miits rating the corrector coils and 
superconducting leads when the corrector coil or 
superconducting leads quench. 

Quench Protection for e-Lens 
This is the Miits calculation for the solenoid magnet 

coil.  
 The solenoid maximum voltage can see to is 600V 

across the magnet or +/-300V to ground. 
 The maximum current for the magnet is 500A. 
 The energy extraction resistor = 600V / 500A = 

1.2ohms. 
 The inductance of the magnet = 14H. 
 The time constant τ = 11.67seconds. 
 Miits rating of the solenoid = I2(τ/2)*10-6=1.46Miits 
 The Miits rating of the magnet must be at least 

1.46Miits.  
The original design of the solenoid magnet showed it 

could only absorb 0.5Miits. Diodes were added across 
each solenoid coil in order to raise the magnet’s Miits 
rating from 0.5Miits to 1.5 Miits. These diodes are able to 
handle 1.5Miits. 

The solenoid superconducting leads also had to have 
their Miits rating raised from 0.5Miits to 1.5 Miits. 
Stabilizing copper was added to the leads to increase the 
Miits rating. 

The energy extraction resistor for the solenoid magnet 
was built to absorb 1.75MJ (E=1/2LI2) with a temperature 
rise of 100C. A stainless steel resistor was used and it was 
assumed that all of the energy was dumped into the 
stainless steel. Using q = m x C x ΔT one can solve for m 
= mass of stainless steel resistor. C= specific heat of 
material, q=energy dumped into material and ΔT is the 
desired temperature rise. Once the mass is known the 
resistor can be constructed.  

For the Fringe magnet, the maximum voltage to ground 
is +/-150V and the maximum current is 500A. For 2 coils 
in series the Miits rating needs to be at least 0.215 Miits. 
The Fringe coils are designed for 0.48Miits so no extra 
protection was required for the Fringe coils. 

The energy extraction resistor for the Fringe magnet 
was built to absorb 128.75KJ (E=1/2LI2) with a 

temperature rise of 100C. A stainless steel resistor was 
used. 

For Anti-Fringe magnet, the maximum voltage to 
ground is +/-50V and the maximum current is 400A. For 
2 coils in series the Miits rating needs to be at least 0.0215 
Miits. The Fringe coils are designed for 0.48Miits so no 
extra protection was required for the Fringe coils. 

The energy extraction resistor for the Anti-Fringe 
magnet was built to absorb 6.3KJ (E=1/2LI2) with a 
temperature rise of 100C. A stainless steel resistor was 
used. 

For the corrector the voltage threshold the SCR crowbar 
circuit is set to fire at 8V (and the current is limited to 
45A) which tells us the magnet must absorb at 1847 Miits. 
The corrector coils, and superconducting leads, Miits 
rating is 2296 so we are well below the rating. 

NEW PHASE SHIFT POWER SUPPLIES 
Power Supply Configuration 

Four new phase shift ps’s (to shift the phase of the 
beam for e-lens) were installed in RHIC during RHIC 
runs 12 and 13. 

Two new phase shift p.s.’s were installed in RHIC 
during Run 12. One was installed in the blue ring on the 
quad defocusing bus from sector 8 to sector 9 across the 
quad arc magnets. The other p.s. was installed in the 
yellow ring on the quad defocusing bus from sector 8 to 
sector 9 across the quad arc magnets.  

In Run 13 two more phase shift ps’s were installed in 
RHIC. One was installed in the blue ring on the quad 
focusing bus from sector 8 to sector 9 across the quad arc 
magnets. The other p.s. was installed in the yellow ring on 
the quad focusing bus from sector 8 to sector 9 across the 
quad arc magnets. All four phase shift p.s.’s were 
operational for run 13. Each p.s. is connected to 12 quad 
magnets in each arc. The total inductance each p.s. sees is 
about 18mH. 

All four of the phase shift p.s.’s are located in one 
service building. 

Power Supplies Description 
The phase shift p.s.’s are commercially available 

voltage regulated switchmode p.s.’s which are used within 
the BNL designed current regulator. These p.s.’s are rated 
at 16Volts and 185Amps dc. The ac input to these p.s.’s is 
208Volts ac and 12Amps rms. 

The phase shift p.s.’s each have a QPA which operates 
in a similar way to the e-lens power supplies QPA’s, 
however, a crowbar SCR was used to short out the p.s. 
instead of a diode. 

Quench Detection Modification for Phase Shift 
P.S.'s

The qd’s for the phase shift p.s.’s reside in two service 
buildings (1008B and 1010A) and one alcove (9B). 

The voltage of the arc quad magnets was already being 
measured in the alcove 9B qd from the original design of 
RHIC. The calculation of the arc quad magnets voltage, 
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using the di/dt method, is also done in the same qd. The 
voltage calculation had to modified to include the current 
contribution of the phase shift p.s.’s. This was achieved by 
sending the p.s. current readback signal from the p.s.’s in 
the service building (through the tunnel) to the alcove 
over fiber optics. 

The qd voltage tap measurement of the gas cooled lead 
and super conducting lead was already being done in 2 
service buildings (1008B and 1010A) from the original 
design of RHIC. These voltage taps had to be modified to 
include the contribution of the phase shift ps current. This 
was done by sending the p.s. current setpoint over the 
Real Time Data Link (RTDL) from the p.s. Waveform 
Generators (WFG’s) located in 1010A to the qd’s located 
in 1008B and 1010A. 

CONTROL SYSTEM 
e-lens and Phase Shift  P.S. Control System 

Both the e-lens and phase shift p.s.’s use the same 3u 
chassis control bucket. In this control bucket resides the 
setpoint card, the current regulator card, the buffer card, 
the DC overcurrent (DCOC) card, the digital isolation 
card and the control card. The setpoint card receives a 0-
10V analog signal from a fiber optic interface card which 
resides in another bucket. This analog setpoint is sent over 
the 3u control chassis backplane to the BNL designed 
current regulator card. This current regulator card has a 
removable PC board for adjusting time constants to 
stabilize the p.s. current loop. The buffer card sends four 
analog signals back to the Multiplexed Analog to Digital 
Converter (MADC). These four signals are p.s. current 
setpoint, output current, output voltage and p.s. current 
error. The phase shift p.s.’s and the e-lens Fringe and 
Anti-Fringe p.s.’s use a 0-10V output DCCT head. The e-
lens Solenoid p.s. uses a current output DCCT head. This 
current output is sent to a BNL designed DCCT card 
which converts the current to a voltage. The DCOC card 
receives the shunt input from the commercial p.s. shunt 
and uses this shunt on the DCOC card. The digital 
isolation card receives commands from a Node card 
which is external to the p.s. and sends p.s. statuses back to 
this Node card. The Node card communicates over a 
MODBUS Plus network to a MODICON Programmable 
Logic Controller (PLC). 

OPERATIONAL EXPERIENCE & STATUS 
Phase Shift P.S. Problems During Runs 12 & 13 

During Run 12 some problems were encountered with 
the first two phase shift p.s.’s. We learned from these 
problems in order to improve the reliability of these p.s.’s 
for Run 13. The problems during Run 12 included: 

 Running a copper BNC cable for the p.s. current 
readback to the qd through the tunnel. The current 
readback would move with beam. This was corrected 
by running a fiber through the tunnel.  

 Workmanship problems with the wiring harness 
which caused a ground fault and other problems. 
Workmanship was improved to correct this problem 
and inspections were done. 

 The p.s. isolation voltage rating was below the rating 
required for p.s.’s in the ring. This did not cause any 
problems but still was corrected. New p.s.’s were 
purchased with the correct voltage isolation rating.  

 Open channels on the qd card picking up a signal 
from an adjacent channel, which had a p.s. current 
readback on it, would cause the qd to trip out. These 
open channels were shorted out. 

 A hard reset was required for the yellow qd’s to 
accept changes made for the yellow phase shift p.s.’s. 

e-Lens P.S. Testing 
The e-lens p.s.’s have not been used by operations for 

the RHIC runs yet but the yellow e-lens p.s’s have been 
tested during RHIC run 13 and at the end of RHIC run 13. 

The solenoid ps. was operated up to 392A maximum. 
The Fringe p.s. was operated up to 470A maximum and 
the Anti-Fringe p.s. was operated up to 330A. 

One problem encountered with the e-lens p.s.’s was the 
placement of the DCCT head in the QPA. The DCCT head 
was placed too close to the energy extraction dc cable. 
When a quench would occur, and the energy extraction 
system would kick in, the DCCT head would see a spike 
on the current during the decay. The DCCT head was 
moved to correct this problem. 

When the p.s.’s are off we have seen that the coil 
voltage taps pick up a signal when adjacent warm 
magnets are ramped. Injecting or dumping beam might 
also affect these coil taps. This has caused the qd to trip. 
This is currently being investigated. 

The correctors were not been tested on the magnet as of 
yet but they have been tested on short circuits.  
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200 KW CW, 350 MHZ MULTIPLE BEAM INDUCTIVE OUTPUT TUBE  

R. Lawrence Ives, Michael Read, David Marsden, George Collins, Rasul Karimov,  
Calabazas Creek Research, Inc., San Mateo, CA 94404 USA 

 Takuji Kimura, Edward Eisen, Communications & Power Industries, LLC,  
Palo Alto, CA 94304 USA

Abstract 
Assembly is nearing completion of a 350 MHz, 200 kW 

CW, multiple beam, inductive output tube. The device 
incorporates seven electron beams interacting in a single, 
fundamental mode, output cavity. A single collector 
dissipates the spent beam power, and input and output 
power is transmitted in coaxial waveguide. Simulations 
predict 70 % efficiency with 23 dB gain. The tube is 
targeted for ion accelerators. 

INTRODUCTION 
Calabazas Creek Research, Inc. (CCR), in collaboration 

with Communications & Power Industries, LLC (CPI), is 
nearing completion of a 350 MHz, 200 kW CW, multiple 
beam, inductive output tube (MBIOT). This device is 
targeted for upgrade of the Advanced Photon Source 
(APS) at Argonne National Laboratory but will be 
applicable for a broad range of accelerator systems 
requiring RF power from 300 to 800 MHz. The MBIOT 
provides efficiencies higher than klystrons in a 
dramatically smaller device. The gain is limited to less 
than 24 dB; however, solid state drivers are commercially 
available providing several kilowatts of RF power. The 
principal challenge is designing an input cavity that will 
drive all electron guns at the same power and phase. This 
paper describes the design of the MBIOT and status of the 
assembly. 

DESIGN 
The MBIOT incorporates a single, coaxial input cavity 

to drive the seven electron guns. The tube uses electron 
guns produced by CPI for their single beam IOTs. The 
gun design is well established, and the performance has 
been verified through years of operation. Figure 1 shows 
the gun support plate and two of the guns. 

 
Figure 1: Gun support plate with two guns. 

 
Figure 2 shows an HFSS simulation of the input cavity 

electric fields. The axis of the device is the Y-axis. Input 
power enters through a coax waveguide from the right. 
Heater power is provided by the leads emerging from the 
back of the gun and coupling to the top wall in the image.  

 Figure 3 shows an HFSS simulation of the output 
cavity, with the beams entering from the left and the RF 
output power coupled to a coaxial waveguide on the axis. 
The external Q is determined by the penetration depth of 
the coax center conductor, which will be set during cold 
testing. The seven electron beams exit toward the right 
into a common collector that surrounds the output 
waveguide and window. 

Table 1 provides the performance specifications based 
on computer simulations. These satisfy the requirements 
for the APS upgrade and a number of anticipated 
accelerator systems. 

 

Figure 2: HFSS Simulation of MBIOT input cavity. 

 

Figure 3: HFSS simulation of the output cavity. 
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FABRICATION 
Fabrication is almost complete with only a few 

assembly steps remaining. The seven guns are complete, 
as are the input cavity assembly, HV ceramic assembly, 
collector, and output window. Figure 4 shows a 
photograph of the input cavity assembly. Tuners behind 
each electron gun should provide some adjustment of the 
fields to balance emission from the seven guns. Figure 5 
shows a photograph of the collector and output window 
and waveguide assembly. 

 

Several issues arose during assembly of the output 
cavity. Because of the presence of iron and numerous 
braze joints associated with the electron beams, brazing 
was a significant challenge. The differential expansion 
between copper and iron caused significant distortion of 
the large plates. Sufficient material was incorporated for 
subassembly machining; however, the distortion also 
impacted braze alloy flow. Consequently, numerous braze 
cycles were required before vacuum tight assemblies were 
achieved. These assemblies are now complete, and final 
assembly of the output cavity will begin when cold tests 
are completed. Figure 6 shows a solid model of the 
completed MBIOT.  

 

Figure 5: Collector and output window and waveguide 
assembly. 

SUMMARY 
A multiple beam inductive output tube for accelerator 

applications is nearing completion. The device is 
designed to produce 200 KW CW at 350 MHz. The IOT 
incorporates seven electron beams driven by a single, 
coaxial input cavity and excites a fundamental mode 
output cavity. The tube is targeted for ion and proton 
accelerators and colliders.  
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Table 1: MBIOT performance specifications. 

 

Figure 4: Input cavity assembly. 

 

 

Figure 6: Solid model of completed MBIOT. 
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DESIGN AND FABRICATION OF A 10 MW, L-BAND, ANNULAR BEAM 

KLYSTRON* 

Michael Read, Patrick Ferguson, R. Lawrence Ives, Robert Jackson, David Marsden, and  

George Collins  

Calabazas Creek Research, Inc., 690 Port Drive, San Mateo, CA 94404 

 

Abstract 

Design improvements and fabrication of a 10 MW, 1.3 

GHz Annular Beam Klystron are described. The principal 

improvement is the electron gun. Utilization of a 

Controlled Porosity Reservoir (CPR) cathode allows the 

use of a zero-compression gun, resulting in improved beam 

quality and reductions in the gun and solenoid diameters.   

INTRODUCTION 

Efforts to achieve a high efficiency 1.3 GHz, RF source 

for the International Linear Collider (ILC) and similar 

accelerators are centered on multiple beam klystrons 

(MBK) and, more recently, on a sheet beam klystron 

(SBK). CCR is developing an annular beam klystron 

(ABK) to fulfill the stringent requirements imposed by the 

ILC. That is, the minimum efficiency should be 65% at an 

RF output power of 10 MW, and the cathode current 

density should be less than 5 A/cm
2
. The pulse width must 

be 1.5 milliseconds at a pulse frequency of 15 Hz.  

Like the MBK, the ABK perveance can be much higher 

than in a traditional klystron. In contrast to the MBK, the 

ABK uses a single beam with simple transverse magnetic 

(TM) mode resonators. Thus, the tube is similar a 

traditional klystron and much simpler than an MBK. The 

ABK length, efficiency and gain are similar to those of an 

MBK with the same power, perveance and frequency.  

The CCR ABK electron beam current is 140 A at 120 kV 

with inner and outer beam radii of 3.2 cm and 3.6 cm, 

respectively. The drift tube radius is 4 cm. The tube 

includes six cavities, and the solenoidal magnetic field is 

1.5 kG. A schematic of the ABK electron gun and 

simulated beam is shown in Figure 1. 

As previously reported [1], CCR created a design that 

met all requirements and was not significantly affected by 

the diocotron instability. However, the 2 kG magnetic field 

required more power than desired. With an ideal beam, 

calculations of the efficiency showed no degradation with 

fields down to at least 1.5 kG. However, lowering the field 

increased the beam ripple, which in turn decreased the 

efficiency. This ripple was due to gun optics.  

Design of a gun using compression to create an annular 

beam is intrinsically difficult, due largely to the fact that 

there is no radial force on the inside surface of the beam.   

The original design with a 2 kG field used a complex 

interaction of the cyclotron motion with the radial fields of 

the anode to minimize the ripple. Unfortunately, it was not 

possible to maintain the balance of forces at lower 

magnetic fields.   

Generating an annular beam without compression, i.e. 

with a uniform axial magnetic field, is much more 

straightforward. But, for this case, the beam density of 16 

A/cm
2 

is too high for conventional cathodes. This difficulty 

is avoided using a CCR Controlled Porosity Reservoir 

(CPR) cathode. Current densities to 50 A/cm
2
 have been 

demonstrated with this type of cathode. At the required 

density of 16 A/cm
2
, the predicted lifetime is 100,000 

hours. This is more than adequate for most applications, 

including the ILC.  

 

 

Figure 1: Solid model of the ABK, shown without the solenoid. 
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ZERO COMPRESSION GUN 

The new design for the gun is shown in Figure 2. There 

is still a modest ripple due to anode lensing, but, with a 1.5 

kG magnetic field, the 4.7 mm peak-peak thickness is less 

than the original 5.1 mm with a 2 kG field. As with many 

guns with a high current density cathode, the electric field 

on the focus electrode was a concern. This, in fact, limited 

the shape of the focus electrode. In an ideal design, the 

focus electrode would extend further along an angle of 

roughly 67.5°, but this would have resulted in unacceptably 

high electric fields. As shown in Figure 3, the maximum 

field on the focus electrode is 63 kV/cm. This is under the 

engineering limit of 66 kV/cm for the design voltage and 

pulse width. 

The average radius of the cathode is 3.4 cm, while the 

radius of the original cathode was 9 cm. The change in the 

cathode allowed reduction of the outer radius of the gun 

from 19 cm to 12 cm. This made it possible to decrease the 

radius of the solenoid, resulting in a 30% reduction in 

power required to produce the 1.5 kG field. 

FABRICATION 

The ABK is being fabricated. Most of the tube uses 

conventional methods, but the cathode is unusual. Because 

of the nature of the CPR cathode material [2], the ABK 

cathode must be made in segments. The arrangement is 

shown in Figure 4. The cathode will be made in 6 modules, 

each with 4 cathode segments. There was some concern 

that the asymmetries introduced by this fabrication method 

would degrade the beam optics. Simulations using the 3D 

trajectory code Beam Optics Analyzer (BOA) showed that 

this is not the case. In fact, even the removal of one of the 

segments has negligible impact on the beam trajectories.  

This is shown in Figures 5 and 6.   

 

 

 
Figure 2: ABK gun with no compression of the beam. 

Figure 3: Electric field magnitude in the ABK gun. 

   
Figure 4: Cathode geometry. 
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Figure 5: Trajectories generated by BOA, showing the 

effect of the deletion of a single segment of the cathode. 

 
Figure 6: Cross section of the beam 70 cm downstream of 

the cathode. There is no visible distortion of the beam due 

to the missing cathode segment. 
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X-BAND RF POWER GENERATION VIA AN L-BAND ACCELERATOR 
SYSTEM AND USES 

N. Sipahi, T. Sipahi, S. G. Biedron, S. V. Milton, CSU, Fort Collins, Colorado, USA  

Abstract 
 The development of compact, cost effective sources of 
high-energy electron beams is a major thrust of the 
Colorado State University Accelerator Laboratory team. 
In this paper we describe a way to generate usable X-
Band RF power suitable for powering an X-Band 
accelerating structure to overall potentials significantly 
higher than what we are presently able to obtain from our 
L-Band photocathode RF gun system. The concept relies 
on the use of the L-band accelerator beam to generate the 
X-band power that is then delivered to a suitable X-band 
structure. Once powered this X-band structure can be used 
to accelerate an electron bunch to high beam energies. 

GENERAL CONCEPT  
  The CSU Accelerator Facility will serve as a test bed for 
particle and laser beam research and development. Our 
major asset is an L-band rf gun system capable of 
delivering 6-MeV electron bunches [1], these parameters 
are given in Table 1. We would like to use this L-band 
linac as a drive source to generate X-band power for 
accelerating electron beam with an X-band rf structure 
without the need for an external X-band power source.  
This system could then be used to accelerate the beam to 
an even higher energy that possible with the L-band 
system alone. 

 
Table 1: Parameters of CSU Accelerator Laboratory 

Laser Frequency 81.25 MHz 
L-Band RF Gun Frequency  1.3 GHz 
L-Band RF Gun Energy 6 MeV 
L-Band Macro pulse Length 10 µs 
X-band Linac Frequency  11.7 GHz 
Repetition Rate 10 Hz 
RF gun Charge/Bunch 3.5 nC 

 
  From our earlier work, we found that although 
significant gradients could be achieved with an X-band 
structure powered via our L-band beam system the 
integrated potential in the X-band structure was 
fundamentally limited by the drive beam energy loss [2]. 
This led us to explore an alternative arrangement where 
power was generated in a TW structure and then 
transferred to a separate optimized structure used for 
acceleration of a secondary beam. This basic arrangement 
is shown in Figure 1.   
  Using such an arrangement, we would like to achieve the 
highest possible energies for our given beam parameters 
and proposed X-band drive system. 

 
Figure 1: General layout of the two-beam X-band structure. 

BEAM STUDIES FOR TWO DIFFERENT 
CAVITIES 

  Our study involves two different X-band accelerator 
structures, one to be used as a decelerating cavity that 
generates X-band power via the use of the beam from the 
L-band system, and the second one to be used as an 
accelerating cavity to achieve the highest practical 
potential for acceleration of the electron beam. 

The one cell geometry for our X-band structures are 
defined in Figure 2 [3]. 

 
Figure 2: One cell structure of the X-band cavity. 

The Beam – Cavity Interaction for the Decelerating 
Structure 
  In the decelerating cavity, the aim is to transfer energy 
from the L-Band RF system to the electron beam, 
consisting of bunches of charged particles, and then from 
the electron beam to the RF wave induced in the X-band 
decelerating structure, thus we design a structure that 
maximizes this interaction as in ref. 2. 

The configuration is unconventional in that the X-band 
linac does not require a klystron system to achieve high 
accelerating fields. Rather it uses the power existing in the 
electron beam to resonantly power the fields in the 
structure. 
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Once the X-band structure has been powered up to the 
full potential a properly phased electron bunch can then 
be injected and accelerated, and for a properly designed 
and configured system can raise the beam energy to 
nearly twice what would have been available from the L-
band system alone.  

In this decelerating linac geometry, the iris radius (a) is 
0.00512466 m, cavity radius (R) is 0.0110955 and the cell 
length (l) is 0.0085411 m as in ref. 3. The general 
parameters of this 2π/3 traveling wave (TW) structure are 
given in Table 2. The X-band power generated with these 
parameters is 1.4 MW. 

Table 2: Beam – Cavity Interaction Parameters for X-band 
Decelerating Cavity Structure 
L-Band Bunch Charge  3.5 nC 

L-Band Final Beam Energy  6 MeV 

X-band Max. Gradient  62.7 MV/m 

X-Band Shunt Impedance  57 MΩ/m 

X-Band Eff. Shunt Impedance 33.1 MΩ/m 

X-Band Q 6656 

Damping Factor (t/τ) 0.1  

X-Band Cell length 0.0854 m 

Number of X-Band cells  18 

Total length of X-Band structure  15.3 cm 

Available X-Band Potential 5 MV 

The Accelerating Structure 
In this design we wish to maximize the energy gain in an  

optimum length and get highest integrated potential at the 
end of one or more the cavities; therefore, we chose to 
design a new geometry, and change the phase advance 
from 2π/3 to a higher mode, 5π/6. This slows the group 
velocity and allows us to increase the length of structure 
and provide more opportunity to increase the integrated 
potential [4].   

The resulting geometry of the accelerating structure  
becomes (𝑎) is 0.002566233 m, the cell length (𝑙) 
0.010676375 m, and the cell radius (R) decreases in this 
case as in ref 3.The general parameters of this structure 
are given in Table 3. 

Table 3: Beam – Cavity Parameters for X-band 
Accelerating Cavity Structure 
Dec. Cavity Final Beam Energy 11 MeV  

Phase Advance 5π/6 

a/λ 0.1 

Acc. Cavity Shunt Impedance 185.7 MΩ/m 

Acc. Cavity Quality Factor 7474 

Acc. Cavity Cell length 0.010676375 m 

Group Velocity (νg/c) 0.95% 

This basic configuration, i.e. an L-band gun system 
beam powering a decelerating cavity used to generate X-
band power and all the power fed into a single optimized 
accelerating cavity achieves an integrated potential 
significantly higher than our original direct attempt; 
however, we considered three different scenarios that 
allowed us to achieve a higher potential with our new 
proposed system. The two different configurations are 
shown in Figure 3.  
 

 
(a) 

 
(b) 

 
Figure 3: a) Two accelerating structure case b) Four 
accelerating structure case for the system under study. 
 

In these configurations we divide the power into two or 
four different linacs to achieve a higher integrated 
potential than possible with a single structure; 
furthermore, if the input power and shunt impedance are 
fixed, the maximum energy gain over a structure of given 
length depends on maximizing the total attenuation 
parameter. In this case it becomes 1.26 [5]. Then, by using 
the quality factor and group velocity parameters from 
table 3, we can calculate the optimal accelerating cavity 
length. The beam loading parameters for the accelerating 
structures are given in Table 4.  
Table 4: Available Potential and Maximum Energy Gain 
values for 0.72 m length accelerating cavity 

Total Length of One Section 0.72 m 

Number of X-Band cells  69.4 
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Filling time for 1 Section 259 ns 

Available Potential after 1 section 16.2 MV/m 

Available Potential after 2 sections 22.9 MV/m 

Available Potential after 4 sections 32.4 MV/m 

Max. Energy gain after 1 section 12.6 MeV 

Max. Energy gain after 2 sections 17.5 MeV 

Max. Energy gain after 4 sections 24.8 MeV 

As seen, by use of multiple accelerating structures, we can  
achieve a significantly higher integrated potential 
(Table 4) than in the single accelerating structure case.    

DISCUSSION AND FUTURE STUDIES 
  We have shown that by proper design we can, by 
utilizing the beam from our L-band linac, resonantly 
excite an X-band decelerating structure to meaningful 
accelerating gradients. In our initial design example we 
achieved up to 5-MV additional accelerating gradient. 
Configured properly this implies that we can periodically 
achieve beam energies near double our original 6 MeV 
and potentially reach roughly 11 MeV in occasional single 
pulses without the need for an additional X-band power 
source after L-band structure. Additionally, after gaining 
11 MeV, we can achieve higher potential by using 
accelerator structures that are designed and configured in 
a two-beam configuration. However, the amount of the 
potential that we can get depends on the higher mode of 
the cavities and the number of structures. Therefore, to 
optimize our case, we will continue to study the possible 

higher modes that can give higher integrated potential and 
check the limits of having more accelerating structures.  
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COMPONENTS OF HEATING AND FUELING OF FUSION PLASMAS* 
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DTI focused on five primary objectives in developing 

the modulator. The first three focused on demonstrating 
the technical feasibility of the project: to assess any 
control system instabilities, to ensure the concept design 
would meet real gyrotron requirements, and to build and 
test a low voltage demonstration unit. The latter two tasks 
focused on the construction of a full-scale prototype. A 
high voltage electrical design for the full-scale system has 
been completed, as well as the ground work for the 
mechanical design, and the auxiliary systems have been 
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defined, including the custom transformer-rectifier 
needed to power the Buck Matrix. 
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To verify if standard silicon IGBTs or SiC JFETs could 

be run at the planned power levels and frequency, two 
DTI 10 kV switchplates (Figure 5) were manufactured: 
one with the SiC JFETs, and one with the silicon IGBTs. 
A test setup was constructed to verify full voltage and full 
current switching and conduction losses of these different 
switch plates (Figure 6). The result of this testing allows 
us to predict with confidence what the expected junction 
temperature of the transistor will be in the real buck 
matrix system. 

�����������
�
���� 
Silicon Carbide (SiC) transistors have recently become 

commercially available at reasonable prices.  SiC boasts 
extremely fast commutation, essentially eliminating 
switching losses in power converters.  85 milliohm and 45 
milliohm SiC JFETs [normally-on devices which need to 
be operated in a cascode circuit and controlled with a low 
voltage (40 V), extremely low on-resistance and low 
switching-loss MOSFET] were evaluated. 

Two of the tests related to the device physics performed 
were to examine the JFETs!
 ������$
 ��
 ���erse-conduct 
(similarly to the internal body diode of many IGBTs), and 
to determine if the intrinsic over-voltage avalanche 
characteristics would simplify operation of these devices 
in series for high voltage applications. 

�
�
��
��������� 
The JFETs do reverse-conduct, but testing revealed that 

the devices will break if operated with significant current 
in the reverse directionIsimilar current levels as the 
forward conduction current is enough to damage the 

devices.  If reverse conduction is required, blocking and 
antiparallel diodes should be added 

�������
 
To test the avalanche characteristics, the JFETs were 

pulsed into an inductive load at very low pulsewidths 
(less than 1 microsecond) and low rep rate. When the 
JFET was turned off, the inductive voltage spike, which 
was a function of the input voltage and pulsewidth, would 
rise to above the device rating, and avalanche into the 
device. This worked as expected with very low avalanche 
energies, but damaged the device at higher avalanche 
energies.  

�����
����  
The huge reduction in ripple afforded by series/parallel 

multi-phasing allows the filters to become quite small, 
and it is precisely this reduction in stored energy in the 
filter 4 to below the threshold for arc damage 4 which 
enables the elimination of the second switch.  

The results of this effort will eliminate half of this 
hardware, yielding approximately 30% savings, as well as 
improved system reliability and efficiency. The resulting 
design will be easily transferable to other voltage and 
current regimes, and is suitable for any CW or long pulse 
application 4 including future RF accelerators, light 
sources, and synchrotrons, and may also be applicable to 
other DOE programs, including the International Linear 
Collider (ILC). Other fusion power systems (e.g. ICRF, 
LHCD, neutral beam heating) may also make use of this 
technology with similar performance and cost advantages. 
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AFFORDABLE, SHORT PULSE MARX MODULATOR*

R. Phillips, G. DelPriore, M. P.J. Gaudreau, R. Simpson
Diversified Technologies, Inc., 35 Wiggins Ave., Bedford, MA 01730, USA

J. Casey
Rockfield Research, Inc., 11010 Onslow Ct., Las Vegas, NV 89135, USA

Abstract
Under a U.S. Department of Energy grant, Diversified 

Technologies, Inc. (DTI) is developing a short pulse, 
solid-state Marx modulator (Fig. 1). The modulator is 
designed for high efficiency in the 100 kV to 500 kV 
range, for currents up to 250 A, pulse lengths of 0.2 to 5.0 
µs, and risetimes <300 ns. Key objectives of the 
development effort are modularity and scalability, 
combined with low cost and ease of manufacture. For 
short-pulse modulators, this Marx topology provides a 
means to achieve fast risetimes and flattop control that are 
not available with hard switch or transformer-coupled 
topologies.

INTRODUCTION 
Under a DOE SBIR grant and based on research begun 

under the Next Generation Linear Collider (NLC) 
program, high energy, short-pulse modulators are being 
re-examined for the Compact Linear Collider (CLIC) and 
numerous X-Band accelerator designs. At the very high 
voltages required for these systems, however, all of the 
existing designs are based on pulse transformers, which 
significantly limit their performance and efficiency. There 
is not a fully optimized, transformerless modulator design 
capable of meeting the demanding requirements of very 
high voltage pulses at short pulsewidths. 

BACKGROUND
A Marx generator is a system with energy storage 

capacitors which are charged in parallel at low voltage 
and discharged in series to provide high voltage output. 
This is a legacy idea, practiced for decades using resistor 
charging networks and spark-gaps for discharge. 
Constrained by the limits of closing switches, such 
systems required pulse forming networks and crowbars, 
with their attendant limitations

The Marx topology also enables features which are not 
common to hard switch modulators. Primary among these 
is the ability to control each module independently – and 
thus program the ultimate pulse voltage by choosing the 
number of modules triggered. The use of a bypass diode 
rated for full pulse current allows staggering of the 
modules’ turn-on time, and ultimately enables full 
waveform synthesis in real-time.

TECHNICAL APPROACH
The Marx topology allows a new degree of freedom 

unavailable to other architectures – DTI can intentionally 
underdamp the series snubbing within the pulse circuit. 
This cannot be done conventionally – the reactive 
overshoot endangers the load. In a Marx, we can 
compensate for the overshoot by initially firing only a 
subset of the switches – thus “sling-shotting” the leading 
edge faster than otherwise possible. We can tune the 
number and timing of subsequent module firings to 
counter the reactive ringing, and hold a flattop pulse to the 
desired voltage and accuracy (Fig. 2).

Similarly, additional modules may be added to fire 
sequentially later in the pulse to compensate for capacitor 
droop. This is a critical enabling technology motivating 
Marx use for long-pulse accelerators (such as ILC), and 
yields valuable optimization even for very short-pulse 
systems. The reduction of capacitor size afforded by this 
flexibility further reduces parasitic capacitance, and thus 
reduces equipment size and cost while increasing power 
efficiency.

Figure 1 Planned 500 kV Marx modulator with an array 
of fifty of the plates shown in Figure 3.

______________________________________

*Work supported by the Department of Energy
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Architecture
The short-pulse modulator under development in this 

effort is a high peak-power pulse modulator of greater 
efficiency than presently available, in the 100 kV to 500 
kV range, for currents of up to 250 A, pulse lengths of 0.2 
to 5.0 us, and risetimes <300 ns (Table 1). A key 
objective of the development effort is a design which is 
modular and scalable, yet low cost, and easy to 
manufacture and maintain. Recently, DTI significantly 
reworked its original Marx bank architecture to achieve a 
low-cost, highly modular, and scalable design without 
compromising pulse performance.

Gate Drives

The relatively high per-module voltage (10-12.5 kV) 
precludes the use of single IGBTs within each module –
thus series switch technology is an enabling feature for 
this system. For most high voltage modulators, all IGBTs 
pulse in unison, and a single ground based control system 
provides both motive power and timing control to all of 
the “floating” or “high-side” gate drives at the various 
successive stages. In this solid-state Marx modulator, the 
topology is such that each module can be independeltly 
controlled. With this flexibility, the externally supplied 

“command on” signal must be converted from a single 
command pulse into distinct ON-OFF commands, one for 
each module. The central ground-based control for the 
modulator performs this task, converting the input 
command into a sequence of ON-OFF commands to the 
modules to create the optimal pulse. An address –
command structure between the controller and driver is 
used. 

For this effort, we took the opportunity to redesign the  
gate drives with a different topology. Instead of the 
magnetically coupled gate pulses, we have chosen a more 
robust gate drive with independent magnetically coupled 
power and optically coupled gate triggers. This is a far 
more “brute force” approach, usually reserved for larger 
high voltage systems, but has the advantage that there is 
no asynchronous refresh, thus no opportunity for jitter.

Overall Topology
The physical layout of the Marx system has similarly 

undergone changes compared to our earlier work. In this 
effort, we revisited the ideal of a flat-pack design, where 
each module is a thin “pancake”. Thus, the system-to-
ground capacitance from each module is that of a thin 
segment of a coaxial capacitor. The large area of each 
“pancake” is exposed only to modules immediately above 
and below in the stack. Since the parasitic energy is 
proportional to V2, rather than linear in V, we believe the 
new design will have better than a 10% parasitic 
capacitance reduction (hence faster risetime) than the 
prior approach, and far fewer mechanical components.

The co-location of devices inherent in the flat-pack 
design requires that all the shielding take place either 
within the multiple layers of the circuit board, or within 
shielding cans soldered onto the board. A peripheral 
corona shield minimizes voltage gradients between the 
Marx bank and the tank walls, as well as directing the 
parasitic charge into an appropriately stiff driven portion 
of the system circuitry.

Design Benefits
1) Reduced module costs

Through the use of PC board trace shielding and RF 
cans in sensitive areas of the circuit, we were able to co-
locate controls directly on the board within reasonable 
proximity to pulsed current sections of the same board. 
By exposing the IGBTs directly to the oil, we can cool the 
devices effectively while eliminating machined parts and 
hardware, further reducing the module parts count, 
associated materials, and assembly costs. Since the flat-
pack design significantly reduces voltage gradients from 
module to module within the Marx bank, the only 
significant need for corona and field reduction geometry 
is at the interface between the Marx bank stack and the 
walls of the tank. We anticipate more than a four-fold 
reduction in module mechanical costs, with the potential 
for additional reductions in manufacturing costs, 
compared to earlier designs.

Figure 2 Test pulses of a four-stage Marx bank at 12, 
20, 30, 40, 44, 48, and 50 kV. The notch at the beginning 
of the pulse  is the intended result  of induced overshoot, 
which decreases the rise time.

Table 1  Yale Marx  Design Parameters
Pulse Voltage 500 kV
Pulse Current 250 A
Pulse Width 1.8 us

Repetition Rate 20 Hz
Module Voltage 12.5 kV

Module Capacitance 0.6 µF
# Modules for Base Pulse 40

Total # Modules in System 48 – 50
Expected Risetime 300 ns

Heater Voltage 24 VDC
Heater Current 21 A

Insulation Oil
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2) Simpler Interconnect 
Each module in the redesigned Marx bank plugs 

directly into the two adjacent modules (Fig. 3; Fig. 5). We 
oriented the connectors and offset the board components 
and corona shields to allow any individual module to be 
added or removed from the stack, much like a book on a 
shelf, without any significant disassembly of support 
structures or disruption of the rest of the Marx bank. Since 
all module electrical connections and buswork are integral 
to the modules, only the fiber-optic control line (and 
optional fiber-optic monitor) needs to be externally 
connected. The first module in the stack plugs into a 
connector supplying charging HV, core bias current, 
auxiliary housekeeping power, and ground. A connector 
on the final module is connected to the Marx output 
coaxial cable, and includes a loopback for the common-
mode choke bias current. 

3) Scalability
The flat-pack Marx design is inherently modular and 

scalable, as additional plates may be added for a wide 
range of voltages. Whether at 100 or 500 kV, a Marx bank 
can use the same modules. The primary impact of 
additional plates is an increase in the charging current at 
the first plate, since it carries the current for all 
subsequent plates as well. Stray capacitance is also 
greatest at higher voltages, assuming constant spacing to 
the tank.

Prototype Testing
During testing of the prototype bank, we ran four 

modules with all modules simultaneously switched for a 
1.5 µs pulse, with a 10 kV pre-charge into the system, 
resulting in a 40 kV output. The prototype modules 

performed flawlessly into high voltage, with none of the 
chatter or jitter that would otherwise be associated with 
gate drives impacted by noise coupling at high voltage. 
We then demonstrated the pulse-staggering capability of 
the Marx design by delaying the successive modules by 0, 
0.5, 1.0, and 1.5 µs on a 2.3 µs pulse with a 7.5 kV pre-
charge (Fig. 4). The distributed effect of the snubbing RL 
networks is clearly apparent here, with the fractional 
overshoot visible as each successive stage turns on into 
the high impedance load.

Most recently, DTI has successfully tested a stack of  
20 plates with a 12 kV pre-charge into a resistive load. 
The result was a 2 µs pulse output of approximately 240 
kV and 200 amps. DTI will continue carefully 
constructing and testing modules to ensure the reliability 
and, above all else, safety of the equipment.

Plans/Conclusion
In Phase III, DTI will extend this design to future 

short-pulse, high voltage modulators for the next 
generation of planned accelerators, as well as transition 
this design to industrial / medical accelerators. We believe 
that the same combination of modular, low cost elements 
demonstrated in this Phase II effort will allow solid-state 
modulators to finally reach a price level that will supplant 
traditional (but low cost) thyratron / PFN designs 
currently used in these systems.

Figure 4  Four modules operated in staggered pulse mode, 
showing the individual control of each module.

Figure 3 Stack of four connected modules viewed on 
edge. Fifty of these modules are shown connected in 
Fig. 1.

Figure 5 Stack of twenty-four connected modules. 
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SYSTEM CONSIDERATIONS FOR  
201.25 MHz RF SYSTEM FOR LANSCE* 

 
John Lyles#, Walter Barkley, Jerry Davis, Angela Naranjo, Dan Rees, Gilbert Sandoval, 

AOT Division, Los Alamos National Laboratory, Los Alamos, NM 
D. Baca, R. Bratton, R. Summers, Compa Industries, Los Alamos, NM 

 
Abstract 
 Acceleration of long pulses of proton current at high 
repetition rates (1 mS, 120 pps) at LANSCE have been 
impacted by reduced capability of the original 201.25 
MHz RF system driving the 100 MeV DTL. The present 
operating point of the existing triode power amplifiers 
doesn’t allow margin for tuning excursions with voltage 
standing wave effects or for tube manufacturing 
variations. This has led to the undesirable consequence of 
operating LANSCE at half of its original duty factor for 
the past seven years to maintain acceptable beam 
availability. A recent program has been initiated to restore 
the accelerator to its original high current operation. 
Investigated alternatives for high power RF included the 
development of physically large klystrons, solid-state and 
new power grid tube (tetrode) amplifiers. The power grid 
tube was favored as it reused much of the existing 
infrastructure including water-cooling systems, coaxial 
transmission lines, high voltage power supplies and 
capacitor banks. High duty factor tetrodes called 
Diacrodes®, are capable of supplying the DTL 
requirements with ample headroom. A LANL-designed 
power amplifier using the TH628L Diacrode® has 
produced 3 MW peak and 300 kW of mean power with > 
14 dB of power gain and > 60% efficiency. It has been 
operating for over seven thousand hours generating RF 
power with a test load. Installation of the first new system 
begins in January of 2014. 

RF SYSTEM SHORTCOMINGS 
The LANSCE proton linac uses a DTL powered at 

201.25 MHz, to accelerate both H+ and H- ions from 0.75 
to 100 MeV in four Alvarez cavities, before injection into 
a coupled-cavity linac. The beam loading is 16.5 mA peak 
proton current at 120 pps. Nominal 8.7% beam duty factor 
(DF), with 1 pps of 1225 uS length. DTL cavity 2 has the 
highest energy gain of ~36 MeV, and requires the highest 
peak RF power of 3.6 MW, including excitation power. 
Significant average power (~430 KW) is required for each 
of three room temperature cavities to accelerate the long 
beam macro pulses. This is in contrast to the high-
peak/low-average power regimes found at 200 MHz 
proton injector linacs at Fermilab, CERN, and BNL. Over 
the past 25 years, the manufacture of RF amplifier triodes 
with consistent lifetime has been challenging, when 
operating at the high average power needed at LANSCE. 
These tubes were originally commercialized in 1960, 

using unique processes such as pressed (non-brazed) 
seals. In the 1980s the company (RCA) quit the business, 
which was then bought by individuals. At this time there 
was concern about the longevity of the 7835 triode as a 
product.  

Studies made in 1987-89 discussed alternatives to the 
triodes, including new tetrodes, klystrons, or IOTs. 
Through the last part of that century recurring problems 
were managed by having a larger supply of tested spare 
triodes. In 2006, the operating point of the power 
amplifiers had to be reduced in order to hold operating 
costs on budget (for all-too-frequent tube replacements) 
and prevent excess downtime. This led to the decision to 
operate LANSCE at half of its original duty factor to 
maintain acceptable beam availability.  

A primary goal of the LANSCE Risk Mitigation (LRM) 
project has been to replace the original 201.25 MHz 
amplifiers with modern circuits having higher average 
power capability. Another goal has been to modernize the 
low level RF controls, to improve operational efficiency 
and reduce beam losses. In addition, end-of-life klystrons 
for the CCL are being replaced with forty-five new CPI 
VA862A1 klystrons.  

 
ALTERNATIVES CONSIDERED 

 
Solid State Amplifier 

Broadcast transmitters have led development of solid 
state PAs. Units with up to 2 MW of modulated power 
have been installed at low frequencies up to a few MHz. 
In the VHF/UHF bands, however, power levels are 
predominantly in the tens of kW. In the past decade, 
development of CW PAs capable of 180kW was done at 
352 MHz [1]. The Soleil group has pioneered using 
DMOS transistors in large combined circular arrays with 
726 individual amplifier pallets for a booster synchrotron. 
Others have followed with similar designs. Transistors 
work best with continuous (CW) operation as wire bonds 
are weakened with pulsed currents, resulting in device 
derating [2]. The number of particular dies for a pulsed 
amplifier become similar to a CW rated amplifier, unlike 
with tubes where significantly higher peak power may be 
obtained from the same device. Technical problems are 
known to exist with LDMOS transistors, such as drift in 
quiescent current over time (aging and radiation-induced). 
MTBF for transistors are frequently quoted in tens to 
hundreds of years. In practical high power amplifiers such 
as at Soleil, the large number of passive and active 
devices required pushes down the MTBF to about 1 year, 
despite the inherent redundancies. 

—————————— 
* Work supported by the United States Department of Energy, National 
Nuclear Security Agency, under contract DE-AC52-06NA25396 
# jtml@lanl.gov 
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In 2009, LANL evaluated a 1600-watt silicon carbide 

static induction transistor amplifier from Microsemi. It 
was biased above 100 volts. The device topology 
(common gate) limited power gain to 9 dB, requiring 
additional stages for preamplification. It was not pursued 
for various reasons.  

Solid-state devices frequently have short manufacturing 
life cycles, being marketed for rapidly changing industries 
such as wireless communications. For this reason, there is 
a gamble to select the part that will stand out and survive 
in the market for a decade or more. Transistorized power 
amplifiers are very useful below 10 kilowatts at LANSCE 
- as high gain driver stages for tubes. There are no 
megawatt-level pulsed VHF amplifiers that would fit into 
the equipment hall, so this avenue was not pursued 
further. 
 
Klystron or Inductive Output Tube 

In the 1980s, LANL investigated high gain 
conventional klystrons with 40-50 dB gain. The closest 
commercial device was an ionospheric scatter radar 
amplifier at 224 MHz (EISCAT), 2.5 MW and 12% DF. 
Those devices were 5.5 m long and operated at 110 kV. 
Valvo and Varian both worked on tubes, but Varian 
preferred to offer multiple 1.5 MW Klystrodes (IOT) to 
LANL [3]. A multibeam IOT was also proposed using 
radial stripe beams but the development estimate was too 
costly and lengthy for LANL to consider at the time. 
Eimac had previously developed a 267 MHz 250 kW CW 
IOT for Chalk River Lab. It worked but was plagued with 
grid contamination from the cathode, which caused loss of 
control if not corrected. Thompson Tubes Electroniques 
proposed a 5.7 m long 200 MHz klystron at the time. 
Valvo eventually left the business. LANL also 
investigated building in-house, having large hydrogen-
braze furnaces from the making of the first coupled-cavity 
linac. This was not pursued further when we shifted away 
from in-house klystron remanufacturing.  
   In 2004, CPI published a concept for a 250 kW coaxial 
IOT for 200 MHz [4]. Most recently, CPI has proposed a 
multibeam klystron for 200 MHz for 7 MW peak/52kW 
average power for Fermilab’s DTL. Efficiency is 
estimated at about 50%. None of these developments has 
addressed the 3.6 MW peak, 430 kW average power 
required for the LANSCE DTL, however. In 2010 
discussions with CPI led to the concept of a reduced gain 
(32 dB) high average power klystron with one-less 
fundamental cavity. In this way the tube length could be 
less than 4.7 meters. This klystron option was a viable 
contender for the replacement DTL RF amplifier.  
 
Gridded Tube 
The caveat for gridded tubes is that a matching cavity 
amplifier circuit must be developed around the chosen 
device. This requires that the tube manufacturer or an 
independent producer commercialize this complex unit 

into an amplifier system. An acceptable solution may also 
have the amplifier development done by the laboratories, 
although costs must be weighed against industrialization. 

Several alternatives were proposed by Eimac in 1987-
89 using tubes derived from the 8973, a conventional 
tetrode. None of these were deemed acceptable for high 
average or peak power without first testing at 200 MHz, 
requiring development funding for a circuit. In 1989 
Thompson proposed a new tetrode that used the favorable 
double-ended RF circuit topology of the old triode but 
with much higher average power due to new grid 
materials, improved anode cooling, and brazed ceramic 
seals. This device was eventually developed and tested for 
resistive heating for fusion research as the TH628 
Diacrode® [5]. This tube is a high DF (CW) device with 
over 3 times the anode dissipation rating of the original 
triode. The cathode is designed for long life typical of 
tetrodes, with 2.6 times the emitting area of the RCA 
triode. Emission current density of 0.95 Amps/cm2 at the 
peak cathode current compares very favorably to 3 
Amps/cm2 in the triode for the same RF level. In 1998 
LANL started development of a cavity amplifier for this 
device. The objective was to power combine two of the 
units for the highest power DTL cavity at 3.6 MW, and 
using a single amplifier for cavities 3 and 4 for 3 MW [6]. 
What began as a partial-time effort moved into a fully 
funded development by the author after the 2006 crisis 
happened. In 2009 a new test facility was assembled 
simultaneously with the building of a prototype PA for 
operation [7].  
   In 2010, Thales (former Thompson) made a change to 
the grid material for safety and environmental factors. As 
a consequence, the modified pyrolytic graphite had 
increased RF loss at 200 MHz. This lowered the screen 
grid (g2) RF power dissipation rating. While this didn’t 
affect the intended fusion application below 80 MHz, it 
required the baseline design for LANSCE to use two 
amplifiers for all three of the largest DTL cavities. This 
increased the installed cost but provided ample headroom 
in the design, allowing the individual Diacrodes® to 
operate at 55% of their rating. Increased reliability and 
mean time to replacement for the tubes will result from 
this pairing of amplifiers.  
   As the prototype amplifier was being built, the total 
installed cost was estimated for both dual-Diacrode® and 
klystron options, based on the recent low gain klystron 
proposal from CPI. The complexity of the grid tube plant 
was weighed against the new cost and schedule of 
development for klystrons plus their new 1.2 MW 110 kV 
beam power supplies. With the in-house amplifier 
development about to reach its milestone to produce RF 
power, a decision was made to install with the Diacrodes® 
at LANSCE.  
   Construction of the final configuration of the amplifier 
was completed in 2010. The common-grid amplifier 
configuration uses a full wavelength double-ended circuit, 
and forced air/water cooling. Subsequent power testing 
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resulted in minor improvements that were implemented in 
2011 followed by testing up to 2.5 MW peak power at 
12% duty factor. The amplifier has been tested at the 3 
MW operating point to demonstrate design margins as 
well as cathode emission capabilities of the tube. Testing 
has continued for over 7000 hours with the amplifier 
using three different Diacrodes®, while also testing the 
remaining components for the plant. Mechanical and 
electrical design of the PA, supporting electronics and 
intermediate power amplifier (IPA) are discussed 
elsewhere [8][9][10]. The Diacrode® option reuses the 
same cooling water plant, the HV power supplies, 
capacitor banks and the 35.5 cm diameter coaxial 
transmission lines of the old RCA plant. 
   A tender for manufacturing the LANL-designed PA was 
issued in 2012 and the work was awarded to Continental 
Electronics Corporation. One PA has been delivered for 
testing in October with two more presently in 
manufacturing. Four more are scheduled to be purchased 
in the next two years. Two new TH628 Diacrodes® have 
been tested and accepted and 3 more are in 
manufacturing, with 3 more to be ordered in the future. 
Two IPAs have been ordered and delivered from Betatron 
Electronics, with 2 more expected in the coming years. 
The lab and the fabricator jointly designed these, based on 
the LANL prototype. This amplifier uses a Thales TH781 
tetrode, and matching TH18781 cavity amplifier. One IPA 
will drive two combined TH628s at each RF station. 
 

PASSIVE RF COMPONENTS 
 
   The 3 1/8 inch diameter coaxial transmission line from 
the 175 kW IPA is split by a λ/4 hybrid into two paths. 
One path has a passive phase shifter made like a 
trombone, with +/- 10 degrees of variability. The other 
path uses a fixed length delay to compensate for the phase 
shifter. The outputs from the two final PAs (FPA) are 
combined in a λ/4 branchline hybrid made from coaxial 
line. Normally this would shift any reflected power from 
the DTL into two components 90 degrees apart at the two 
Diacrodes®, causing difficulty in maintaining power 
balance with varying reflected power. A separate λ/4 
phase delay is placed in the 9 3/16 inch diameter coaxial 
line on one FPA to make the two tubes operate into the 
same reflected phase. A similar delay is placed in the 
input line of the opposite amplifier to place the two 
amplifiers back in a quadrature relationship for the 
combiner.  Figure 1 shows this configuration with the IPA 
removed for clarity.  

CONCLUSION 
 
   The new gridded tube power amplifiers meet the 
technical requirements for the LANSCE DTL, and also 
provide a basis for new driver amplifiers for a future 
RFQ. They are being commercially produced, and 

installation of the first pair of amplifiers starts in January 
of 2014. Collaboration with CERN has been ongoing with 
the Diacrode® option considered for the SPS RF upgrade 
and for a 6D Muon ionization cooling facility through the 
TIARA R&D objectives [11].  

DTL

6q

1.84 MW

1.84 MW

3.6 MW-90

   0

  

Altronics 57200B Load

6 1/8” Water Load

hybrid splitter
   
branch combiner

175 kW 
  input 

q 9-3/16 
inch line

14 inch line

6-1/8 inch line

3-1/8 inch line

adjustable
phase shift

Amplifiers
Shifted h�

PA 1
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Figure 1: Diagram of combined power amplifiers. 
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Abstract 
   A 650 MHz 50 kW transmitter with a wide-band control 
in phase and power, based on injection-locked CW 
magnetrons has been proposed to drive individually 
Superconducting RF (SRF) cavities for the Project X CW 
1 GeV H- linac. Utilization of the magnetron RF sources 
for the intensity-frontier project will save a significant 
capital cost in comparison with traditional RF sources 
based on klystrons, Inductive Output Tubes (IOTs), solid-
state amplifiers. The transmitter setup has been modelled 
experimentally using 2.45 GHz CW magnetrons with 
output power up to 1 kW operating in injection-locked 
mode in pulsed regime with long pulse duration. 
Measurements with the modelling setups indicated 
capability of the proposed transmitter to power the SRF 
cavities suppressing parasitic modulation of the 
accelerating field caused by mechanical oscillation (the 
microphonics), beam loading, dynamic tuning errors, and 
the low-frequency disturbances of the magnetron 
performance. Results of the experimental tests are 
analyzed and discussed in this paper.  

INTRODUCTION  
State of the art the intensity-frontier Project X H-

superconducting 1 GeV linac requires CW, 650 MHz RF 
sources to power SRF cavities. One of general 
requirements following from dynamic of non-relativistic 
or weakly relativistic beam is conservation of a small 
emittance during the process of acceleration. For this is 
necessary keeping the accelerating voltage phase and 
amplitude deviations to be less than 1 degree and 1% of 
nominal, respectively, [1].  

To keep amplitude of accelerating voltage with the 
required accuracy in spite of microphonics, a dynamic 
control of the accelerating voltage is required, [2, 3].  

The average RF power to feed each SRF cavity, 
providing an energy gain of ~17 MeV/m for average 
beam current of 2 mA at the microphonics magnitude, 
f=20 Hz, one can determine by the following equation: 

.2)/(cos
1

)/(4

222

f

f
Q

V

QQrI

QrQ

V
P E

E

E
g

 
Here Pg is the RF source power, V is gradient of the 
accelerating field in the 1 m long SRF cavity for zero 
synchronous phase, (r/Q) is the cavity impedance, QE is 

the cavity external Q-factor, f is the cavity frequency, f is 
the microphonics magnitude,  is the synchronous phase.  
   For ILC-type 650 MHz SRF cavity with (r/Q)  638 and 

 -10 degrees the equation gives Pg  38.5 kW at the 
necessary range of the power variation of ~ 5 kW. 
Considering reflections and insertion losses in the RF 
system one can evaluate the RF source nominal power of 

 50 kW necessary for each individual SRF cavity of the 
CW linac.  
   To compensate perturbations caused by beam loading, 
and dynamic tuning errors, a control of phase of the RF 
field is necessary in each individual SRF cavity.  
   Traditional RF sources based on klystrons, Inductive 
Output Tubes (IOTs), solid-state amplifiers are acceptable 
to provide the required power and the phase control, but 
the capital cost of the RF system is a significant part of 
the accelerator project. MW-scale CW klystrons powering 
groups of the cavities can reduce the costs, but this 
technique only allows a control of the vector sum of the 
accelerating voltage in the group. The vector sum control 
has not been tested in driving SRF cavities for non-
relativistic or weakly relativistic particles; it may cause 
emittance growth because of non-optimized values of 
phase and amplitude of the field in individual SRF 
cavities. 

The CW injection-locked magnetrons are efficient and 
less expensive than the aforementioned RF sources, [4]. 
   Analysis of operation of magnetrons injection-locked by 
a phase-modulated signal, [5-7] demonstrates that the 
magnetron response on the locking signal is quite linear, 
has small phase error and quite fast, [8]. The features of 
the injection-locked magnetrons allow developing the RF 
source based on the CW magnetrons controlled in phase 
and power to suppress the perturbations of the magnetron 
phase performance inherent in magnetrons and moreover 
to satisfy requirements of the Project X H- linac as well.  
   The experiments performed with CW 1 kW injection-
locked magnetrons and evaluations presented in this paper 
indicate that the phase controlled transmitter based on the 
injection-locked magnetrons with a Low Level RF system 
including a closed wideband loop will allow eliminating 
all expected low-frequency perturbations of the 
accelerating field in SRF cavity including the 
perturbations caused by the phase performance of the 
injection-locked magnetron.   
   Results of the experimental tests are analyzed and 
discussed in this paper. 

 

*Work is supported by the Fermilab and Muons, Inc. collaboration 
#grigory@muonsinc.com; gkazakevitch@yahoo.com    
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THE MAGNETRON TRANSMITTER FOR 
THE PROJECT X CW H- LINAC 

A concept of the 650 MHz, 50 kW magnetron transmitter 
(with phase and power to be controlled by a LLRF) for 
the Project X H- CW linac is presented in Figure 1, [9].  

 
Figure 1:  Block-diagram of the magnetron transmitter 
available for a fast control in phase and power. 

   The transmitter consists of two identical channels (A 
and B) of cascaded injection-locked magnetrons, 
combined in power by a 3-dB hybrid. The phase 
management is provided by controlled simultaneously 
and equally the phases at inputs of both 2-cascade 
magnetrons. The power management is provided at a 
control by phase difference at the inputs of the 2-cascade 
magnetrons. The 2-cascade injection-locked magnetron 
system allows reducing the required locking power.  

EXPERIMENTAL FACILITY 
   The facility was developed for experimental tests of the 
CW transmitter active components using two CW, 1 kW 
microwave oven magnetrons. The magnetrons with free 
run frequencies differing by  5.7 MHz operated in 
injection-locked mode at the locking frequency of 2.469 
GHz in pulsed regime, at pulse duration of 2.5-15 ms at 
low repetition rate. Each magnetron was installed in a 
separate module with necessary RF components, Figure 2. 
The modules were used to test performance of all active 
components of the proposed transmitter in various setups.  

 
Figure 2: The magnetron experimental module for tests of 
the transmitter setup. 

   The experimental apparatus for the tests included a 
pulsed modulator to power the magnetrons, wide-band 
CW Travelling-Wave Tube (TWT) amplifiers driven by 
N5181A Agilent generator, to lock the magnetrons, and 
measuring equipment.   
   The modulator with partial discharge of storage 
capacitor provided simultaneous operation of the both 
magnetrons, having dissimilar Volt-Amps characteristics; 
the magnetron with lower anode voltage was fed by a 
compensated divider. The HV power supply ripple were 
negligibly low at the modulator output, however the 

modulator introduced a slope of the output voltage caused 
by discharge of the storage capacitor. The slope at pulse 
duration of 5 ms did not exceed 0.4% when 2 magnetrons 
operated simultaneously. 

TESTS OF SINGLE AND 2-CASCADE 
INJECTION-LOCKED MAGNETRONS 

   Setup for tests of operation of injection-locked singles 
and 2-cascade magnetrons is shown in Figure 3, [8]. 

 
Figure 3: Setup to test operation of single and 2-cascade 
injection-locked magnetrons. S/C is a splitter/combiner, 
LPF is a low pass filter, ML is a matched load, and ATT 
is an attenuator. Powers of the magnetrons are depicted in 
this figure. 

   The single injection-locked magnetrons were tested in 
configuration using module A with the magnetron locked 
by the TWT amplifier and fed by the modulator, while the 
module B was disconnected from the amplifier and the 
modulator. The 2-cascade magnetron was tested in 
configuration, in which the magnetron module B was 
locked by the TWT amplifier while the module A 
magnetron was connected via attenuator to the module B 
output. In this case the magnetron in the module A was 
locked by the pulsed signal of magnetron B lowered in 
the attenuator. The modulator fed both the magnetrons. 
   Traces of the magnetron intrapulse phase variations are 
plotted in Figure 4.  
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Figure 4: Phase performance of the single, trace 1, and 2-
cascade, trace 2, injection-locked magnetrons. Trace 3 
shows voltage of the AC line. Trace 1 was measured at 
the magnetron locking power of -15.6 dB; Trace 2 was 
measured at the locking power of the magnetron B of -15 
dB and the attenuator value of 15 dB. Considering the 
attenuator value the locking power of the 2-cascade 
magnetron is -30 dB of the output power. 
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   Shift of the triggering of the modulator vs. zero crossing 
of the AC line voltage minimized the magnitude (peak-to-
peak) of the magnetrons phase perturbations resulted from 
the magnetic field induced by the filament circuitry, [10]. 

   The bandwidth of the phase control was measured in 
setups, Figures 3, 5, by a phase modulation in generator 
N5181A at various modulating frequencies. Measured 
with Signal Analyzer MXA N9020A in the phase 
modulation domain the magnitude transfer characteristics 
of the magnetrons locked by the phase-modulated signal 
showed that the frequency cut-off at the locking power of 

-13 dB for single and -27 dB for 2-cascade magnetron 
setup is 1 MHz. It implies that the injection-locked 
magnetron RF source managed in phase and power by a 
LLRF controller with a closed feedback loop at the 
bandwidth of 100 kHz will be able to suppress all 
expected low-frequency perturbations in SRF cavities 
including the perturbations resulted from the magnetrons.  

POWER CONTROL OF INJECTION-
LOCKED MAGNETRONS  

   The fast power control of the injection-locked 
magnetrons using power combining first was realized in 
the setup shown in Figure 5, [10]. 

 

CONCLUSION 
Setups of all active components of the proposed 

magnetron transmitter rapidly controllable in phase and 
power by the phase-modulated signal and intended for 
CW H- linac of the Project X have been tested using 2.45 
GHz 1 kW magnetrons operating in injection-locked 
mode. The experimental tests verified that the response of 
all active components of the transmitter based on the 
injection-locked magnetrons at the control is quite linear, 
provides small phase error and is quite fast to use a Low 
Level RF (LLRF) controlling system with a wideband 
closed loop. The ratio of locking power to output power 
of -27 dB for 2-cascade magnetron looks feasible at 
bandwidth of the magnetron phase control of 1 MHz. 
Measured high-frequency phase noise of the transmitter 
components <1 degree, rms, satisfies requirements of the 
Project X H- superconducting linac. The magnetron 
transmitter with the LLRF controller will be able 
eliminating all expected low-frequency perturbations of 
the accelerating field in the SRF cavity including 
perturbations caused by mechanical oscillations, beam 
loading, dynamic detuning errors and perturbations 
resulted from performance of the injection-locked 
magnetrons, including phase pushing and perturbation 
caused by induced alternative magnetic field.  

Figure 5: Setup with the injection-locked magnetrons for 
test of the power control by power combining. 

   The power control, Figures 1 and 5, is realized by a 
vector summation of output signals of the injection-
locked magnetrons controlled by the phase difference. 
   Performance of the injection-locked magnetrons at fast 
power control was demonstrated controlling the analogue 
phase shifter JSPHS-2484 by a sequence of meander-like 
pulses with period of 30 s, Figure 6.  
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AN EFFICIENT RF SOURCE FOR JLAB* 

M. Neubauer, A. Dudas, Muons, Inc. Batavia, IL 60510, USA 
R. Rimmer, H. Wang, JLAB, Newport News, VA 23606, USA

Abstract 
The original CEBAF accelerator at Thomas Jefferson 

National Accelerator Facility (JLAB) currently uses a 
system of 340 klystrons with relatively low efficiency, but 
an MTBF approaching 170,000 hours.  Over the lifetime 
of the project 60% of the tubes have been replaced, giving 
an MTBF for a single tube of about five to six years.  
45% of the klystrons were replaced over the thirteen years 
of full operation (1995-2007) with an average filament on 
time of 80% and high voltage on time of 75%, thus a 
utilization rate of 61% per year or ~4300 high voltage 
operating hours per year with an overall system efficiency 
of 35%. This represents 1.6M$ per year of electricity 
costs and over 20% of the total electricity usage of the 
high energy mission specific facilities (HEMSF). 

We propose the development of a highly reliable high 
efficiency RF source for JLAB operating at ~80% 
efficiency yielding system operating costs of only about 
0.7M$/year for the 6 GeV machine.  A number of RF 
source designs are being evaluated including the concept 
of two injection locked magnetrons in a novel combining 
architecture for amplitude modulation. A cost analysis 
including efficiency and reliability will be performed to 
determine the optimum system architecture. 

INTRODUCTION 
 The RF source for the CEBAF machine currently uses 5-
8 kW klystrons operating at ~35% efficiency [1].  The 
annual electricity usage for the HEMSF for the 6 GeV 
machine is 130,000 MWhrs [2].  As shown in Table 1, the 
annual savings for the RF source alone would be about 
1M$ per year, neglecting various cooling requirements 
for the power supply and microwave tube.  The savings 
represent a reduction in the HEMSF usage from 130,000 
MWhrs to about 113,000 MWhrs for the 6 GeV machine. 

Table 1: Example calculations of the impact of a high 
efficiency RF source on the operating costs and electricity 
usage per year. 

 
 
The MTBF of individual tubes in the CEBAF system 

can be estimated to be 5-6 years or about 37,000 tube 

hours with a 75% utilization rate, while the MTBF of the 
system of 340 tubes is approximately 170,000 system 
hours (see Figure 1). Magnetrons have a similar MTBF.  
Varian (now CPII) reported lifetimes of 27,600 MTBF for 
a 65-80kW X-band coaxial magnetron [3].  In 2006, a 
study was made at the Naval Post Graduate School in 
Monterey, of the Total Ownership Cost (TOC) of the 
Aegis microwave power tubes. In the Aegis system, the 
MTBF of CFAs was improved from 6000 hours to 45,000 
hours from 1983-2002 [4]. Cross-field amplifiers (CFA) 
are in the same class as magnetrons. 

 
Figure 1: Data Collected from JLAB presentation, 
“Operating Experience and Reliability Update on the 5 
kW CW klystrons at Jefferson Lab,” [5]. 

Another primary use of magnetrons is in medical linear 
accelerators where they are operated at high peak powers 
with low utilization rates.  The MTBF of the magnetrons 
in one linac system architecture was doubled from 20 
months to 43 months over a four year period [6].   

The point to be made is that, the system design and the 
interface between the tube(s) and power supplies 
dominates the MTBF of the RF source.  It is reasonable to 
assume that the MTBF of a magnetron based system can 
be as good if not better, than the klystron MTBF when the 
system design is optimized at an early stage of 
development.   

APPROACH 
We have determined two basic designs which will be 

further analyzed. The first consists of a single RF source 
(klystron, magnetron, IOT, etc.), and the second would be 
a dual magnetron source in which the outputs of two 
injection locked magnetrons would be phased and 
combined to produce a required output power level and 
phase.  

An initial power balance spreadsheet analysis has 
shown that a single magnetron would be more efficient 
that using either a klystron or IOT device. Thus our focus 
has narrowed to either a single or dual magnetron system.   

 ____________________________________________  

*Work supported by DE-SC0009693 
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Figures 2 & 3 show the system diagrams for each of 
those two options.  

 
Figure 2: Single RF source system diagram. 

 
Figure 3: Dual Magnetron source system diagram. 

Figure 2 is similar to the current CEBAF system using a 
single klystron.  Figure 3 however shows an injection 
signal fed through a circulator into a combining network 
which may be as simple as a magic TEE.  Both 
magnetrons are fed with this signal, injection locked, and 
deliver their output to combine in the fourth leg of the 
magic TEE.  To adjust the output amplitude, the 
amplitude and phase of one magnetron is adjusted relative 
to the other (via the Feedback & Control system).  The 
sum is sent to the output, and the difference is sent back 
through the circulator to a load.  This is a straightforward 
system, just like the others, but the devil is in the details. 

The first of those details is controlling the output phase 
of one magnetron relative to the other.  In the work 
already done by JLAB, 0.8° phase stability was achieved, 
limited by noise from the digital power supply used. 

Additional details being analyzed and optimized are:  
1) What design elements or improvements are 

required to meet the AM requirements of the 
combined system? 

2) What is the most cost effective combining 
system? 

3) Will an electro magnet be used for the magnetron 
focusing to optimize efficiency? 

4) Will the design of the 1497 MHz magnetron 
include a side coupling for improved locking? 

5) Will phase shifters be required in addition to 
magnetron pushing by the beam voltage to 
achieve the required amplitude modulation? 

6) What is the overall efficiency of the system under 
realistic operating conditions?  How does it 
impact TOC? 

7) Can a low gain cross-field amplifier (CFA) be 
used in addition to the phase locked magnetrons 
to meet the 12 GeV upgrade requirements? 

System Efficiency and TOC 
The system efficiency of various system architectures is 

being studied to determine the optimum design.  The 
methodology is shown in Figure 4 (shown on the next 
page).  Each element of the system architecture will be 
analyzed in terms of input power, efficiency, and heat 
loss.  The TOC is a summation of acquisition cost and 
operating costs.  The payback of the acquisition cost, in 
terms of cost savings from operating costs, is being 
determined. 

New components will need to be designed, such as the 
1497 MHz magnetron, and the methodology to determine 
the design effort (cost) as well as the TOC without 
knowing exactly which elements will be involved will 
utilize a scoring method similar to that shown in Figure 5.  
In this method, various elements of the designs are 
“scored” for cost, ease of design, complexity, etc.  (1 
being easy / low cost, and 3 being difficult / high cost).  

 
Figure 5: Example of a risk assessment used to determine 
the optimum architecture for the RF source in this project. 
For example, since 340 units are anticipated in the full 
replacement of the klystrons, there will be learning curve 
applied to the unit cost of the RF source designed in this 
Phase I program.  This will include a risk assessment and 
median pricing for the most probable cost of 680 
magnetrons.  The MTBF of the RF source will be applied 
to arrive at a total quantity of magnetrons needed, which 
may exceed 1000 magnetrons over ten years.  Cost 
estimates from various suppliers will also be used where 
applicable.  With this methodology in place, the most cost 
effective system architecture will be determined. 
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Figure 4: An example analysis for the system of Figure 3, showing elements of the analysis for total operating 
efficiency including the cooling system. 
1497 MHz Magnetron 

The RF source will be based upon a modest scaling of 
the common water-cooled industrial cooker magnetron: a 
3 kW 2450 MHz magnetron [7].  The efficiency of this 
magnetron is about 70%.  The efficiency of the similar 
915 MHz water cooled magnetron is over 90%, so it is 
reasonable to assume a 1497 MHz magnetron can be 
designed to operate at ~ 80% efficiency.  A paper design 
of a 1497 MHz magnetron is part of our program.  Details 
of the anode structure can be designed in Comsol or CST.  
The details of the heater package, coupling, cooling, and 
other mechanical elements of the design will be made in 
sufficient detail so that bids for a total quantity of 1000 
tubes can be obtained. 

CONCLUSION 
Initial work has shown that design of a more efficient 

CEBAF RF source system is reasonable, and should save 
JLAB 1M$+ in electricity costs per year. Technical 
performance and reliability equivalent to or better than 
the existing sources needs to be demonstrated. Total cost 
of ownership and time to recoup the initial investment 
will be calculated. 
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HIGH POWER CO-AXIAL COUPLER* 

M. Neubauer, A. Dudas, Muons, Inc., Batavia, IL 60510, USA 
R. Rimmer, J. Guo, S. Williams, JLAB, Newport News, VA 23606, USA

Abstract 
A superconducting RF (SRF) power coupler capable of 

handling 500 kW CW RF power at 750 MHz is required 
for present and future storage rings and linacs.  There are 
over 35 coupler designs for SRF cavities ranging in 
frequency from 325 to 1500 MHz.  Coupler windows vary 
from cylinders to cones to disks and RF power couplers 
will always be limited by the ability of ceramic windows 
and their matching systems to withstand the stresses due 
to non-uniform heating from dielectric and wall losses, 
multipactor, and mechanical flexure. 

We have fabricated and tested a novel robust co-axial 
SRF coupler (400 MHz, 6 kW CW) design that uses two 
windows manufactured with compression ring technology 
and no matching elements in the coax line.  This 
technology allows the use of high thermally conductive 
materials for cryogenic windows because the braze joint 
will be in compression. We have also incorporated 
“explosion bonded” technology into this design to reduce 
needed parts and simplify fabrication. In this phase, a 
scaled down version of the 500kW CW double window 
assembly has been built and tested. 

A compressed co-axial window was designed and 
fabricated using standard ceramics [1]. Low power tests 
confirmed the broadband match characteristics of a double 
window design. 

Double-window, coaxial input couplers or coaxial 
pressure barriers have high power CW applications 
ranging from RF guns for injectors to high power 
magnetron sputtering systems.  Single half-wavelength 
coaxial windows built with our compression technology 
will handle significantly more power than standard 
windows. 

INTRODUCTION 
Dual-Window Concept 

When two coax windows are placed in a length of line, 
the distance between them can be adjusted to create a 
perfect match.  That distance is approximately a quarter-
wavelength.  The thickness of the window and its 
dielectric constant determine the exact distance for the 
cancellation of reflections.  For EIA 3-1/8 50Ω coax line, 
the ceramic window has the same dimensions as the coax 
(76.9 mm and 33.4 mm).  In our Phase I construction of a 
compressed window we used a window thickness of 7.6 
mm.  Using those dimensions the optimum spacing for 
various frequencies can be determined by various 
simulation tools.  For EIA 3-1/8 coaxial line, Figure 1 
shows the window spacing as a function of frequency, 
which provides a near perfect match. 

	  
Figure 1: Two alumina windows 7.6 mm thick modeled in 
EIA 3-1/8 coax for the distance between them which 
creates a near perfect match. 

As the thickness of the window becomes large 
compared to the wavelength of the match frequency, the 
actual distance to cancel reflections becomes smaller than 
the theoretical λg/4.  The bandwidth of the match was 
calculated to be about 2-3% at a VSWR of 1.01:1. 

Two windows of different materials can be matched in a 
similar manner by slightly changing the thickness of one 
window or the spacing between the two windows.  

Explosion Bonding  
Our coupler design was discussed previously [2], and 

illustrates the usefulness of fabricating the outer 
conductor, vacuum assembly, and window Compression 
Rings as one piece.  A braze joint between the copper 
outer conductor and stainless vacuum tube, would be very 
difficult to make due to the large surface areas involved.  
Explosion Bonding (EB) a thin layer of copper onto the 
inner surface of a stainless steel tube then machining to 
size is a good and cost effective solution.   

	  
Figure 2: Explosion bonded copper outer conductor, 
compression rings, and vacuum tube assembly. 

 ____________________________________________  

*Work supported by Dept. of Energy grant no. DE-SC0002769 
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One challenge in getting a useable tube lies in the 
explosion “expanding” the tube in a non-uniform way 
(bulging), the strength of the explosion, the desired final 
machined dimensions, and thickness of the copper layer.  
This is a learning process and depends upon factors such 
as material, diameter, tube thickness, desired copper 
thickness, etc.  It took two iterations before we determined 
acceptable initial (pre-explosion) dimensions, and the EB 
fabricator determined the proper amount of explosive. 

Figure 3 is a graphic of the relevant dimensions for the 
third EB tube.  The graphic clearly shows the bulging of 
the 1” thick stainless steel tube due to the explosive 
charge. With the earlier trials we, along with the supplier 
High Energy Metals, Inc., determined that the pre-bonding 
ID of the stainless steel tube needed to be ~3 inches, after 
bonding the ID of the Cu sleeve was as shown by the red 
squares, and the bond line between the Cu and the 
stainless steel is shown by the green triangles. Thus, the 
thickness of the Cu layer is approximately 0.300”.  The ID 
of the Cu was machined to 3.032” as shown by the dashed 
line, which leaves the Cu thickness as half the distance 
between the dashed line and the triangle at that axial 
location. The gray rectangles indicate the approximate 
location of the coax windows, and the Cu layer radial 
thickness is about 0.050” in those locations.  

	  
Figure 3: The relevant dimensions for the 3rd Explosion 
Bonded tube fabrication. 

	  
Figure 4: Determination of pre-EB tube ID. 

As can be seen from Figure 3 and Figure 4, getting the 
exact thickness desired is still not exact. Figure 4 shows 

that there can be a bonding variation (for our size and 
geometry) of approximately 0.100 to 0.200 inches in 
diameter. This variation, along with the “bulging” issue 
requires careful planning and coordination with the EB 
supplier.  

The earlier EB tubes were not wasted as portions of the 
explosion bonded tube were of suitable dimensions for 
braze tests to be made.  Slices of the tube sufficiently long 
(~0.8”) for two separate window braze tests were 
machined from the tube, and coaxial windows similar to 
those discussed in reference 1 were fabricated.  In these 
windows the explosion bonded copper buffer layer 
surrounding the window ceramic was substantially thicker 
than in the windows discussed in reference 1, however, 
the window braze assembly was perfect (Figure 5) and the 
windows were vacuum tight, and survived a thermal cycle 
test down to cryogenic temperatures. 

	  
Figure 5: Coaxial window (~3” dia. ceramic) brazed into 
an Explosion Bonded copper / SS outer Compression 
Ring. 

TECHNICAL APPROACH 
Figure 6 shows the hot test assembly as a cut-away 

concept drawing. The brazed portion of the assembly will 
be made in two stages. First is the inner window assembly 
which consists of the inner conductor, the ceramic backing 
rings, and the two Alumina windows (Figure 7). The 
second braze bonds the inner conductor assembly to the 
explosion bonded (EB) assembly, such that the windows 
are aligned with the thick compression rings of the EB 
part. EIA adapter flanges and coax are connected for 
testing purposes.  

	  
Figure 6: Dual-window Coupler hot test assembly 
drawing. 
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Figure 7: The dual coaxial window inner braze assembly. 

Preliminary Testing / Measurements 
Prior to the second braze, the inner conductor assembly 
was tested in a low power RF test (Figure 8). The RF test 
assembly could be easily made using a thin aluminum 
sheet rolled and hose-clamped around the metalized OD of 
the windows. The results are shown in Figure 9. Where 
the reflection has a -30 dB bandwidth of ~30 MHz, and 
the S21 transmission loss was measured at <0.01 dB.  

Another single brazed window assembly was cycled to 
4°K and back in JLab’s vertical test dewar, then checked 
for leak tightness and dimensional changes.   

(a)	  

(b)	  
Figure 8: Low Power RF test set-up for testing window / 
inner conductor braze assembly (a – 3D drawing, b – as 
fabricated). 

	  
Figure 9: Plot of the S-parameters for the inner conductor 
low power RF test of	  Figure 8. 

Final Assembly Braze 
After measurements of the inner braze assembly, a final 

braze will be performed between the machined EB tube 
and the inner braze assembly. Figure 10 below shows the 
two parts before brazing.   

	  
Figure 10: Shown are the inner braze assembly and the 
machined Explosion Bonded tube. 

High Power RF Testing  
The Coupler will be thermally cycle tested and vacuum 

checked to assure a leak tight assembly, then tested at high 
power using the set-up of Figure 6. 

CONCLUSIONS 
A dual coaxial window matched coupler has been 

designed and fabricated using compression ring 
technology for the windows and explosion bonding to 
combine the outer conductor to the vacuum wall.  

REFERENCES 
[1] Neubauer, M., et. al. “High Power Coax Window”, 

PAC11. 
[2] Neubauer, M., et. al. “High Power Co-Axial SRF 

Coupler”, PAC12. 
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S-BAND LOAD DESIGN FOR SLAC* 

M. Neubauer, A. Dudas, Muons, Inc., Batavia, IL 60510, USA 
A. Krasnykh, SLAC, Menlo Park, CA 94025, USA

Abstract 
S-Band vacuum loads at the SLAC linac are 

encountering operational problems, now that they have to 
operate under the stringent requirements of: 50 MW peak 
power, 6 kW average power, and extremely-tight phase 
stability for the linac.  Failure mechanisms have been 
studied which suggest an RF surface breakdown of the 
200 µm Kanthal layer in original RF loads. 

Currently there are two approaches for RF load design. 
The first is based on employing highly resistive materials 
inside of WR284 waveguide [see SLAC-PUB-15229 or 
MOPB087 in LINAC12].  An alternative approach is 
based on using lossy dielectric.  This is the approach 
discussed in this paper. 

We have proposed a novel solution which incorporates 
mode conversion from TE10 in rectangular waveguide to 
TE01 in round waveguide.  Lossy material will be placed 
in the round waveguide, and the selection of the TE01 
mode minimizes the electric field normal to the surface of 
the lossy material.  This lossy material in the TE01 round 
waveguide will be mechanically confined in compression 
(without brazing), in order to eliminate tensile stresses in 
the lossy material.  The mode converter will be based 
upon an X-band mode converter invented at SLAC, and 
the TE01waveguide load design is based upon HOM load 
designs developed by Muons, Inc. 

We are presently performing additional materials 
testing, in preparation for fabrication of a full power 
prototype load.  A TE10 to TE01 SLAC converter design 
will be fabricate for both cold and hot testing.  

Operational improvements to the SLAC LCLS linac 
may require the replacement of all SLAC linac vacuum 
RF loads.  The new design can be scaled for use at other 
frequencies in a multitude of commercial RF applications. 

INTRODUCTION 
Recently at SLAC, the increasingly-stringent 

requirements for phase and amplitude stability of the linac 
beam have increased the sensitivity to the performance of 
the present load design. Ten of the current Kanthal loads 
were inspected, and all ten showed evidence of 
multipactor. Fifteen spare loads were tested and exhibited 
multipactor between 1 and 20 MW.  An attempt to shift 
the multipactoring resonance using permanent magnets 
was not successful.  

Dry loads are generally designed using high strength 
lossy ceramics due to the manufacturing processes used in 
the construction of such loads.  The interface between the 
lossy ceramic and the support structure is brazed or 
soldered to make a thermally conductive path between the 
lossy ceramic, mechanical support, and the cooling 

circuit.  The fact that brazing or soldering is used requires 
the lossy ceramic to survive large tensile stresses due to 
the mismatch in thermal expansion between the ceramic 
and the mechanical support.  Efforts to either reduce these 
thermal stresses, or survive these stresses during thermal 
cycling, has led to creating strengthened ceramics such as 
SiCwhiskers + Al2O3, or using thermally matched materials 
for the mechanical support such as Wpowder + Cu in a 
sintered alloy.  Both of these techniques have led to 
expensive structures due to low manufacturing yields.  
These low yields are typically due to large manufacturing 
variables, and narrow process limits, for successful 
fabrication of dry loads. 

In our design, the dry load operates in the TE01 mode 
to significantly reduce the chance of multipactor, and 
incorporates mode converters designed by SLAC.  The 
lossy ceramic components are cast into cylinders, from 
slurries composed of mixtures of SiC and porcelain, and 
processed to full densification and vitrification.  These 
lossy cylinders are held in mechanical compression rather 
than being brazed. The microwave characteristics of the 
lossy ceramic cylinders have been measured, and further 
measurements will be made to determine the optimum 
mixture for various loading elements. 

TECHNICAL APPROACH 
TE01 Mode 

The most reliable high peak power load will have no 
normal electric field components on the lossy material.  
This should simply eliminate the occurrence of 
multipactoring and arcing. Since the TE01 mode is a low 
loss mode, the uniformity of loss within the lossy 
dielectric is not as critical as it would be if compared to 
operation using other modes.  This fact serves to relax the 
manufacturing process limits, as compared to those which 
are required in loads utilizing other modes and designs, 
such as the TE10 mode in rectangular waveguide utilizing 
lossy walls. 

A SLAC designed TE10 - TE01 mode converter from 
WR284 rectangular waveguide to 6 inch round waveguide 
was used for the initial measurements (Figure 1).  With 
two mode converters the insertion loss of lossy cylinders 
can be measured in the TE01 circular mode. The wrap-
around mode converter is primarily scaled from the X-
band version that was invented by Sami Tantawi of SLAC 
[1].  The VSWR of these mode converters back-to-back 
was 1.13 at 2856 MHz, likely due to out-of-round circular 
waveguide and non-matching edges at the mating flanges.  
Some slight tuning on the endplates could improve that 
number to less than 1.11 at 2856 MHz. 

 ____________________________________________  

*Work supported by Dept. of Energy contract DE-SC0007559 
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Figure 1: Two wrap-around mode converters for insertion 
loss measurements of lossy ceramic cylinders.  S11 was 
measured to be less than -23.2 dB at the center frequency. 

Novel Lossy Ceramic Cylinders 
The lossy material chosen during the program was 

SiCpowder + porcelain.  This lossy ceramic material is our 
new contribution to the design of high power microwave 
loads.  It was chosen because of our system approach to 
the design and fabrication of a dry load.  The fundamental 
concept that allows for its use is simply that high tensile 
strength lossy material is not a requirement of our design, 
as the ceramic material is held in compression.  

The comparison of various mechanical properties of 
alumina and porcelain is shown in Table 1.   

Table 1: Comparison of Porcelain and Alumina 

 
From these values it is clear that porcelain is 

mechanically inferior to alumina, which explains to a 
large degree why porcelain has not been used as a lossy 
ceramic the way that alumina and aluminum nitride have 
been.  This again points to the very important and critical 
aspect of our systems design approach to this load.  The 
lossy ceramic is held in compression.  It is not brazed and 
the assembly technique never allows for tensile stress to 
build up within the material. 

Tests 
A number of lossy porcelain ceramics were fabricated 

with varying amounts of SiCpowder incorporated.  

 
Figure 2: Photo of a 6” diameter lossy cylinder. 

Their loss was measured using the back-to-back 
converters configuration of Figure 1 and a Network 
Analyzer. Using an Agilent 85070E the dielectric constant 
was measured for similarly made porcelain test disks 
which incorporated various amounts of SiCpowder.   

The test disk results indicated that with percentages of 
SiCpowder less than 30% by dry volume, the uniformity of 
the material was difficult to control. With greater than 
30%, the standard deviation was 5-6% of the real part of 
the dielectric constant, and the standard deviation of the 
loss tangent was less than 25%.  The case where 52% by 
dry volume of the SiCpowder was used produced a lossy 
ceramic with an average dielectric constant of 7.44-0.37i, 
yielding a loss tangent of 0.05 as measured by the Agilent 
probe method.   

It should be noted that the Agilent probe is not 
recommended for materials with loss tangents less than 
.05, and for materials with εr’>5 with loss tangents 
<0.5[2].  Unfortunately these measured values are exactly 
in that range, so it is best to assume the error around 
these values is fairly large.  Fortunately, it does suggest 
the material concentrations that will be best suited for the 
lossy ceramic cylinders, in terms of tolerances in the 
manufacturing process, are in the range of 30-50% SiC. 

The test assembly of Figure 1 was also modeled on 
Comsol (Figure 3) to compare measured results with 
simulated results.  Once the model agrees well with the 
measured results, we will be able to model the loss effects 
of varying material parameters thus allowing a complete 
multi-section load model to be simulated with varying 
amounts of loss per section. 

 
Figure 3: Comsol model of the back-to-back converters 
and a porcelain test cylinder. 

The test cylinders were made by a slip casting process, 
ground on the outside diameter to 5.990 inches, and 
placed in the Figure 1 test fixture for S-parameter 
measurements.  As expected, the results show a loss 
proportional to the percentage of SiC in the cylinder.  

The measurements of each test cylinder are considered 
to be roughly the equivalent of what would comprise a 
single section of the load, the full load being 
approximately 10 such sections. Based upon our initial 
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measurements, Table 2 shows the approximate %SiC 
needed for the cylinder of each load section, in order to 
distribute the losses evenly along the length of the load.  

Table 2: Typical Loss Requirements for Each Section of 
the Load and %SiC 

 

RF Design 
The final load design will consist of a number of 

“identical” (in appearance) sections, with each section 
designed to be self-matching.  That is, for a cylinder 
length of λ/4 the reflection off the leading edge of the 
lossy ceramic cylinder is canceled by the reflection off the 
back edge of the cylinder.   

For a cylinder with a dielectric constant of 8 and a loss 
tangent of 0.04, a 1.1:1 VSWR (26 dB return loss) is 
achieved over 50 MHz, and the sensitivity to length is 
±0.1 inch for a VSWR of less than 1.1:1. 

We are currently exploring a manufacturing process 
that we feel will improve the mixing of the slip and 
casting of the cylinders, in order to produce a high degree 
of uniformity throughout the volume of the cylinder.  

Mechanical Design 
As shown in Table 2, the load is currently planned to be 

made up of 10 sections with a loss per section of about 
600 watts to balance the heat load along the load length. 
Each section of the load will be constructed to be self-
matching as described above, and in a compression 
assembly similar to what is shown in Figure 4. 

 
Figure 4: Cross section view of the lossy ceramic cylinder 
in the compression assembly and different cooling channel 
options for the prototype assembly. 

The compression assembly is designed to be an 
interference fit at room and operating temperatures.  
Assembly is accomplished by flowing 100°C water 
through the cooling channel of the compression ring. The 
copper expands and easily slips over the lossy ceramic 
cylinder.  This process has been successfully utilized by 
Muons, Inc. in a number of applications, from HOM load 

construction techniques to braze assemblies for coaxial RF 
windows. 

The exact details of the construction of the compression 
ring will be worked out during Phase II.  

 
Figure 5: Final prototype configuration of the complete 
dry vacuum load. 

Figure 6 shows ANSYS calculations of the cooling and 
anticipated operating temperature of the lossy ceramic. It 
shows that the conservative value of 600 watts of power 
dissipation raises the maximum temperature of the lossy 
ceramic by only 2 °C above the cooling water 
temperature.  The reason for this low value is that the 
surface area of the 6” × 2.5” cylinder is quite large.  Thus, 
we do not expect thermal issues to be significant in this 
load design. 

 
Figure 6: ANSYS results for a single section model. 
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HIGH-POWER LOW-VOLTAGE MULTI-BEAM KLYSTRONS  
FOR ILC AND PROJECT-X* 

V. Teryaev1, S.V. Shchelkunov1,2,  J.L. Hirshfield1,2, N. Solyak3, V. Yakovlev3, S. Yu. Kazakov3 

1Omega-P, Inc, New Haven, CT 06510, USA  
2Yale University, New Haven, CT 06511, USA 

3Fermilab, Batavia, IL 60510, USA 

Abstract 
Designs of two multi-beam klystrons with parameters 

suitable for ILC and for the 8-GeV pulsed stage of Project 
X (PX) have been developed. The chief distinction of 
these tubes from other MBKs is their low operating 
voltage, namely 60 kV for the ILC tube and 30 kV for the 
PX tube.  Advantages of low voltage include no 
requirement for pulse transformers or oil-tanks for high-
voltage components, and simpler modulators. A 6-
beamlet quadrant of the ILC tube has been built and is 
soon to undergo tests; it is designed to produce 2.5 MW at 
1.3 GHz in a 1.6 ms wide pulse at a 10 Hz pulse rate; a 
four-quadrant future version would produce 10 MW.  The 
6-beamlet PX tube is to produce 520kW, and would 
operate in one of two regimes, either at a repetition rate of 
2 Hz delivering 30 ms pulses, or at 10 Hz delivering 8.5 
ms-long pulses. The PX tube is currently undergoing 
engineering design, with construction scheduled for 
completion by the end of 2014. 

INTRODUCTION 
Multi-beam klystrons (MBKs) are the most advanced 

stage in the evolution of high-power klystron design. The 
distinct feature of MBKs is their relatively low-voltage 
beams (beam-lets) as compared to the single beam in 
traditional tubes.  This provides numerous advantages: 
MBKs can use a simpler (and thus, a cheaper) 
modulator—or even a switched power supply; no pulse-
transformer is required; and there is no need for a high-
voltage oil tank to insulate the gun. An MBK can be made 
significantly shorter (e.g. by a factor at least 2) than a 
single-beam tube delivering the same power and pulse; in 
particular the collector length can be greatly reduced. The 
challenges associated with MBKs are typically to design 
the cavity chain where all parasitic modes are sufficiently 
detuned, which is accomplished by using a set of metal 
shunts inserted in some of the cavities to cause either 
inductive or capacitive detuning, particularly in the input 
and/or output cavities where the RF field interacts with all 
the beam-lets, or by using individual gain and penultimate 
cavities each serving a sub-group of beam-lets (beam-let 
cluster) and working at the fundamental mode. To easily 
match the beam between the gun, the cavities, and 
collector, the magnetic system is typically divided by iron 
pole-pieces into regions of independent control. An 
associated challenge is to have coil and pole-piece 

configurations where the transverse magnetic field on the 
axis of each beam-let is less than 0.5% of the longitudinal 
field, while keeping the magnetic system design relatively 
simple. In [1] and refs therein, detailed descriptions can 
be found of tools, methods, approaches and recipes to 
address the aforementioned challenges; in particular, 
contemporary state-of-the-art codes such as MAGIC [2], 
MERMAID [3], and DGUN [4] are invaluable in 
designing MBKs. 

MBK FOR ILC 
In [1], the tube’s conceptual design was presented. 

Herein we mention briefly its parameters and main 
features. Figure 1 presents the layout; the design 
parameters are shown in Table 1. 

 
Figure 1: Layout of ILC MBK. 

Table 1: Design Parameters of ILC–MBK  
Operating frequency, MHz 1,300 
Beam voltage, kV 60 
Beam-let microperveance 0.85 
Number of beam-lets 24 
Beam-let current, Amps 12.5 
Total current, Amps 300 
Efficiency, % 65 
Output RF power, MW 10 
Average output power, kW 150 
Pulse width, ms 1.6 
Saturated gain, dB 50 
Cathode loading, Amps/cm2 2.7 
Gun surface electric field, kV/cm 65 
Total tube length, m 1 

 ___________________________________________  

*Work supported by Office of High Energy Physics, U.S. Department 
of Energy; 
sergey.shchelkunov@gmail.com  
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Note that the electron gun is divided into 4 sectors, 
each delivering 6 beam-lets. The input and output cavity 
are common for all beam-lets. The gain cavities are 
clustered, each serving a group of 6 beam-lets.  

At present, to validate the design of the entire tube, and 
to minimize technical risk, Omega-P is building a single 
quadrant of the tube that has only 6 beam-lets. The 6-
beamlet quadrant is to produce 2.5 MW at a 10 Hz 
repetition rate; the rest of its parameters are as shown in 
Table 1. 

 

 
 

 
 

Figure 2: The 6-beamlet quadrant is to produce 2.5 MW 
at a 10 Hz repetition rate; the tube (at top) is shown inside 
the solenoid, and the cavity structure with the collector (at 
bottom) is photographed without the gun. 

The 6-beamlet quadrant structure is being built for 
Omega-P by Calabasas Creek Research Inc.  Presently the 
structure is undergoing final brazing. The magnetic 
system has been built by Stangenes Industries Inc. and is 
presently undergoing certification. The expectation is that 
the 6-beamlet quadrant will be ready for testing in the 
beginning of 2014. 

MBK FOR PROJECT-X 
The design parameters of this MBK are shown in 

Table 2.  The tube is to operate at a gun voltage of only 
30 kV. 

Figure 3 shows a schematic of the tube. Its design 
incorporates many features found in the 6-beamlet 
quadrant of the ILC tube. The simulation work has been 
completed, and presently the engineering designs are 
nearly complete for the gun, collector, and the chain of 
gain, second-harmonic and penultimate cavities; the input 
and output cavities still require some simulation work to 
optimize the coupling (with a loop-like coupling element 
for the input cavity, and waveguide for the output cavity) 

while having the RF field distribution at the location of all 
6-beam-lets as identical as possible. Fabrication of the 
magnetic system will begin soon. 

Table 2: Design Parameters of PX–MBK  
Operating frequency, MHz 1,300 
Beam voltage, kV 30 
Beam-let microperveance 0.85 
Number of beam-lets 6 
Beam-let current, Amps 4.4 
Total current, Amps 26.4 
Efficiency, % 65 
Output RF power, kW 515 
Average output power, kW 30/ 42.5 
Pulse width, ms 30/ 8.5 
Repetition rate, Hz 2 /10 
Saturated gain, dB 46 
Cathode loading, Amps/cm2 2.1 
Total tube length, m 0.85 
 

 
Figure 3: MBK for Project X. 

As with the ILC MBK, the PX MBK has its magnetic 
system divided into several independent regions to allow 
good beam matching between the gun, cavities and the 
collector: an example is shown in Fig. 4. In addition, the 
solenoid around the cavity chain has a special periodic 
spacing which allows it to have very little transverse 
magnetic field (0.22 G max.) and only small ripples in 
longitudinal magnetic field (0.56 G peak-to-peak) at the 
locations of all 6 beam-lets. 

The collector, shown in Fig. 5 is of a cellular design 
with cells uncoupled from one other; this feature helps to 
greatly reduce any space charge effects and parasitic 
mode oscillations. 

The cavities operate in the fundamental TM010 mode; 
thus dealing with detuning of parasitic modes which 
would be required if operation were at higher-order 
modes is avoided. 

 

Proceedings of PAC2013, Pasadena, CA USA WEPHO19

07 Accelerator Technology

T08 - RF Power Sources 979 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 
 

Figure 4: an example of electron beam matching in PX 
MBK.  Horizontal divisions are 50 mm, and vertical 
divisions are 100 G. 

 

 
 

Figure 5:  The collector with 6 cells for 6 beam-lets (see 
explanations in the text). 

Figure 6 shows the typical distribution of electric field 
in a cavity.  All cavities, except for the second harmonic 
cavity operate near 1300 MHz, while the second 
harmonic cavity operates near 2600 MHz; the latter is 
introduced to reduce the length of the interaction region 
and boost the tube efficiency. 

 
Figure 6: electric field in a cavity (see explanation in the 
text). 

The computed efficiency and output power for the tube 
are shown in Fig. 7. 

 

 
(a) 

 
(b) 

 

Figure 7: (a) efficiency vs. the beam voltage, and (b) the 
output power vs. the input one. 

REFERENCES 
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OPTIMIZATION OF THE SLED PHASE MODULATION PARAMETERS
OF THE FERMI LINAC∗

C. Serpico, M. Dal Forno, A. Fabris, Elettra-Sincrotrone Trieste S.C.p.A., Trieste, ITALY

Abstract
FERMI is a single-pass, linac-based, FEL user-facility

covering the wavelength range from 80 nm to 4 nm and is
located next to the third generation synchrotron radiation
facility Elettra in Trieste, Italy. The first FEL line in oper-
ation (FEL-1) has been opened to users at the end of 2012,
while the second FEL line (FEL-2) covering the shorter
wavelength down to 4 nm is in commissioning. The linac
is composed of 16 S-band accelerating structures. Seven
of them are Backward Traveling Wave (BTW) structures
equipped with SLED system. Following the preliminary
tests on one plant, in order to increase the operational ac-
celerating gradient, phase modulation of the SLED drive
power has been implemented on all BTW structures. The
shape of the phase modulation is applied via the LLRF sys-
tem firmware and can be modified if needed. This paper
discusses the optimization of the phase modulation param-
eters.

INTRODUCTION
FERMI is a single-pass Free Electron Laser (FEL)

driven by a normal conducting S-band linac composed of
16 accelerating structures. Seven of them are Backward
Traveling Wave structures (BTW), coming from the old
Elettra injector, with a filling time of 0.757μs. Each struc-
ture is fed by a 45MW peak power, 4.5μs pulse width
Thales klystron. Taking advantage from the short accelerat-
ing structure filling time, the peak power to the structure is
increased by shortening the pulse length: each power plant
is equipped with PEN (Pulse Enhancement Network) sys-
tem [1] that stores the energy at the beginning of the pulse
and release it near the end of it.

Figure 1: Pulse enhancement network system for a back-
ward traveling wave structure.

∗Work supported in part by the Italian Ministry of University and Re-
search under grants FIRB-RBAP045JF2 and FIRB-RBAP06AWK3.

To achieve the Linac target energy of 1.5 GeV, each
BTW structure needs to be operated at a gradient of 26
MV/m corresponding to an energy gain of about 155 MeV.
Past operation of those structures, showed that breakdown
problems inside the sections, associated with the very high
peak-field built up during conventional SLED operation,
prevented from reaching the desired gradient in a reliable
way.

A phase modulation technique was implemented to
lower the high peak field inhered with conventional SLED
operation: while a preliminary linear phase modulation has
allowed to demonstrate the utility of this technique in our
application and has allowed to increase the energy gain
in the structures, the possibility of an optimization of the
phase modulation parameters has been studied to get the
optimal trade-off between lowering the peak field, thus im-
proving reliability, and still having an acceptable energy
gain.

PRELIMINARY PHASE MODULATION
The phase modulation feature was integrated in the

LLRF firmware of FERMI. The preliminary implementa-
tion of the phase modulation technique foresees just a lin-
ear modulation [2] where two parameters (i.e. the initial
phase φ0 and the phase modulation slope m) can be mod-
ified to change the shape of the modulation as depicted in
Figure2.

t

phi

phi0

180°

t1 t2 t3

slope

Figure 2: Linear phase modulation.

During a dedicated machine commissioning shift, differ-
ent sets of parameters were tested: the optimal results (in
terms of a trade-off between peak field and gradient loss)
were achieved using an initial phase offset φ0 of 95◦ and a
slope m of 149 deg/μs.

A comparison between the pulse shape in case of con-
ventional SLED operation and the one with the optimized
linear phase modulation showed that for the same RF pulse
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Figure 3: Input cavity field with phase modulation.

length (3000 ns), the peak field is reduced by almost 20%;
correspondingly the energy gain loss is about 4%.

It must be noted that by simply using a linear phase
modulation it was not possible to achieve a rectangular-like
pulse shape. As depicted in Figure3 during the 770 ns pulse
duration the normalized field amplitude varies from about
1.8 up to 1.4 (i.e. about 20% variation). Also, it can be
pointed out that a huge phase slippage of about 46 degree
between the begin and the end of the pulse occurs.

A way to get flatter pulse and smaller phase variations is
to implement a continuous non-linear phase modulation.

NUMERICAL EVALUATION FOR A
NON-LINEAR PHASE MODULATION

The phase modulation program for rectangular pulse
shape has been numerically evaluated by solving the equa-
tions 1a and 1b for constant v0 amplitude during pulse com-
pression [3] [4]:

{
τ v̇c + vc = −αvk (1a)
v0 = vc + vk (1b)

where vk and vc are the generator and the pulse com-
pressor equivalent complex voltages, β is the coupling
coefficient between the SLED and the transmission line,
α = 2β/ (1 + β) and τ is the filling time of the SLED cav-
ities equal to 2Q0/ [(1 + β)ω0]. In the previous expression
Q0 is the unloaded quality factor of the SLED cavities and
ω0 is the angular frequency of the RF wave.

In our case, β is 10 and Q0 is 190000. Accordingly, α is
about 1.8 and the filling time τ is 1.832μs.

Equation 1a assumes that the resonant frequencies of the
SLED cavities and of the RF wave are equal. In case there
is a small difference between these two frequencies the
equation 1a must be replaced by 2a where Δω = ω0 − ωc

and ωc is the angular frequency of SLED cavities [4] [5].
This is necessary to minimize the phase variation during
the flat-top of the pulse delivered to the structure.

{
τ v̇c + vc (1 + jτΔω) = −αvk (2a)
v0 = vc + vk (2b)

Replacing vc = v0 − vk in equation 2a as derived from
equation 2b and discretizing the differential equation 2a we
get:

vki+1 = v0i+1 − v0i

[
1− (1 + jτdω)

dt

τ

]
+

+ vki

[
1− (1− α+ jτdω)

dt

τ

] (3)

Let’s put:

w
i
= v0i

[
1− (1 + jτdω)

dt

τ

]
+

− vki

[
1− (1− α+ jτdω)

dt

τ

] (4)

where w
i

groups all the term at time instant i. We can
write:

vki+1 = v0i+1 − w
i

(5)

The goal of a non-linear phase modulation is to get
a rectangluar-like pulse shape to the structure during the
pulse compression. The amplitude square of the voltage to
the structure at time instant i + 1 can be written into the
form:∣∣v0i+1

∣∣2 =
∣∣vki+1 + wi

∣∣2
=

∣∣vki+1

∣∣2 + |w
i
|2 + 2Re

{
vki+1w̄i

} (6)

So, we have:
∣∣v0i+1

∣∣2 =
∣∣vki+1

∣∣2 + |wi |2 +
+ 2

∣∣vki+1

∣∣ |w
i
| cos (� vki+1 − � w

i

) (7)

The phase modulation program must set the phase of the
generator � vki+1 such that the amplitude v0i+1 of the com-
pressed pulse is kept as constant as possible.

If we call v0PR the amplitude of the compressed pulse
at the phase reversal time t1, the phase of the generator at
time instant i + 1 for getting a constant amplitude pulse
shape (i.e. equal to v0PR) could be then calculated with the
following equation:

� vki+1 = arccos

(
|v0PR |2 −

∣∣vki+1

∣∣2 − |wi |2
2
∣∣vki+1

∣∣ |w
i
|

)
+ � w

i

(8)

SIMULATION RESULTS
Running the simulation code it was possible to find a

phase modulation program resulting in a flat amplitude
pulse shape. Even if reaching a flat amplitude pulse for
a given klystron power and pulse width is at expenses of
the energy gain, lowering the peak fields could allow to in-
crease the klystron output power without suffering of heavy
breakdown phenomena in the structures’couplers and cells:
in the end, this could finally result in a higher energy gain.

To reach a flat-top pulse it is necessary to change the
phase by less than 180◦ at the phase reversal time and then
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increase it slowly to keep the pulse flat. As depicted in
Figure4 as the phase reaches 180◦ it cannot further keep
the pulse amplitude constant, so it decays exponentially.
To get more power to the structure, the phase jump at the
phase reversal time should be larger, but then the power
cannot be kept constant until the end of the pulse.
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Figure 4: Non-linear phase modulation scheme.

So, for a 4μs pulse width, it was chosen an initial phase
jump of 86 degrees: in this condition, the field amplitude
at the phase reversal time is limited to about 1.75 (i.e. ≈ 3
in power). A non linear phase modulation than guarantees
a constant amplitude field during the 770 ns pulse width.
However, with this parameters the phase slippage along the
RF pulse is about 50◦ as showed in Figure5.
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Figure 5: Pulse shape with non-linear phase modulation.

Nonetheless, the phase variation during the flat-top pulse
can be minimized by slightly detuning the SLED cavities:
this corresponds to choose a suitable Δω in equation 2a.
The frequency shift must be then compensated with a linear
ramp of the phase in the first part of the klystron pulse.
Figure6 shows the final pulse shape that could achievable
with the new phase modulation program.
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Figure 6: Pulse shape with non-linear phase modulation
and SLED cavities detuning.

CONCLUSION
Based on our experience, we can say that our BTW ac-

celerating structures can handle in a reliable way an input
peak power of about 97 MW: using the actual linear phase
modulation program, to stay below this limit, we operate
the klystron at about 32 MW peak power with a 3.5μs
pulse width resulting in a accelerating gradient of about
150 MeV.

The new phase modulation program, resulting in a flat
amplitude pulse shape, lowers the peak field in the accel-
erating structure. This could allow to push the power of
the klystron up to 36 MW and 4 μs pulse width while still
keeping the peak power to the structure under the limit of
97 MW: in this operating conditions, the effective energy
gain for each structure should reach about 165 MeV, assur-
ing in this way a reliable margin for the operation of the
FERMI Linac at the final target energy of 1.5 GeV.
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ENERGY AND REPETITION RATE UPGRADE OF THE S-BAND RF 

SYSTEM OF THE FERMI LINAC* 

A. Fabris#, P. Delgiusto, F. Gelmetti, M. Milloch, A. Milocco, F. Pribaz, C. Serpico, N. Sodomaco, 
R. Umer, L. Veljak, Elettra - Sincrotrone Trieste, S.S. 14 – km. 163,5, in Area Science Park, 34149 

Basovizza, Trieste, Italy

Abstract 

FERMI is a single-pass linac-based FEL user facility 
covering the wavelength range from 80 nm to 4 nm and is 
located next to the third generation synchrotron radiation 
facility Elettra in Trieste, Italy. The first FEL line in 
operation (FEL-1) has been opened to users at the end of 
2012, while the second FEL line (FEL-2) covering the 
shorter wavelength range down to 4 nm is in 
commissioning. In 2013 the linac energy will be 
increased following the full RF conditioning of the 
backward traveling wave accelerating structures and of 
the SLED cavities. The repetition rate has been also 
increased to 50 Hz following the installation of the new 
RF gun and the completion of the upgrade program of the 
klystron modulators. This paper discusses the strategies 
adopted for the energy and repetition rate upgrade of the 
S-band linac and provides a description of the status and 
of the first results.  

INTRODUCTION 

FERMI is a FEL facility based on a warm linac 
followed by a single pass FEL [1]. Two FEL lines are 
installed: FEL-1 and FEL-2. The accelerator mainly 
consists of an RF photocathode gun, an S-band linac, an 
X-band structure, a laser heater, two bunch compressors 
and the beam transport line to the undulators of the two 
FEL lines.   

The S-band linac is presently composed of sixteen 
accelerating structures. The first nine structures are 
forward traveling wave (TW) ones. Two of them are 3 m 
long and are from the old Elettra injector, while the 
remaining seven are 4.5 m long and are LIL type coming 
from CERN. The last seven structures of the machine are 
6.2 m long backward traveling wave (BTW) type and are 
equipped with SLED systems.  Also these structures were 
used in the old Elettra linac injector. The machine layout 
reserves the space for two more accelerating structures 
that will be added in the future [2].  

Fifteen S-band 45 MW, 4.5 µs. pulsed klystrons are 
installed, powering the structures, the gun and the three 
RF diagnostic deflectors. Typical powering scheme is two 
structures per klystron for the TW case and one structure 
per klystron for the BTW one. The system is in operation 
on a 24h/day basis and the total operating hours/year is 
higher than 6000. 

The commissioning of the facility is rapidly advancing 

[3]. The first FEL line (FEL-1) has been opened to the 
external users, while the commissioning of the second 
one (FEL-2) is advancing. FEL-1 is typically operating at 
1.2 GeV beam energy and 10 Hz repetition rate. FEL-2 
requires the increase of the beam energy to reach the final 
specifications in term of shorter wavelength. At the same 
time the installation of the new gun, capable of operating 
at 50 Hz, and the upgrade of the modulators, completed at 
the beginning of 2013, will allow to push the repetition 
rate of the machine from the present 10 Hz value to the 
design one, once the conditioning of the structures is 
completed. 

REPETITION RATE UPGRADE 

All the modulators installed in the machine are pulse 
forming network (pfn) type (see Fig.1). The first six 
modulators installed in the machine were assembled using 
the hardware of the plants of the old Elettra injector to 
allow the start of the commissioning studies. For this 
reason they were limited to 10 Hz by the hardware. The 
pulse forming network, the pulse transformer and the 
klystron tank were replaced to allow higher dissipation 
due to the augmented duty factor. The pfn is now water-
cooled and has a better pulse flatness, while the pulse 
transformer has a reduced core dissipation and pulse 
droop. The klystron tank is water-cooled and additional 
lead shielding was added to the tube. The high voltage 
power supply was also replaced with a new one that has a 
higher range of current and voltage and better stability. 
 

 
Figure 1: One of the RF power plants.  

In addition to the replacement of some of the major 
components, a revision of the modulators was carried on 
in order to optimize the operation at 50 Hz and the 
stability of the klystron anodic voltage. The resonant 
charging scheme has been replaced by direct charging of 
the pfn. This allows to avoid the use of big storage 
capacitors and inductors, which means a reduction in 
stored energy, in space and in the dielectric oil. Other 

_____________________________________________ 
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advantages of the solution adopted are the improvements 
in the end of charge voltage repeatability and the 
reduction of the parasitic capacitance and inductance in 
the high current path. 

Minor upgrades were also performed in the remaining 
modulators, already designed and assembled for the 50 
Hz case. The upgrade activities of all the modulators were 
organized in order not to affect the commissioning 
calendar and were completed in time in January 2013. 

ENERGY UPGRADE 

The energy of the electron beam should be increased to 
1.5 GeV for FEL-2 to reach the shorter value of the 
design wavelength range. Table 1 reports the parameters 
of the energy gain and power from the klystrons for FEL-
1 used until May 2013. 

 
Table 1: Energy Gain (on crest) for FEL-1 (May 2013) 

Section type Energy gain Klystron power  

TW - 3m ~ 47 MeV 32 MW @ 2 µs 

TW - 4.5 m ~ 55 MeV 32 MW @ 2 µs 

BTW - 6.2 m ~ 120 MeV 22 MW @ 3 µs 

 
Although the energy target should be achievable with 

the present set of structures, it must be remembered that 
the machine foresees the installation of two more 
structures, both in terms of space and available power 
from the not used output ports of the already installed 
klystrons. These two structures will contribute with 
additional 100 MeV to the electron beam energy budget. 

 

 
Figure 2: One of the SLED equipped BTW structures.  

The increase of energy is obtained by raising the 
accelerating gradient in the BTW structures (Fig.2) so 
that their energy gain is in the 150 MeV/structure range. 
For these structures, equipped with SLED, there is RF 
power available still maintaining a reasonable safety 
margin, since operating peak power will be around 32 
MW. However, it should be considered that in the past 
operation in the former injector of Elettra these structures 
suffered of heavy breakdown phenomena when pushed to 
high gradient. For this reason till the beginning, a phase 
modulation of the SLED phase reversal was introduced to 

lower the peak electric field. Following the preliminary 
test that showed the advantages of this technique [4], this 
procedure was routinely applied on all the plants. 

For the TW structures, which are powered in pairs, the 
possible increase in energy is limited by the available 
power with the present set-up. Since the target energy 
could be reached only with the improved gain in the 
BTW structures and considering also that increasing the 
energy gain in the TW structures would require a re-
optimization of the present working parameters at the first 
bunch compressor, it was decided to leave them 
untouched. 

CONDTIONING RESULTS AND 

OPERATION  

For the commissioning of the plants at 50 Hz and for 
the conditioning to 1.5 GeV, two periods were allocated 
so far in the present year: four weeks in May and one 
week in August. During the first period, both 50 Hz and 
RF conditioning was performed, while in the second only 
further 10 Hz RF conditioning was done. 

At the end of the first period 1.5 GeV (on crest) at 50 
Hz were reached. However, due to the fact that the 
breakdown rate was still too high, there was no possibility 
to extend the conditioning period and since the machine 
was required to operate at 10 Hz in the following runs, it 
was decided to set the maximum working energy of the 
machine at 1.46 GeV (on crest) at 10 Hz. In August 
further conditioning was performed at 10 Hz and the peak 
energy achieved was increased to 1.54 GeV. It must be 
noted that the result was only limited by the allocated 
time. 

 
Table 2: Energy Budget after the Conditioning Periods  

Section  50 Hz -May’13 10 Hz -Aug’13 

TW – 3m ~ 47 MeV ~ 47 MeV 

TW- 4.5 m ~ 55 MeV ~ 55 MeV 

BTW -6.2 m ~139 MeV ~149 MeV 

Linac energy (on crest) 1.46 GeV 1.54 GeV 

 
The increase to 50 Hz of the power plants was achieved 

without any issue. In particular there was no change in the 
plant fault rate and in the frequency of the klystron arcs, 
which account for the major number of trips of the 
system. The TW structures, where only frequency rate 
upgrade was performed and no increase in gradient was 
required, reached the target value in few days.  

The BTW structures operation at the gradient for 1.5 
GeV at 50 Hz showed a still too high breakdown rate and 
therefore they need further conditioning to assess their 
ultimate performance. During the RF conditioning most 
of the vacuum spikes were detected by the ion pumps 
near to the structure input, which seems to suggest that 
breakdown events took place in the structure input 
coupler and cells. This is in-line with the observation 
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performed on these structures in the past and with the 
simulation performed [5]. The main hardware issue was 
the failure of the ceramics of the reflected power port of 
the directional couplers between the SLED output and the 
accelerating structures input, which occurred three times. 

Following the conditioning period, the structure are 
normally set to the maximum gradient reached that allows 
both sufficient reliability for the machine operation and 
consolidation of the results. The experience shows a nice 
decrease of the total number of vacuum trips with time 
(Fig. 3). 

As for the next conditioning phases, since most of the 
time, for example when working for FEL-1, the beam 
energy required is lower than the maximum available, one 
or two sections are set off-line. On these structures, 
conditioning can continue without the need of dedicated 
time. The target is to establish the operation at 50 Hz in 
view of the experiments with internal users that are 
scheduled for Fall 2014.   

 

 
Figure 3: Trend of vacuum faults/week after conditioning. 

OUTLOOK AND NEXT ACTIVITIES 

The experience has shown that the performance of the 
directional couplers installed between SLED and 
structures input must be improved. Numerical simulations 
have been carried on to revise the design with the support 
of the components supplier. According to the simulations, 
the simple reduction of the coupling hole diameter, to 
reduce the coupling from the present 50 to 65 dB, should 
allow a reduction of the maximum electric field to an 
expected safe value. This should allow to operate in a 
safer condition without the need to revise the waveguide 
circuit layout. The amplitude of the RF samples from the 
coupler is still sufficient for the needs of monitoring and 
measurements with the LLRF. Other alternatives are also 
under investigation, but these should be seen in 
conjunction with the boundary conditions of the space 
available between SLED output and structure input. Other 
interlocks will be added on the reverse power from the 
structure, as the one that already protects the klystron, to 
preventively stop the operation of the plant. 

On all the SLEDs a simple linear phase modulation has 
been applied up to now. A study on the optimization of 
the parameters of the phase modulation is in course with 
the target of obtaining a flatter pulse and a lower peak 
field in the accelerating structure while keeping the 
energy gain [6]. 

Although the target energy of FEL-2 should be 
achieved with the present layout of the machine, the 

energy budget will be further increased with the 
installation of the two remaining structures. The 
procedure for their acquisition is in course and it is 
expected to install them in 2015. This installation will 
provide additional 100 MeV. 

Another possibility to increase the energy could be to 
install SLED cavities for the CERN type structures, as 
also suggested by the MAC committee. Although the 
filling time of these structures will not allow a maximum 
efficiency of the SLED process, from a preliminary 
calculation this could allow to obtain an additional 
margin of 100 MeV at a relatively moderate cost. Of 
course this possibility should also be verified with the 
operating range of other parts of the machine, such as the 
bunch compressors, and with eventual interferences with 
the present layout of the machine. 

CONCLUSIONS  

The S-band RF system of the FERMI linac is in routine 
operation, accumulating more 6000 operating hours per 
year. The upgrade of all the plants to 50 Hz has been 
completed. 

The increase of the linac energy is in course, up to now 
1.54 GeV at 10 Hz were reached on crest. Further 
conditioning is required to further slightly increase of 
some tens of MeV this value, as required for the lower 
wavelength range, taking into account the margin needed 
for the X-band and the need to operate some structures 
off-crest, and to extend these results at 50 Hz. 

Further increase in the maximum energy could be 
reached with the installation of the two accelerating 
structures foreseen in the machine layout and with the 
possible upgrade with SLED of some of the TW 
structures. 
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TUNER SYSTEM ASSEMBLY AND TESTS FOR THE 201-MHZ MICE 
CAVITY 
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A. Moretti, R. J. Pasquinelli, D. W. Peterson, Y. Torun, FNAL, Batavia, USA 

P. M. Hanlet, IIT, Chicago, USA 
A. J. DeMello, D. Li, S. Virostek, LBNL, Berkeley, USA

Abstract 
The MICE cavities include a mechanical tuning 

system consisting of stainless steel flexure forks attached 
to the cavity body and driven by pneumatic actuators. The 
first of these systems was assembled and tested at 
Fermilab for use at the MuCool Test Area. The actuators 
were calibrated on a test hoop. The cavity body was 
measured and the fork contact pads machined to fit. 
Actuators are going to be mounted on the vacuum vessel 
housing the cavity. The transfer function of the tuning 
system and the quality factor of the cavity will be 
measured with the recently implemented frequency 
control software. 

MICE CAVITY AND TUNER 
Each acceleration module (RFCC) of the MICE 
experiment [1] is composed of four normal-conducting 
cavities made of copper with a nominal resonant 
frequency of 201.25 MHz (fig. 1) [2]. The four cavities 
will be mounted into a vacuum vessel in order to have the 
same pressure on both sides and avoid deformation of the 
cavity when pulling vacuum. The cavities will have to 
work in a high magnetic field that can reach 3T on some 
points of the cavities surface [3]: a tuning system able to 
work in such an environment had to be designed. Each 
cavity will be equipped with a pneumatic system of 6 
tuners composed of an actuator and a fork. Each fork, 
made of stainless steel, will be inside the vacuum vessel 
and it will stretch and squeeze the cavity when operated 
by the respective actuator. The actuators will be located 
outside of the vacuum vessel and will share vacuum with 
the vessel by means of bellows. All 6 actuators will be 
connected in parallel and will be controlled by two 
electronic valves, one responsible for pushing the actuator 

shaft and the other one for pulling the shaft. The main 
aim of the tuner will be to compensate for thermal drift of 
the cavity and for structural differences between the 4 of 
them, keeping all the cavities at the same resonant 
frequency.  
A test module with only one cavity has been built and is 
about to be tested in the MuCool Test Area (MTA) at 
FNAL [4]. 

TEST STAND 

Equipment 
The six actuators, since working in parallel, had to be 

tested for possible gas leaks and for uniform response. To 
do that, a test stand was built at LBNL (fig. 2): a tuning 
fork was mounted on an aluminum hoop with a spring 
constant equal to 1/6 of the spring constant of the cavity. 
The test hoop was placed on an aluminum plate 
embedding a conflat flange necessary to screw the 
vacuum bellows of the actuators under test. 

 

Figure 2: Tuning fork and actuator. 

The actuators were controlled by two QPV proportional 
valves by ProportionAir. Those were connected to a 
computer running a LabView program. During the test, 
the pressure applied to each actuator was recorded from 
proportional valve readout and checked against an analog 
pressure gauge. The deflection on the test hoop diameter 
was measured with a dial gauge with a precision of 
0.0005 inches, while a linear potentiometer was placed on 
the fork and aligned with the actuator shaft. The linear 
potentiometer used is by Novotechnik and it offers a 5 kΩ 
resistance over a mechanical range of 10 cm. It is 
powered with a stable 10V signal provided by a voltage 
regulator. The output voltage is directly proportional to 
the position of the shaft and consequently the voltage 
variation is proportional to the actuator shaft movement 
and to the variation in the fork gap (fig. 3). The voltage 
was read with a National Instrument ADC and recorded 
with a LabView code. 

 

Figure 1: The MTA cavity module and the tuning system. 
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Figure 3: Deflection (left) and fork gap variation (right). 

 

 

Figure 4: Linear potentiometer on the fork. 

 Test 
In the following, +/- pressures refer to squeeze/stretch 

mode. For each actuator, the test started at 0 PSI and then 
the pressure was raised directly to 80 PSI. From this value 
it was lowered to -80 PSI in steps of 10 PSI and then 
raised again to 80 PSI with the same step size. The plot of 
hoop deflection as a function of pressure (fig. 5) shows a 
clear hysteresis cycle and also a small difference between 
the slope at positive and negative pressures. The same 
features appear also in the plot of fork gap variation as a 
function of pressure. However, when the deflection was 
plotted as a function of the fork gap variation, the 
hysteresis almost disappeared and the slopes at positive 
and negative pressures were much more similar. The 
tuning fork can be viewed as a mechanical system whose 
transfer function connects the actuator shaft position 
(input) and hoop deflection (output). Since its transfer 
function is linear, the nonlinearity is due to something 

external and cannot depend on friction between the hoop 
and the aluminum plate, as initially suspected. The small 
nonlinearity is likely caused by the actuators and in order 
to confirm this thesis, the mean of the two points at the 
same pressure in the hysteresis cycle was computed. The 
plots of deflection as a function of pressure and deflection 
as a function of fork gap variation showed a 13% 
difference between the squeeze and stretch slopes, as 
expected. On the other hand, the plot of deflection as a 
function of fork gap variation showed the same slopes 
(0.13% difference), confirming the actuators as the main 
source of nonlinearity (fig. 6). 

 

Figure 6: Slopes for stretch (green) and squeeze (red) 
mode. 

Figure 7 shows the slopes for all 6 actuators. In the 
squeeze mode, all the actuators responded similarly and 
the results were compatible within the errors. In the 
stretch mode, the behavior was not as uniform as 
expected (tab. 1). The maximum slope difference between 
two actuators was 0.0011 mm/PSI which translates into a 
difference of 0.11mm or 12% at the maximum tuning 
pressure of 100 PSI. All 6 actuators will operate 
simultaneously and the resulting behavior will be the sum 
of the responses, so this small spread in slope will have 
no significant operational effect. 

Table 1: Actuator Slopes 

Actuator Stretch (mm/PSI) Squeeze (mm/PSI) 

1 0.0224 0.0252 

2 0.0225 0.0255 

3 0.0233 0.0255 

4 0.0227 0.0255 

5 0.0222 0.0253 

6 0.0229 0.0256 
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Figure 5: Plot of Deflection vs Pressure for actuator 5. 
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ASSEMBLY 

Upgrade 
After the measurements on the test stand were 

completed, the equipment was moved to Lab 6 where a 
clean room is located. The cavity and the vacuum vessel 
were surveyed using a laser scanner. The fork contact 
pads were shaved to match the ring on the cavity that they 
will be bolted onto and to achieve precise alignment with 

the vacuum vessel ports. Stainless steel shims will be 
used as needed between fork contact pads and the 
mounting rings for fine alignment. 
 

The actuator control system was upgraded. The analog 
pressure gauges were replaced by electronic units by 
Omega with 4-20 mA current output. All plastic lines and 
fittings were replaced with copper tubing and brass 
fittings. Teflon tape used for thread sealing was replaced 
with radiation compatible Hercules real-tuff sealant. A 
valve panel was designed and assembled to allow for 
manual isolation of each of the 6 actuators and will be 
mounted directly on the vessel.  

Since the cleanroom ceiling is low, the vacuum vessel 
was placed on a lower stand during assembly. However 
there isn’t enough clearance at the bottom for mounting 
one of the actuators in this configuration. The test 
actuator was slightly modified to fit under the shorter 
stand. It has the same internal components and the same 
response but it has no vacuum bellows or housing. 

A programmable logic controller (PLC) was added to 
the electronic chain. This is now responsible for the 
communication with the proportional valves and the 
electronic pressure gauges. Valve control and pressure 
readout are currently performed by the PLC at a rate of 1 
Hz. The LabView control software is now interfaced with 
the PLC and not directly with the valves. 

Preliminary RF measurements on the cavity were 
performed while it was positioned on a vertical stand and 
aluminum windows were installed. The measurements 
were completed with two B field couplers, a small loop 
and a bigger one as the input port to obtain critical 

coupling. The loaded Q measured in transmission mode 
was 19700 and the unloaded Q, measured in reflection 
mode, was 40300. The resonant frequency was 200.801 
MHz with a drift of about 5 kHz depending on the room 
temperature. 

Future Tests 
For tuning tests on the cavity, both the cavity and the 

vacuum vessel will be moved into a clean room. The 
tuning forks will be installed on the cavity while it will 
be mounted horizontally on a fixture. Another custom 
fixture will be used to install the cavity in the vacuum 
vessel. The actuators will be screwed onto the forks and 
low level RF tests will begin in order to measure the 
transfer function of the tuning system. The vacuum 
vessel will have no side covers and there will be no 
vacuum inside or outside the cavity. Linear 
potentiometers will be mounted on the forks with C-
clamps to measure the fork gap variation. Because of 
mechanical interference, it is not easy to measure cavity 
ring deflection and we will rely on the gap readout from 
the potentiometers. During the test, we will measure not 
only the applied pressure and the fork gap variation, but 
also the resonant frequency and the loaded and unloaded 
Q. 

The RF measurements have been automated using 
LabView code and a network analyzer with GPIB 
interface.  

Besides testing the tuning system with all the actuators 
working as expected, we will also simulate the failure of 
one or more actuators by isolating their air lines. This will 
provide knowledge of the limit of the tuning system in 
case of actuator failure. 

SUMMARY AND PERSPECTIVES 
The actuators have been tested intensively and their 

performances have been validated. A control system 
based on a LabView code and a PLC has been assembled 
and it’s ready for the test with the cavity. The variation in 
fork gaps will be measured using linear potentiometers. 

Changes in the resonant frequency of the cavity as a 
function of the applied pressure will be measured. The 
loaded and unloaded Q will be recorded by an automated 
program and a network analyzer. 
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RF DESIGN OPTIMIZATION OF A 176 MHZ CW RFQ* 

B. Mustapha#, S.V. Kutsaev and P.N. Ostroumov 
Physics Division, ANL, Argonne, IL 60439, USA

Abstract 
We have recently designed a 176 MHz CW RFQ for the 

SARAF upgrade project. A full 3D model of the structure 
including vane modulation was developed. The design 
was heavily optimized using large scale electromagnetic 
simulations. Following the choice of the vane type and 
geometry, the shape and dimensions of the undercuts were 
optimized to produce a flat field along the structure. 
Simulations of the same structure with different lengths 
were performed to verify that the design length produced 
the best separation of the operating mode from 
neighboring modes. If built as designed, the RFQ should 
not need dipole rods for mode separation, but their effect 
were studied in the case of manufacturing errors. Finally, 
the tuners were designed and optimized to tune the main 
mode without affecting the field flatness. The design 
optimization was mainly performed using CST Micro-
Wave Studio and the results were verified using both 
HFSS and ANSYS. The results of these studies will be 
presented and discussed. 

INTRODUCTION 
Soreq NRC, Israel’s national laboratory, is exploring 

the possibilities of upgrading the existing SARAF linac 
[1]. One of the potential projects is an RFQ upgrade in 
collaboration with Argonne. In this paper, we present the 
rf design optimization for a 176 MHz cw RFQ. The 
proposed design is based on the successful ATLAS 
upgrade RFQ design [2]. 

RFQ STRUCTURE AND PARAMETERS 
The selected structure for this RFQ is a 4-vane. The 

vane profile is based on the ATLAS upgrade RFQ except 
that this design is a full-vane, not a split-coaxial. At this 

frequency the transverse size of the RFQ is manageable. 
Both the vane profile and the RFQ cross section are 
shown in Figure 1. The structure is about 4 m long 
divided into 4 segments. The RFQ design parameters are 
summarized in Table 1. The output energy could be 
increased by applying trapezoidal modulation while 
keeping the same vane voltage and power. 

RF MODELING AND OPTIMIZATION 
The electromagnetic design and optimization were 

mainly performed using the CST Micro-Wave Studio 
(MWS) [3] and the final results were verified using HFSS 
and ANSYS. A full 3D model of the RFQ was developed 
in MWS. Detailed views of the geometry including the 
undercuts and the modulations are shown in figure 2. This 
model has pure sinusoidal modulations along the whole 
RFQ. 

 
Figure 2: 3D modelling of the RFQ in MWS. 

 

 

 

 

 

 

 

Figure 1: Vane profile (left) and RFQ cross section 
(right) with an inner diameter of ~ 36 cm. 

Table 1: RFQ Design Parameters 

Parameter Value 

q/A ½ 

Input energy, keV/u 20 

Output energy, keV/u 1300 

Frequency, MHz 176 

Voltage, kV 75 

Design current, mA 5 

Power, kW 125 

Average radius, mm 4.4 

Max. modulation 2 

Min. transverse phase advance, deg 33 

Norm. trans. acceptance, π mm⋅mrad 2.2 

Peak surface field, Kilpatrick units 1.6 

Number of cells 250 
 

_____________________________________________ 

* This work was supported by the U.S. Department of Energy, Office 
of Nuclear Physics, under Contract DE-AC02-06CH11357 and ANL 
WFO No. 85Y4. 
# brahim@anl.gov 
 

WEPMA05 Proceedings of PAC2013, Pasadena, CA USA

990C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Accelerator Technology

T06 - Room Temperature RF



Optimization of Vane Undercuts 
In full-vane RFQ structures, vane undercuts are often 

used to flatten the inter-vane field along the RFQ. These 
undercuts are applied at both ends of the RFQ and could 
in principle be of any geometry. We have studied two 
types of vane undercuts, the first is trapezoidal while the 
second is square as shown on Figure 3. By optimizing the 

cut depth, we were able to obtain a flat inter-vane voltage 
for both options as shown on Figure 4. However when 
checking the peak surface magnetic field on the cut planes 
we realized that it is about 10% lower for the trapezoidal 
cut shape which should lead to a lower power dissipation. 

Therefore we selected the trapezoidal undercut geometry 
for this RFQ. It is worth noting that these optimizations 
were done including vane modulations, which has led to 
non-symmetric entrance and exit undercut depths while 
before modulations the cuts were symmetric. 
 

RFQ Modes as Function of Length 
In order to study the RFQ mode separation as function of 
length, we have simulated several RFQs with the same 
cross section and undercuts but with different lengths. 
The results are shown on figure 5 for mode frequencies as 
function of length. The modes are identified as Q for 
quadrupole and D for dipole. The dipole modes marked 
by (2) are degenerates, their separation shows up for 
longer structures due only to memory limit in the 
simulations. The cut-off frequency for this structure is 
about 170 MHz. At a length of about 1.63 segments, the 
lowest quadrupole and dipole modes have the same 
frequency which corresponds to about 0.9×λ. This length 

is to be avoided because it would be hard to tune the 
structure for the operating quadrupole mode. The mode 
separation is best for a length of 4 segments where it is 
about 3 MHz wide and symmetric around the design 
frequency. At a length of about 5.5 segments the second 
dipole mode crosses the main quadrupole mode frequency 
which will also lead to tuning problems and superposition 
of quadrupole and dipole fields. The current RFQ design 
is 4 segments long and has the best mode separation. 
 

 
 

Figure 5:  RFQ modes frequencies as function of length in 
segments (~ 1m). 

DIPOLE RODS DESIGN AND 
OPTIMIZATION 

Dipole rods are movable finger-shaped rods attached to 
the RFQ end plates which could be inserted into the RF 
volume as needed. Their main purpose is to produce 
additional separation of the main mode from the 
neighbouring dipole modes if needed. They are inserted 
into the quadrupole symmetry planes so they do not affect 
the quadrupole modes but they are capable of changing 
the frequency and fields of dipole modes. Based on the 
actual mode separation for the 4-segments RFQ, we 
should not need the dipole rods but in the event of 
manufacturing errors, they are may be useful for 
correction. The first study performed on the 4-segment 
RFQ showed low sensitivity of the mode separation to 
variations in the parameters of the dipole rods, namely the 
radius, location and penetration. Based on the previous 
section’s results, their effect should be more significant 
for the 1.63 segment model where the main mode and the 
first dipole mode have the same frequency. The 
corresponding results are shown on Figure 6. We clearly 
see that the dipole mode frequency is more sensitive to 
the location of the rods with respect to the beam axis. The 
closer to the axis, the more effective they are. However, 
the main mode frequency and field are least affected by 
the rods when they are at mid distance between the beam 
axis and the cavity side walls, which is the location of 
maximal quadrupole symmetry. At this location the rods 
have to be inserted 15” into the RF volume to see a 0.5 
MHz separation between the main mode and the dipole 
mode. The frequencies are not very sensitive to the rod 
diameter beyond 0.5” and when checking the field 
stability, a thicker rod disturbs the field more, so a 0.5” 
rod diameter is near optimal. 

    
Figure 4:   Inter-vane field along the RFQ before and after 
applying the appropriate vane undercuts. 

             
Figure 3:  Trapezoidal (left) and square (right) vane 
undercuts. 

Cut  
Depth 
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TUNERS DESIGN AND STUDIES 
A four-vane RFQ is usually built for a frequency just 
below the operating frequency to make sure it is tunable 
to that frequency. For the SARAF RFQ, the design target 
frequency is 175.4 MHz including all the geometry 
details. The simulation error is estimated not to exceed 
0.2 MHz. So the tuners should have a range of at least 1 
MHz. The RFQ will have two tuners per quadrant per 
segment making a total of 32 tuners as shown in Fig. 7. 
The tuner diameter is 2.5” and could go in up to 2” deep. 
Figure 8 shows a comparison of the inter-vane field 
between a case where the tuners are inserted to the same 
depth uniformly and a case of non-uniform tuning. The 
latter shows a slope in the inter-vane field which cannot 
be corrected. Based on these results we decided that the 
tuners ports should be separate from coupling and 
vacuum ports to allow for uniform tuning that preserves 
the field flatness. The simulated frequency sensitivity to 
the tuners is 37.5 kHz per tuner per inch, which is a 2.4 
MHz tuning range if all tuners were inserted 2 inches 
deep into the cavity. 
 

 
Figure 7: Full RFQ model showing the location of the 
tuners. 

 

 
Figure 8:  Uniform and non-uniform tuning effect on the 
inter-vane field along the RFQ. 
 

SUMMARY 
We have optimized the RF design for a 176 MHz CW 

RFQ. The RFQ is a 4-vane structure with optimized 
trapezoidal vane undercuts for a flat inter-vane field. It is 
a ~ 4 m long structure made of 4 segments with the best 
mode separation as function of length. This design should 
not need dipole rods but we have designed and optimized 
them to correct eventual manufacturing errors. The RFQ 
has 2 tuners per quadrant per segment, a total of 32 with a 
full tuning range of 2.4 MHz. The tuners ports will be 
separate from the coupling and vacuum ports to allow 
uniform tuning with minimal effect on field flatness. As 
successfully implemented in the ATLAS upgrade RFQ, 
we are planning to design trapezoidal vane modulation 
which would increase the output energy for the same RFQ 
length and power. 

REFERENCES 
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Figure 6: Effect of dipole rods geometric parameters on 
mode separation for a 1.63 segments RFQ. 
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MODELING VACUUM ARCS IN LINAC STRUCTURES* 
J. Norem#, ANL, Argonne, IL 60439, USA 

A Moretti, Fermilab, Batavia, IL 60510 USA 
Z. Insepov, S. Nurkenov, Nano Synergy Inc, Downers Grove, IL 60516 USA 

 
Abstract 

We describe our vacuum arc model, which divides 
breakdown into four stages: trigger, plasma formation, 
plasma evolution and surface damage.  We have modeled 
all four stages numerically and find that the properties of 
surface cracks and unipolar arcs can explain essentially all  
the experimental data we have seen.  In addition to linac 
breakdown, the model should apply to arcs in a wide 
variety of applications, such as laser ablation, tokamak 
edge plasmas and micrometeorite impacts.  We also 
outline differences with other work. 

THE MODEL 
This effort began as an attempt to understand gradient 

limits in 805 MHz cavities used for muon cooling.  We 
have described the overall picture of the model and some 
of the details in a number of papers in the context of 
accelerator breakdown [1-7].  

 
Recent work has shown that the development of the arc 

can be explained by two mechanisms:  1) mechanical 
failure of the solid surface due to Coulomb explosions 
caused by high surface fields at crack junctions (see ref 
[5]) and, 2) the development of unipolar arcs that can act 
as virtual cathodes and produce currents that short the 
driving potential [3].  Once an arc starts, the surface 
electric field and field emission increase, increasing 
ionization of neutrals, increasing in the plasma density 
[4].  The density increase then reduces the Debye length 
that increases the surface electric field, thus both the 
electric field and the density increase approximately 
exponentially with time.  PIC simulations of the unipolar 
arc model for vacuum arcs relevant to rf cavity 
breakdown show that the density of plasma formed above 
the field emitting asperities can be as high as 1026 m-3 [6]. 
The temperature of such plasma is low, in the range of 1-
10 eV.  These high densities can make the Debye 
screening length, D, become smaller than the mean inter-
particle distance or the number of particles in the Debye 
sphere, to become less that unity. This implies the failure 
of the ideal plasma approximation, as well as most of the 
assumptions used in simple calculations. Processes in 
such a dense plasma can be affected by three body particle 
collisions so that the Particle In Cell (PIC) method which 
relies on a simple collisional model, with two body 
collisions, becomes inappropriate and different methods, 
such as Molecular Dynamics (MD) must be used 

 
Arrays of cracks are seen in many SEM images of arc 

damage.  We believe these cracks are the result of the 

cooling of the melted surface that takes place in two 
stages; first cooling from high temperatures to the 
solidification point of the metal, followed by cooling from 
the freezing temperature to room temperature, where the 
solid contracts by an amount x/x =  T ~ 2 %, where 
T is the temperature change, x represents the dimension 
of the damage and  is the coefficient of linear expansion. 
The model is diagrammed in Fig. 1. 

 

 

Figure 1: Breakdown proceeds through surface failure, 
plasma initiation, plasma evolution and surface damage. 
Part a) shows the physical picture, part b) shows active 
mechanisms. 

The model provides a framework for prediction and 
experimental study of all aspects of the breakdown 
process in a variety of environments. 

USING THE MODEL 
In order to explore the reach of the model we consider 

the following issues: 

Multipactor 
We have reported surface damage in coupling cells 

where the scale of the structure was on the order of 10 
nm, rather then the 1 m commonly seen in 805 MHz 
Breakdown events.  These are consistent with unipolar 
arcs caused by multipactor, and evidently are not 
associated with significant shorting currents.  These occur 
at lower gradients and do not seem to be gradient limiting. 

Magnetic ield Effects 
The geometries of crack junctions can explain magnetic 

field effects.  Data show similar breakdown thresholds 
with magnetic fields parallel and perpendicular to the 
surface, arguing for single surface breakdown. With B=0, 
melted areas are irregularly shaped, and cool so that 

 ____________________________________________  

*Work supported by Office of High Energy Physics, USDOE   
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primary cracks remove strain in one direction and 
secondary cracks form perpendicular to the primary 
cracks.  Thus, crack junctions occur at right angles.  From 
previous work, this geometry would produce a narrow 
range of enhancement factors.  In a magnetic field, 
however, symmetric heating from shorting currents 
pinned to magnetic field lines results in radial strain and 
circumferential cracking.  These cracks occur at variety of 
acute angles, producing higher enhancements, a wider 
range of enhancement factors and lower and wider range 
of breakdown fields [1]. 

Sheath Parameters 
Numerical analysis of plasma sheath properties using 

MD has produced simple dependence on plasma densities, 
shown in Figure 2. 

 

Figure 2: the dependence of experimental parameters on 
the density of the unipolar arc.  More details are presented 
in Refs. [1] and [2]. 

If we assume that the plasma density rises until field 
emission currents short out the sheath, this process 1) sets 
a limit on the maximum plasma density, 2) determines the 
dimensions of the unipolar arc, and 3) seems to be 
compatible with unstable modes (oscillations) in plasma 
properties. The model can predict plasma dimensions, 
oscillation frequencies, thermal behavior, burn voltages, 

shorting currents, time evolution, frequency dependence 
and the nature of the surface damage produced.  All these 
phenomena are consistent with experimental data [1-2].  

Beam Deflection 
The immediate results of a breakdown event in an 

accelerating cavity is a deflection of the beam by the 
shorting current and the loss of acceleration in the parts of 
the cavity that are no longer powered.  This model 
assumes that shorting currents, flowing from unipolar arcs 
functioning as virtual cathodes, on consecutive irises will 
steer the beam by an angle  = Bl/Bwhere  is the bend angle, B is the magnetic field, l is the cell length and B is the rigidity of the beam. The magnetic field B can be calculated in a straightforward way from the shorting current, however it is unclear if the shorting current is operates on one or both phases of the rf, and how the time structure of the current depends on the electric field, so measurements are useful. 
Surface Damage 

During the liquid cooling phase, surface tension would 
smooth the surface, and the relation between the cooling 
time and the scale of surface irregularities seen in SEM 
images can be estimated from the dispersion relation,  

   2 =  |k|3/  
where ,  and  are the frequency, surface tension 
constant and density of the liquid metal, and k is the wave 
number.  This smoothing flattens the surface on the scale 
of  microns  and   eliminates  a  class of possible field 
enhancement sites.  In accelerator cavities, arcs last for on 
the order of 100 ns, which is not long enough to heat up 
the bulk copper, so thin heated surface volumes sit on 
essentially cold heat sinks and thermal contraction is 
approximately 2 % of the dimensions of the melted area.  
We calculate that the typical cooling time constants are in 
the range of a few hundred ns for accelerator cavities and 
the structures seen in SEM images of rf cavity damage 
have radial dimensions on the order of a few microns, see 
Fig 3. These cooling times are consistent with estimates in 
Ref [1].   The two stage cooling process seems to result in 
SEM surfaces that are somewhat smooth at the 1 micron  
level, but contain cracks with sharp edges at the 1 - 10 nm 
level that cover 2 % of any large solidified area of copper. 

Frequency Scaling, Cooling and s 
Experimental data shows that 805 MHz rf cavities 

breakdown when the maximum local surface fields reach 
10 GV/m, the same breakdown field assumed by Lord 
Kelvin to explain experimental results in 1904 [7].  We 
argue that there is minimal frequency scaling if the local 
field is the primary variable.  Different geometries, power 
sources, frequencies and materials do, however, produce 
cavities with different maximum surface fields.  This can 
be explained from differences in cooling and field 
enhancement factors, .  Assuming the plasma properties 
are similar, size and time history can produce quite 
different damage.  Tiny hot spots cool rapidly and large 
surface areas will cool more slowly.  Above the melting 
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point surface tension will reduce surface fine structure, 
and below the melting point, some annealing may also 
produce significant smoothing, 

We have produced estimates of cooling profiles dut to 
thermal diffusion for a variety of geometries using 
COMSOL [8], to show how the cooling depends on the 
nature of the arc parameters.  We find three classes of 
heated surfaces that can be numerically evaluated:  1) tiny 
(~ micron) melted areas that cool very quickly, 2) large, 
more or less homogeneous areas with dimensions on the 
order of a few mm  and, 3) intermediate sized regions (10 
m – mm), which are the dimensions seen in 805 MHz 
cavity damage. 

 

 

Figure 3: Extreme geometries modeled in COMSOL [8], 
a) planar, b)point, with c) the cooling profiles produced 
the case a). 

COMPARISON WITH OTHER WORK 
The field of vacuum breakdown is quite old, and ideas 

and methods have been around for a long time.  We 
believe the model we are describing is conceptually 
simple and the range of applicability is large. We find, 
however, that this model and the conventional wisdom, do 
not always agree.  We also question models that claim to 
predict frequency or magnetic field dependence without 
making any assumptions on the nature of the breakdown 
process or the damage it produces. 

The conventional wisdom of breakdown is that 
structures producing field enhancements should look like 
polished fenceposts with hemispherical caps, their 

properties can be evaluated using a Fowler-Nordheim 
plot, breakdown is caused by high densities of Joule 
heating caused by field emission current densities, and 
these Joule heating events continue during the burn phase 
of the arc in the form of micro-explosions.  While we do 
not specifically argue against these ideas, we find that 
more prosaic mechanisms alternatives seem to fit the 
existing data more easily.  Fencepost geometries for field 
emitters are not seen in SEM images of arc damage, but 
surfaces are covered with submicron cracks.  The 
efficiency of Joule heating depends very strongly on the 
geometry and the dimensions of suspected field emitters, 
and implies that Joule heating must be much less than 
heat loss to the copper bulk, making significant 
temperatures very hard to achieve in very small structures.  
Likewise, if the Debye length of the plasma sheath is on 
the order of a few nm, it seems hard to understand how 
localized current densities could produce micro-
explosions phenomena due to Joule heating, and, if they 
could short the sheath, how these current densities could 
exist at all. 

CONCLUSIONS 
We have outlined the general principles and some 

details of our model of breakdown and gradient limits. We 
feel that this model provides a simpler and yet more 
general model of breakdown than other alternatives and 
we are continuing to develop details relevant to other 
applications.  This model seems compatible with a wide 
variety of experimental data, but disagrees with some 
conventional wisdom.   
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TUNING, CONDITIONING, AND DARK CURRENT MEASUREMENTS: 
1300 MHZ NCRF CAVITIES AT THE ARGONNE WAKEFIELD 

ACCELERATOR (AWA) FACILITY* 

J.G. Power#, M. E. Conde, S.D. Doran, W. Gai, and E. Wisniewski ANL, Argonne, IL 60439 
C. Jing, Euclid Techlabs, 5900 Harper Rd, Solon, OH 44139

Abstract 
In this paper, we present data on: (i) tuning and 

balancing; (ii) high-power rf conditioning; and (iii) dark 
current measurements; of normal conducting, standing 
wave, 7 cell, 1300 MHz accelerating cavities.  The six 
cavities were tuned to 1300 MHz and were balanced to 
>96% in all cells. They are designed to operate with 10 
MW of rf input power but are being rf conditioned 
beyond this operating point to insure low dark current 
during operation.  During rf conditioning, dark current 
measurements are being recorded to provide a history of 
the cavity’s surface field enhancement factor, “”, 
throughout the rf conditioning period.  Finally, as the final 
step we plan to record the breakdown rate at 10 MW to 
add to the breakdown literature for L-band cavities.   

INTRODUCTION 
Six normal-conducting, L-band rf cavities are currently 

undergoing commissioning as part of the linac upgrade to 
the AWA facility [1] to increase the drive beam energy 
from 15 MeV to 75 MeV.  The cavity design (Fig. 1) is a 
seven-cell, standing-wave, 1300 MHz cavity made with 
OFE copper and was reported on earlier [2].  As of 
September 2013, all six cavities have been tuned and 
balanced but only one of the six cavities has been 
conditioned.  In the first section of this paper we describe 
the tuning and balancing of all six cavities and in the 
second half of the paper we describe the rf conditioning 
of the first of the six cavities including measurements of 
dark current and the field enhancement factor, , during 
the rf conditioning process.  The remaining 5 rf 
accelerating cavities will be rf conditioned during the Fall 
of 2013. 

Figure 1: Cross section of the AWA rf cavity. 

RF CAVITIES UPON ARRIVAL 
Turnkey fabrication of the AWA cavities was enabled 

by a combination of high fidelity simulations using 
Omega3p [3], tight machining tolerances, push-pull 
tuning divots, and the adaptation of a well understood 
braze joint based on a SLAC design.  Using this 
approach, the cavities were machined to final dimensions 
(i.e. without iterations), brazed together, and sent 
immediately to Argonne for tuning and balancing. 

Table 1 lists the major figures of merit of the six 
cavities upon arrival from the vendor.  The cavity Q0 was 
~98% of ideal and the inter-cell coupling constant, k, was 
99.5% of design.  While neither of these is subject to 
adjustments during tuning they were within acceptable 
limits anyway. The cavities came back from the vendor 
with resonant frequency, f0, that were between 290-568 
kHz low and all cells had voltage field balance better than 
87%.  These values, for f0 and balance, were very nearly 
acceptable without any tuning and balancing.  Moreover, 
all cavities were within the estimated tuning range based 
on the combination of the push-pull divots and the 
temperature adjustment of the cooling water.   

Table 1: Designed vs. Achieved Cavity Figures of Merit (upon arrival from vendor) 

Parameter Design Cavity #1 Cavity #2 Cavity #3 Cavity #4 Cavity #5 Cavity #6 

f0@38C 1300 -344 kHz -290 kHz -406 kHz -568 kHz -424 kHz -360 kHz 

T@1300 380C 380C 20.80C 23.60C 17.70C 9.60C 20.00C 

Q0 25147 24911 24006 24798 24975 24768 24798 

Beta 1.28 1.31 1.21 1.27 1.27 1.25 1.27 

S11  -19.4dB -20.2dB -18.4 -18.5 -19.1 -18.5 

Balance 100% >93% >90% >95% >93% >87% >99% 

k 2.21% 2.2% 2.2% 2.2% 2.2% 2.2% 2.20% 

S21-probe -60dB    -61.95dB  -61.0dB 
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TUNING AND BALANCING 

Tuning Divots 
Four push-pull tuners (Fig. 2) were used on each of the 

7 cells of the rf cavities for a total of 28 divots.  The 
advantage of push-pull tuners over push divots is that they 
allow for correction of machining errors in either 
direction. Tuning studs were brazed into holes on the side 
walls that had I.D. = 1.0" and a floor thickness = 1/8".  
Based on these dimensions, we estimated that the 
maximum tuning divot range was equal to half of the 
floor thickness or 62.5 thousandths.  Estimating the 
volume this would displace, we used SUPERFISH to 
estimate that the maximum frequency range of the divots 
would be +/- 80 kHz per cell for a total tuning range of 
560 kHz.  However, not all of this tuning range can be 
applied to the frequency shift of the -mode since the 
divots must also be used to correct the field imbalance.  

Figure 2: Cross section of a cell with tuning stud brazed 
in place and slide hammer screwed onto stud. 

Beadpull 
The beadpull measurement was simulated with 

SUPERFISH to optimize the size of the bead and the step 
size to use during the bead pull.  The bead used was a 
metal (Al) needle of length = 0.2", O.D.=0.25", and 
I.D.=0.008" and was pulled through a horizontal mounted 
cavity by a 10 pound nylon fishing line with O.D. = 
0.007.  Beadpull results for all cavities upon arrival from 
the vendor are shown in Figure 3. 

Figure 3: Initial beadpull results before tuning. 

Tuning Algorithm 
The standard tuning algorithm [4] uses a coupled circuit 

to model the ideal eigenmodes and eigenvectors while 
using perturbation theory to model the cavity errors. This 

algorithm was implemented with an in-house set of 
matlab codes.  The general procedure was to input the 
frequency shifts due to imbalances from the beadpull 
measurements into the code to determine the frequency 
corrections ( ) and add that to the overall frequency 
offset of the -mode( ). The sum of these ( + ) 
is then applied to the cavity via the tuning divots.   

Tuning and Balancing Results 
Given that the cavity's frequency tunes were off by 290-

568 kHz and that field balance was within 87% of design, 
then the range of the divots (~560 kHz) is slightly 
insufficient for a total correction.  Several options were 
considered.  We could add 4 more divots per cell but this 
has the risk of damaging the cavity.  We could push divots 
beyond 62.5 thousandths. In the end, these two ideas were 
considered too risky and, instead, we decided to lower the 
operating temperature from 38oC to 20.7oC. Since the 
tunnel where the linac is installed is air conditioned and 
the dew point is below 130C there is no downside to this. 

The calculated frequency corrections for the field 
imbalances were within the range of the tuning divots (80 
Hz per cell) in the vast majority of the cases.  However, in 
3 cases the correction for the largest cell was larger than 
80 kHz (Table 2, bold) so the corrections were scaled 
down.  The actual corrections that were applied to each 
cavity are shown in Table 2.  

 
Table 2: Tuning Applied with the Divots 

 Cav 1 Cav 2 Cav 3 Cav 4 Cav 5 Cav 6 
Cell 1 0 -28.2 18.9 42.7 -12.4 1.8 
Cell 2 0 -15.0 10.991 26.497 4.7 19.6 
Cell 3 -10.9 -20.3 -41.6 2 -1.3 -23.2 
Cell 4 -37.0 -50.6 -25.0 3.2 -14.5 -29.2 
Cell 5 18.6 80.0 81.2 85.656 80.9 40.5 
Cell 6 22.1 -22.9 -5.2 38.575 6.8 1.2 
Cell 7 12 -11 8.5 25.2 8.8 -10.7 

 
The final frequency of the -mode was 1300 MHz at an 

operating temperature of 20.7 oC. The final field balance, 
obtained after adjusting the divots, (Fig. 4) had a mean 
value of 99% and was greater than 96% for all the cells in 
all the cavities. 
  

Figure 4: Final beadpull results after tuning. 
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RF CONDITIONING 
The AWA rf accelerating cavities were conservatively 

designed to operate a peak surface electric field of 
Ez=33.5 MV/m at an input power of P=10 MW.  The 
cavities are being rf conditioned beyond this operating 
point to insure low dark current during operation.  As of 
September 2013, only 1 cavity has been conditioned and 
we present the results here. 

Dark Current 
During rf conditioning, dark current measurements 

were recorded at the end of each phase of conditioning. 
The dark current was not directly measured but the x-rays 
generated by the dark current (verified to be linear with 
dark current) was measured instead (Fig. 5) with the light 
emitted from a phosphor screen and a PMT. 

Figure 5: Setup used to measure x-rays from dark current. 
 
Dark current was measured immediately after we had 

conditioning up to one of the fixed power levels (3, 6, 9, 
12, 14 MW) for the first time.  This insures that the cavity 
surface had never seen higher fields than the conditioned 
level. At that point, the power was lowered back to P=0 
MW and the intensity of the phosphor light (proportional 
to the x-rays which is a proxy for dark current) was 
recorded as a function of input power (Fig. 6). The data 
clearly shows that the dark current emitted by the surface 
is less at the same field after the cavity has been 
conditioned beyond that point. 

Figure 6: Conditioning History. (dark current vs. field) 

Figure 7: Conditioning History. ( enhancement factor) 
 

The dark current data (Fig. 6) was used to make 
Fowler-Nordheim (FN) plots (Fig. 7) to get fits of the 
cavity’s surface field enhancement factor, “”, throughout 
the rf conditioning period.    Interestingly, this confirms 
the not so commonly known rule-of-thumb that the 
highest field to which the cavity has been conditioned to 
( ) multiplied by the field enhancement factor () is 
equal to a constant.  We can convert the conditioning rf 
power levels tested to field using the cavity normalization 
Esurf=33.5 MV/m at P=10 MW.  Using this, the fields are 

  = {18.3, 25.9, 31.8, 36.7, 39.5} MV/m.  Fitting to 
the FN data gives  = {368, 283, 229, 210, 196}. Finally, 
we calculate the product  = {6.7, 7.3, 7.3, 7.7, 7.7} 
GV/m and the rule  = 5-10 GV/m is confirmed.   

SUMMARY 
Six normal conducting, standing wave, 7 cell, 1300 

MHz accelerating cavities for the AWA linac upgrade 
have all been tuned and balanced.  The first of the six 
cavities has been conditioned to 14 MW and dark current 
measurements were made. The remaining cavities will 
undergo rf conditioning soon and we plan to repeat dark 
current measurements for each cavity.  Finally, we will 
record the breakdown rate at the operating power, P=10 
MW, for each cavity. 
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PPM KLYSTRONS FOR ACCELERATOR SYSTEMS  

Patrick Ferguson, Michael Read, R. Lawrence Ives and David Marsden 
Calabazas Creek Research, Inc., 690 Port Drive, San Mateo, CA 94404 

 
Abstract 

Calabazas Creek Research, Inc. (CCR) is engaged in 
the development of high power periodic permanent 
magnetic (PPM) focused klystrons for Accelerator 
Systems. There are at present 3 ongoing development 
programs.  A 10 kW CW S-band klystron for the Advanced 
Photon Source at Argonne National Laboratory is nearing 
completion.  An SBIR Phase II grant to develop an S-band 
5.5 MW pulsed klystron for the Varian Medical Systems, 
Inc.  CLINAC was funded  in April, 2013. An SBIR Phase 
I grant to develop an S-band 75 MW pulsed klystron for the 
X-FEL linac at Los Alamos National Laboratory was 
received in February, 2013. The present development status 
of these 3 klystrons will be presented.  

INTRODUCTION 
The impetus to develop high power CW and pulsed  

PPM focused klystrons is to reduce the cost of producing a 
large number of klystrons as required by pending high 
energy linacs.  The electron beams for the majority of 
klystrons for these linacs are focused using electromagnets. 
These electromagnets require a DC power supply and 
external fluid cooling. In addition, the electromagnet adds 
size and weight to the klystron.  Employing a PPM 
structure in lieu of the electromagnet with DC power 
supply reduces the cost, size and weight  substantially with 
no degradation in operation and life time.  

CCR is nearing completion of the fabrication of the 10 
kW CW S-band klystron.  A 3D pictorial of this klystron is 
shown in Figure 1 below. The PPM structure consists of as 
standard geometry with a fixed period where the 

conventional ring magnets have been replaced by 4 pill box 
magnets in each half period. This geometry allows ready 
access to cavity tuners and cooling lines.  The four long 
magnets around the RF output cavity are required to focus 
the spent electron beam as it loses energy. Initial 
simulations predicted an efficiency of 70%.  However, after 
determining that the spent electron beam was intercepted 
just after the output cavity, the PPM structure was 
redesigned to include the large magnets with the efficiency 
decreasing to 55%.  The electrical parameters for this PPM 
klystron are listed in Table 1. 
  

Table 1. Electrical Parameters for the APS Klystron 
Frequency  2.815 GHz 

Beam Voltage  20 kV 

Beam Current 1.0 A 

Efficiency 55% 

RF Output Power 11 MW 

Saturated Gain  49 dB 
Frequency  >5 MHz 

 
The second PPM program is the development of a 5.5 

MW pulsed S-band klystron similar to the solenoid focused 
klystron presently used in the Varian Medical Systems, Inc. 
CLINAC. The CLINAC is an X-ray source for treating 
cancer. The initial SBIR Phase I  addressed the  L-band RF 
sources for Project X at Fermi National Laboratory. It was 
redirected to the 5.5 MW S-band klystron due to the 
reduction in funding for Project X. The revised program is 

 

 

Figure 1: The 10 kW CW S-Band PPM Klystron.  

Proceedings of PAC2013, Pasadena, CA USA WEPMA09

07 Accelerator Technology

T06 - Room Temperature RF 999 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 

focused on reducing the size, weight and cost of the 
klystron and associated systems. The techniques established 
in this Phase II can be directly applied to all DOE klystron 
programs.  The results are listed in Table 2.     

 

Table 2. Electrical Parameters for the 
CLINAC PPM Klystron 

Frequency 2.856 GHz 

Beam Voltage 127 kV 

Beam Current 90.5 A 

Efficiency 48.8% 

RF Output Power  5.61 MW 

Saturated Gain 48 dB 

-1 dB Bandwidth >10 MHz 

 

One goal is to include using as many existing 
subassemblies from the present solenoid focused klystron 
including the electron gun and output waveguide and 
vacuum window. The cathode will require a slight change 
in spherical radius with a small  change in the focus 
electrode geometry.   

The third PPM klystron development began in February, 
2013. The initial specifications stated that a 50 MW 
klystron operating at 2.8175 GHz was required. At a 
meeting at LANL after receipt of the grant, the parameters 
were changed to the higher frequency of  2.856 GHz where 
there is more knowledge and hardware available and the 
RF output power was increased to 75 MW with an increase 
in pulse width from 3 microseconds to 12 microseconds. 
Further restrictions were imposed on the beam voltage not 
to exceed 450 kV and the beam current not to exceed 450 
A. The resulting electrical parameters are listed in Table 3. 

 

 Table 3. Electrical Parameters for the LANL Klystron 

Frequency 2.865 GHz 

Beam Voltage 450 kV  

Beam Current 379 A 

Efficiency 48.2% 

RF Output Power 82.2 MW 

Saturated Gain 51 dB 

 SUMMARY 
Several new klystrons are in development that use PPM 

focusing to reduce the size, weight and cost of RF systems. 
The novel approach to PPM focusing provides access to the 
RF circuit for cavity tuners, and water cooling and 
eliminates shunting to achieve axially symmetric magnetic 
fields. PPM focused klystrons can significantly reduce the 
cost of future accelerator and collider systems.    
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PASSIVELY DRIVEN X-BAND STRUCTURES 

T. Sipahi, N. Sipahi, S. G. Biedron, S. V. Milton, CSU, Fort Collins, Colorado, USA 

Abstract 
Accelerating structures operated at X-band frequencies  

have been shown to regularly achieve gradients of around 
100 MV/m or better. Obviously, use of such technology 
can lead to more compact particle accelerators. At the 
Colorado State University Accelerator Laboratory 
(CSUAL) we would like to adapt this technology to our 
L-band (1.3 GHz) accelerator system via a 2-beam 
configuration that capitalizes on the high gradients 
achievable in X-band accelerating structures in order to 
increase our overall beam energy in a manner that does 
not require investment in an expensive, custom, high-
power X-band klystron system. Here we provide the 
design details of the X-band accelerator structures that 
will allow us to achieve our goal of reaching the 
maximum practical net potential across the X-band 
accelerating structure. 

GENERAL CONCEPT  
The CSUAL linac is an L-band system capable of 

generating 6-MeV electron bunches [1]. The parameters 
of L-band linac system are given in Table 1. For many 
reasons we would like to further increase the electron 
beam energy without additional significant investment. 
Our idea is to utilize the electron beam from our linac as a 
drive source for an otherwise unpowered (passive) X-
band linac structure, thus allowing us to increase the beam 
energy by using the L-band power together with the 
inherent high shunt impedance of the X-band structure. In 
our previous study [2] we showed that by using a passive 
standing wave (SW) X-band cavity driven by our linac we 
had the potential to increase our 6-MeV electron bunch 
energy to 11 MeV in 15 cm, but there was a fundamental 
limit of that configuration. Here we utilize a two-beam 
configuration based on two traveling wave (TW) X-band 
structures, one used as an X-band power generator (the 
decelerator), and one as an accelerator. This configuration 
is shown in Figure 1. We exploit the TW structure’s 
ability to provide continuous X-band power generated 
from the passing of the L-band system beam through it 
and then transfer this power to a second cavity that can be 
filled in a manner that does not limit as before the 
achievable integrated potential. 

 
 
 

 
Figure 1: General layout of the two-beam X-band cavity 
structures [3]. 

Table 1: Parameters of CSU Accelerator Laboratory  
Laser Frequency	   81.25 MHz	  
L-Band RF Gun Frequency  1.3 GHz	  
L-Band RF Gun Energy 6 MeV	  
L-Band Macropulse Length 10 µs 
X-band Linac Frequency 	   11.7 GHz	  
Repetition Rate	   10 Hz	  
RF gun Charge/Bunch	   3.5 nC	  

CAVITY CHOICE 

General 
We must design two separate cavities, one to be used as a 

decelerator and optimized to efficiently generate and 
allow extraction of X-band power without significant 
disruption to the passing beam, and the other optimized to 
efficiently accept X-band power and generate the highest 
practical integrated potential to be used for accelerating 
electron bunches. 

We use a consistent description of cavity geometries as 
shown in Figure 2 where a is the iris radius, R is the 
cavity radius, h(=2r1) is the disc thickness, 𝑙 is the basic 
cell length, λ is the wavelength and r1 is the radius of the 
iris poles. 

 
Figure 2: Schematic view of a generic X-band cavity. 

 
In this example we show a configuration for a 2π/3 TW 

structure. 
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Decelerating Cavity 
Here we choose to use a 2𝜋/3 mode TW X-band 

structure with parameters given in Table 2 and as 
computed by the design code SUPERFISH [5]. 

As we plan on passing through the structure a fairly 
high current beam we must concern ourselves with HOM 
effects, thus the optimal tends to larger iris dimensions at 
the expense of shunt impedance [4]. Figure 3 shows the 
loss parameter k as a function of the iris radius. 

 

𝑘 =
ω𝑅!
4𝑄

 

where ω is the angular frequency of the RF, Q is the 
unloaded quality factor of the structure and Rs is the 
cavity shunt impedance. Clearly a larger iris is desired. 
This is OK as we found in our earlier paper that even for 
moderate shunt impedance the structure is relatively short 
as we are limited by the maximum amount of energy we 
can remove from the drive beam. Based on our previous 
study the length of this cavity should be 15.3 cm in order 
to decelerate the beam from 6 MeV down to 1 MeV. 
Under such conditions the net X-band rf power that can 
be generated is 1.4 MW. 

Figure 4 shows the power dissipated in the cavity walls 
as a function of the iris radius. As can be seen this is small 
compared to the available power generated even for larger 
values of 𝑎/𝜆 and so is not a significant factor. 

The resulting X-band power is then coupled out of the 
cavity and transferred to the accelerating structure. 

 

Figure 3: Wake loss parameter vs. a λ. 

 

Figure 4: Power dissipation vs. a λ. 

As this structure is powered in a global fashion via the 
electron beam there is no need to complicate the design 
with a constant gradient design. Rather we choose a 
simple constant impedance device. 

Figure 5 shows the cavity fields, both electric and 
magnetic, as computed by SUPERFISH for both 
Neumann and Dirichlet boundary conditions as specified 
at the end walls. 

 

(a) 

(b) 

Figure 5: Electric and magnetic field patterns for a λ = 0.2 in 
(a) Neumann boundary condition at end walls for 2𝜋/3mode (b) 
Dirichlet boundary condition at end walls for2𝜋/3mode. 

Table 2: Parameters for Decelerating Cavity 
a/λ 0.2 
Phase Advance per cell (𝜓) 2𝜋/3 radian 
Iris radius (a) 0.00512466 m 
Cavity Radius (R) 0.0110955 m 
Disk Thickness (h= 2r1) 0.002 m 
Quality factor 6456  
Length  0.153 m 
Frequency  11.7 GHz 
Shunt impedance 79.15 MΩ 
Power Dissipation 8360.779 

Accelerating Cavity 
The optimization for the accelerating cavities follows a 

different path. This cavity will see a single, relatively low 
charge pulse, so the aperture requirements are not as 
severe. Further we wish to maximize the overall 
integrated voltage seen by the beam during its passage. 
This clearly argues for high shunt impedance and as long 
a structure as reasonable. 

Our L-band system is also capable of generating beam 
for over 10 µs, i.e. significantly longer than the fill time of 
typical X-band structures. We will therefore operate the 
L-band system with shorter pulses, but pulses long 
enough to completely fill the X-band structure. This then 
argues for a structure with a very slow group velocity as it 
will allow us to fill a longer cavity and capitalize on the 
long L-band rf pulses. 

All structure parameters for the TW accelerator can be 
deduced from those of the SW structure. In particular, the 
group velocity can be computed by 

 

𝜗! =
dω
𝑑𝑘!

=
2(2.405)𝑐
3𝜋𝐽!!(2.405)

𝑎
𝑅

!
sin𝜓𝑒!!! 
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where 𝜓 is the phase advance per cavity traveling wave 
and  𝛼  is the attenuation per unit length of the field for the 
TM010 mode through an iris of wall thickness h. 

If we wish to decrease the group velocity and we have 
chosen a minimum a, we are left only with ψ as a 
variable. This then argues for a large TW mode number 
defined as n in 2𝜋/𝑛. This is shown in Figure 6 where the 
relative velocity coming from the sine term is plotted vs. 
n. A value of n equal to 2 is the SW 𝜋-mode. This 
certainly would argue that the 2𝜋/3–mode is not the best 
choice and that a mode number of more like 15 or 16 
would be better and might still be practical. 

 
Figure 6: Relative velocity vs. mode number. 

 
For that purpose moving the RF phase advance to 5𝜋/6  

(for a λ = 0.1) and using a longer cell length compared 
to that of the 2𝜋/3 (for a λ = 0.15) mode in order to 
preserve synchronous acceleration of the electron bunch 
slows down the group velocity to 0.95% c and increases 
α! to 1.69 from its 2𝜋/3 value of 0.30 allowing more 
efficient deposition of the RF power in the accelerating 
structure [6,7]. Table 3 shows the parameters of this 
accelerator structure. 

Table 3: Parameters for Accelerating Cavity  
a/λ 0.15 0.1 
Inner radius 0.00512466 m 0.00256233 m 
Phase Advance 2𝜋/3 radians 5𝜋/6 radians 
Cavity Radius 0.0110955 m 0.00999 m 
Disk Thickness 0.002 m 0.002 m 
Frequency [GHz] 11.7 GHz 11.7 GHz 
Quality factor 6456  7474 
Shunt impedance 79.15 MΩ 185.67 MΩ 
Group Velocity  6.38 % 0.95 % 

 

 
(a) 

 
(b) 

Figure 7: Electric and magnetic field patterns for a λ = 0.1 in 
(a) Neumann boundary condition for 5𝜋/6 mode (b) Dirichlet 
boundary condition for 5𝜋/6 mode. 

Figure 7 shows the cavity fields, both electric and 
magnetic, as computed by SUPERFISH for both 
Neumann and Dirichlet boundary conditions as specified 
at the end walls for the accelerating cavity. 

 
DISCUSSION AND CONCLUSION 

In this study we provide designs for two different TW 
X-band structures that would allow us to achieve higher 
energies in a compact way. To achieve higher potential 
one really needs to extract the X-band power from the X-
band decelerating cavity and transfer it to a low group 
velocity traveling wave structure. Optimizing the group 
velocity by adjusting the inner radius of the constant-
impedance structure and using a more relevant mode both 
improves the power efficiency and overall integrated 
potential. 
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PROGRESS TOWARD THE DEVELOPMENT OF A RAPIDLY TUNABLE RF

CAVITY*

D.J. Newsham, X. Chang, and J.R. Thompson, FAR-TECH, Inc., San Diego, CA 92121, USA

Abstract
A  major  bottleneck  in  the  development  of  compact,

rapid-cycling  particle  accelerators  is  the  ability  to

maintain phase coherence between the short orbit time of

the particle bunch and the phase of the accelerating RF

field.  A ferroelectric  loaded  RF cavity can  achieve  the

needed  phase  shift  in  a  significantly  shorter  time  than

alternative  technologies.  The  current  status  of  the

development of such a cavity including the cold test of a

preliminary cartridge and the testing of the bias voltage

subsystem will be presented.

INTRODUCTION

FAR-TECH,  Inc.  is  developing  a  rapidly  tunable  RF

cavity [1][2] that is specifically designed to provide the

speed  of  frequency  tuning  required  for  use  in  modern

rapid-cycling  accelerator  systems  (rapid-cycling

synchrotron  or  FFAG).  Adjustment  of  the  accelerating

frequency  between  each  cavity  crossing  of  the  particle

bunch  will  maintain  a  synchronous  phase  between  the

bunch arrival time and the accelerating field on each pass.

The  tuning  is  achieved  by  applying  a  bias  voltage

across  a  BST(M)  [3]  ferroelectric  based  load  element

placed within the cavity. The speed of frequency tuning is

a combination of the fast response time of the BST(M)

( 10 ns)  and  the  response  time  of  the  bias  system

(~ 55 ns).  Several  cooled  tuning  elements  with  bias

voltages  ramped to 40 kV placed  near  the periphery of

pill-box  structure  can  provide  a  few percent  frequency

shift on the microsecond time scale.

CARTRIDGE TESTING

The  heart  of  the  tunable  cavity  is  the  ferroelectric

biasing cartridge. This cartridge contains the ferroelectric

sample and biasing copper electrodes. This cartridge can

be inserted and removed without breaking the vacuum of

the  main  cavity.  This  separation  from the  vacuum will

also allow a coolant flow of a dielectric fluid to cool the

cartridge. Further, using a ferroelectric tube, rather than a

solid cylinder will allow both the inner and outer surface

to  be  cooled.  To  test  the  performance  of  the  cavity  a

simplified  cartridge  and  cavity  structure  was  designed,

simulated,  constructed,  and  tested.  Although  an  actual

cavity would have multiple cartridges place off axis, the

test  cavity purposefully  placed  the  cartridge  on axis  to

increase the RF field and reduce the power requirement

and increase the tuning range for the test. The structure

was  designed  in SolidWorks and simulated  with HFSS

with  several  values  of  the  dielectric  constant  and  loss

tangent.

Cavity parts and cartridges were constructed as shown

in Fig. 1. The cartridge pieces were soldered in two stages

using  the  appropriate  alloy  for  each  contact.  Soldering

was  performed  in  a  solder  reflow  oven  with  PID

temperature control. Frequency and cavity Q-factor were

measured  at  several  bias  voltages  using  an  Agilent

8720ES  network  analyzer  and  a  high  voltage  supply.

Because  the  ferroelectric  cylinders  are  1 cm  long,  the

conversion  from  bias  voltage  to  bias  electric  field  is

trivial.  Full  air  breakdown  occurred  at  approximately

18 kV bias.

Figure 1:  RF  cavity  used  to  characterize  the  biasing

cartridge.  Test  cavity  without  top  plate  (top).  Biasing

cartridge (bottom).

Figure 2: Measured resonant frequency and Q factor for

the biasing cartridge in the test cell.

The  measured  frequency  and  Q-factor  at  different

voltages are shown in Fig. 2. The HFSS simulation data

relating dielectric  constant  and  loss  tangent  to  resonant

frequency  and  Q-factor  was  inverted  to  convert  the

measure values to the values of interest. The result of this

inversion  are  shown  in  Fig. 3  (dielectric  constant)  and

Fig. 4  (loss  tangent).  Also  included  in  these  figures  is

______________________________________________
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estimated  reduction  in  the  loss  tangent  because  the

simulated  wall  losses  are  less  than  the  real  cavity  that

used bolted end plates resulting in a real wall Q that was

80% of the perfect copper wall Q value. This reduction in

the wall Q results in a reduced loss tangent.

Figure 3:  Calculated  dielectric  constant  of  the

ferroelectric  biasing  cartridge.  The  80%  wall  value

represents a compensation for non-ideal wall losses.

Figure 4:  Calculated  loss  tangent  of  the  ferroelectric

biasing  cartridge.  The  80%  wall  value  represents  a

compensation for non-ideal wall losses.

With a bias field of ~18 kV/cm there is a greater than

6%  decrease  in  the  dielectric  constant.  The  lack  of

dependance of the dielectric constant on the wall losses

indicate that load pulling of the cavity by the ferroelectric

was not significant. As the bias voltage increases, the loss

tangent  becomes  greater.  When the portion of  the total

losses that is attributable to the walls is increased, there is

the expected decrease in the loss tangent. Although all of

the  dielectric  losses  has  been  attributed  to  a  bulk  loss

tangent, in reality there is a combination of effects related

to the ferroelectric making it an effective loss tangent. In

addition to the loss tangent, there is increased RF loss at

the  joint  between  the  ferroelectric  and  the  copper

electrode including: RF electric field enhancement due to

micro-irregularities  on  the  ferroelectric  surface  upon

which  the  metalization  is  placed;  and  residual  surface

charge.  These  “anomalous”  losses  can  be  reduced  by

specialized dielectric coatings before metalization.

BIAS VOLTAGE DRIVER

The high voltage  biasing circuit  is  critical  to the full

testing  and  operation  of  the rapidly tunable  RF cavity.

The basic layout for a single stage of the Marx-like bias

driver  is  shown in  Fig. 5.  For  testing,  the  ferroelectric

capacitance is replaced by a fixed load capacitor that is

connected to the generator through an external inductor.

Each  stage  consists  of  2  storage  capacitors  and  2

MOSFET  transistors  for  switching  each  capacitor  (4

MOSFETs in total). Switching a storage capacitor in or

out requires  opening one transistor followed by closing

the  other  transistor  in  the  pair.  In  order  to  achieve

minimum energy loss, there is a required minimum time

(~150 ns) between the opening of one transistor and the

closing of the other. When a storage capacitor is switched

in, the voltage at the load will begin to oscillate (charge),

switching  in  the  second  storage  capacitor  after  a

half-oscillation  (determined  by  the  inductor  and  load

capacitor) will terminate the oscillation at the load (park).

The voltage on the load will be nominally constant and

twice  the  voltage  on  each  of  the  storage  capacitors.

Reducing the voltage at the cartridge (discharge & park)

is  performed  by  sequentially  switching  out  the  storage

capacitors.  By  this  use  of  zero  current  switching,  it  is

possible to recover some of the energy that has be stored

in  the  load.  In  the  process  of  charging & parking  or

discharging & parking, the time between the initial firing

and the park firing is critical to minimize oscillation in the

load.

Figure 5:  Simplified  schematic  1-1/2  stages  of  the  bias

voltage generator.

A bias voltage driver board with 2 storage capacitors

and a timing control control board capable of driving up

to  4  bias  voltage  driver  boards  were  designed  and

fabricated.  Preliminary  testing  of  a  single  bias  voltage

driver board with 1 kV on each of the 2 storage capacitors

was started and is currently ongoing. 

Voltage Driver Board

Two critical characteristics of the biasing circuit are the

switching  speed  and  energy  efficiency.  The  switching

speed  determines  the  achievable  ramp  time,  while  the

energy  efficiency  determines  the  bias  circuit  power

requirements.

The  choice  of  MOSFET  was  between  Si  based

transistors which are  faster  with lower  voltage  standoff

and SiC based transistors which are slower, have higher

voltage  standoff,  and  less  mature  in  the  development

process. For the demonstration of the ferroelectric biasing

cartridge concept, energy efficiency was more important

than ramp speed and SiC transistors were chosen. Much
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like with Si,  as  the SiC technology matures,  faster  SiC

devices  should  become  available.  Although  the  SiC

transistors  are  “slower”  the  anticipated  switching  time

will be faster than the 55 ns currently used. The higher

voltage  standoff  available  in  SiC  transistors  allow  the

stage  voltage  to  increase  to  1000 V  from  the  ~600 V

initially  planned.  This  reduces  the  number  of  stages

needed to achieve 40 kV from 68 to 40. Two candidate

Cree  SiC MOSFET switches,  CMF10120D (single  die)

and CMF20120D (a dual die).  Currently,  we have only

begun  testing  the  single  dye  transistor.  Comparing  the

performance of these transistors will help determine if the

drain to source on-state resistance, or the drain to source

capacitance is more important in terms of energy loss, or

if  they  are  both  minimal  compared  with  the  losses

associated  with  the  stray  capacitance  of  the  stage

isolation.

Fig. 6 shows a voltage driver board. Power is delivered

from an isolated +24 VDC power buss on the left, running

up  the  edge  of  the  board,  which  can  be  common  to

several.  Component and 1 kV power is generated using

isolated  DC/DC converters  from the  power  buss.  Fiber

optic  coupling  was  used  to  provide  ground  and  high

voltage isolation between the timing control board and the

voltage driver boards, as the voltages at the local ground

references  (“star  points”)  can  vary  from  ground  by  as

much as the full output voltage. Each transistor is driven

by  a  separate  fiber  to  eliminate  the  need  for  digital

circuitry on the voltage  driver  board  which can have a

high  level  of  noise and because  the on/off  propagation

delays  of  the  transmitter/receiver  are  significantly

different. The storage capacitors are charged with isolated

1 kV  DC/DC converters. It is hoped that by using these

supplies will  have significantly less noise than rectified

power from an isolated multi-tap transformer secondary,

although there may be a significant loss of efficiency by

using multiple DC/DC converters in series.

Figure 6:  Populated  voltage  driver  board  without  fiber

receiver shields.

Timing Control Board

The  timing  control  board  which  generates  and

sequences the appropriate MOSFET gate signals is shown

in  Fig. 7.  As  shown,  it  has  only  been  sufficiently

populated to  test  a  single  Marx  board.  The timing and

sequencing is provided by an external pulse generator and

on  board  sequencer,  with  associated  individual  switch

timing delays. The timing delays, which in principle can

be  programmed  in  real-time,  are  hardwired  through

rocker  switches  for  the  prototype.  The  timing  control

board  will  remotely  couple  to  the  bias  voltage  driver

board via fiber optics.

Figure 7:  Timing  control  board  with  components  for  a

single voltage driver board populated.

Preliminary Testing

The voltage voltage system was initially tested at 100 V

per storage capacitor and increased incrementally to the

full  1 kV  per  capacitor.  The  storage  capacitance  was

reduced to 100 nF (designed for 1 µF) to provide better

resolution of the energy loss. At each voltage the charging

and discharging delay times were adjusted to achieve a

minimum  voltage  ripple  after  parking.  In  general,  this

ripple could not be reduced below ~4%, possibly because

of the voltage  droop from switching losses  and  loss  to

stray  capacitance.  At  storage  capacitor  voltages  above

~400 V  there  was  a  problem  of  an  open  transistor

suddenly  closing  and  shorting  the  storage  capacitor

through the transistor pair. Ultimately,  this problem was

traced to the fiber receiver which was picking up transient

noise and mimicking a “high” output. The problem was

solved by adding shielding around the receiver that was

electrically connected to the local  “star” point. At 1 kV

per  storage  capacitor,  the  energy  loss  in  each  storage

capacitor,  as measured by the reduction in voltage after

the discharge/park was ~2mJ per storage capacitor. This

loss is a factor of 3 higher than expected and is currently

under investigation. The dual die MOSFET will also be

tested; and will help identify the source of the losses.
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INVESTIGATION OF BREAKDOWN INDUCED SURFACE DAMAGE ON 
805 MHZ PILLBOX CAVITY INTERIOR SURFACES 
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Fermi National Accelerator Laboratory, Batavia, IL - 60510, USA 
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                                  G. Flanagan, Muons, Inc., Batavia, IL - 60134 
 
Abstract 

The MuCool Test Area (MTA) at Fermilab is a facility 
to develop the technology required for ionization cooling 
for a future Muon Collider and/or Neutrino Factory. As 
part of this research program, we have tested two 805 
MHz vacuum RF cavities in a multi-Tesla magnetic field 
to study the effects of the static magnetic field on the 
cavity operation. This study gives useful information on 
field emitters in the cavity, dark current, surface 
conditioning, breakdown mechanisms and material 
properties of the cavity. All these factors determine the 
maximum accelerating gradient in the cavity. This paper 
discusses the image processing technique for quantitative 
estimation of spark damage spot distribution on cavity 
interior surfaces. The distribution is compared with the 
electric field distribution predicted by a computer code 
calculation. The local spark density is proportional to 
probability of surface breakdown and shows a power law 
dependence on the maximum electric field (E). This E 
dependence is consistent with the dark current calculated 
from the Fowler-Nordheim equation. 

INTRODUCTION 
High intensity, low emittance muon beams are essential 

requirements for a future Muon Collider and/or Neutrino 
Factory. Low emittance muon beams can be produced by 
ionization cooling. This consists of passing muon beams 
through low-Z absorber material (liquid H), to reduce all 
components of the momentum and replacing only 
longitudinal momentum with accelerating fields using RF 
cavities. At the same time, to keep the muon beam 
focused, both the absorbing material and RF cavities are 
placed inside a strong magnetic field provided by a 
superconducting solenoid. The ionization cooling process 
is most efficient if both the accelerating fields and 
magnetic fields are high. To study the interactions of a 
static magnetic field with operation at high accelerating 
fields, two 805 MHz RF cavities e.g. (i) LBNL-Pillbox 
(ii) All-Season have been tested in a multi-Tesla magnetic 
field at the Fermilab MuCool Test Area (MTA). During 
operation with high magnetic field B = 2 - 5 T, the 
cavity’s accelerating field degrades significantly, dark 
current and X-rays are produced and interior surfaces 
suffer severe breakdown damage [1-3]. In this paper, we 
present the spatial distribution of the breakdown damage 
spots on the interior surface of the RF cavity using 
ImageJ [4] and Mathematica software [5]. The measured 
number of breakdown spots per unit area is compared 

with both the electric field distribution (calculated by 
computer code) and the dark current calculated from the 
Fowler-Nordheim equation. Finally a power law 
dependence on the maximum electric field is discussed. 

805 MHZ CAVITIES 
LBNL-Pill Box Cavity 

A cross sectional view of the 805 MHz cylindrical 
pillbox cavity of inner diameter 312.4 mm is shown in 
Fig. 1. Two irises are covered by specially designed 
copper windows (separately shown). Each window has a 
radius of 97.9 mm.  RF power at 805 MHz is fed in 
through a kidney shaped coupling slot on the cavity wall 
using WR975 rectangular waveguide [3] with 20 µs pulse 
duration and repetition rate of 15 Hz. The cavity is 
mounted inside a 44 cm bore diameter superconducting 
solenoid magnet which can generate magnetic fields up to 
5 T. The peak electric field was 40 MV/m with RF power 
4.2 MW at B=0 field and 16 MV/m with RF power 0.67 
MW at B = 3 T.  

 
Figure 1: (a) Cross sectional view 805 MHz Pillbox RF 
cavity with copper window [3], (b) Copper window of 
radius 80 mm and iris of outer radius 97.95 mm. 

 
Breakdown damaged spots on vacuum window is 

shown in Fig. 1(b) and the location of damaged spots are 
marked by crosshairs using ImageJ software shown in 
Fig. 2.  
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Figure 2: Photograph of copper window and iris with 
distribution of RF breakdown damage spots, marked with 
crosshairs using ImageJ software. 
 
All Season Cavity 

Another cavity tested at the MTA known as the All 
Seasons cavity, is shown in Fig.3 [6]. This cavity was 
designed for both vacuum (310-8 Torr) and 100 atm 
compressed hydrogen gas operation. It consists of a 
SS316 cylindrical body [Fig. 3(b)] of outer diameter 
366.9 mm and two end plates. The top [Fig.3(c)] and 
bottom [Fig. 3(d)] both have a diameter of 290.7 mm. 

 
Figure 3: (a) All Seasons cavity (b) cross sectional view 
(c) top plate (d) bottom plate with cylindrical wall. 
 

RF power was fed to the cavity through a coax coupler 
[Fig. 3(a)] with 20 µs pulse duration and 15 Hz repetition 
rate. The cavity was operated at peak electric field of 25 
MV/m with RF power 1.2 MW, B=0 T and 22 MV/m 
with RF power 0.93 MW, B= 3T magnetic field [7]. 

 
ANALYSIS AND RESULTS 

LBNL-Pillbox Cavity  
For the sake of analysis, the surface of the pillbox 

cavity window was divided into 3 regions as shown in 
Fig. 1(b). Region I is a circular area of radius 66.7 mm, 
region II is a ring of inner radius 66.7 mm and outer 
radius 80 mm. Both region I and region II are part of flat 
circular window. Region III (iris) is also a ring of inner 
radius 80 mm and outer radius 97.9 mm. The center of the 
window is the origin of the coordinate system (X, Y or 

r,) shown in Fig.2 where Breakdown Damage (BD) spot 
locations are identified by crosshairs using the image 
processing software ImageJ. The BD spot distribution is 
calculated with the help of Mathematica software. Figure 
4(a) shows the BD spot distribution in the X-Y plane. The 
upper half of the iris is close to the RF coupler and has 
more damage spots than the lower half. The BD spot 
distribution in r- plane is shown in Fig. 4(b). 
 

 
(a)                           (b) 

 
                            (c)                           (d) 

Figure 4: BD spot distribution in X-Y plane (a) and r- 
plane (b), BD spot no. vs  plot (c) with bin size: 5o and 
BD spot no. vs r plot (d) with bin size 0.9 mm. 
 

The number of BD spots at different values of  and r 
are depicted in Fig. 4(c) and Fig. 4(d) respectively. The 
electric field distribution was calculated using computer 
code [8] and field emission dark current density was 
calculated from the Fowler-Nordheim equation where we 
have taken the work function () for copper to be  4.65 
eV and the field enhancement factor () to be 200. Figure 
5 illustrates the results of the electric field, dark current 
density and number of BD spot density. Figure 6 shows 
the BD spot density vs electric field in the window area. 
The solid circles represent the data obtained from image 
processing and the line indicates an electric field (En) 
power fit. This shows the data fit well with E6.28.  
 

 
Figure 5: BD spot number per cm2, RF electric field and 
dark current density vs radial distance plot. 
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Figure 6: BD spot density vs electric field plot for flat 
window area. 
 

All Seasons Cavity 
Distributions of BD spot are shown in X-Y [Fig. 7(a)] 

and r- plane [Fig. 7(b)]. The number of BD spots at 
different values of  and r are shown in Figs. 7(c) and 
7(d) respectively. Fig. 8(a) illustrates the BD spot no. per 
mm2 at different radii for the top plate at given  values 
and Fig. 8(b) shows the same for the bottom plate. Fig. 9 
depicts the computed electric field (with 10 times 
magnification) distribution and dark current density 
distribution. This is the same for both plates. 

 
                  (a)                                       (b) 

 
                     (c)                                        (d) 
Figure 7: BD spot distribution in X-Y plane (a) and r- 
plane (b) (in both plots red/blue for top/bottom plate), BD 
spot no. vs  plot (c) [blue/brown for top/bottom plate 
with bin size 5o], BD spot number vs r plot (d) 
[orange/magenta for top/bottom plate with bin size 1.2 
mm].  

 

 
 
Figure 8: Plot of BD spot number per mm2 at different 
radius for given  (e.g. Red Circle for 40o, Orange Square 
for 80o and so on) (a) for top plate and (b) for bottom 
plate. 

 
Figure 9: Electric field and dark current density 
distribution at different radii. 
 

CONCLUSIONS 
 

The BD spot distributions in both cavities are generally 
consistent with the electric field profiles but there are 
some differences. In the LBNL-Pillbox cavity, BD spots 
were distributed more densely over the iris region where 
the electric field and dark current are high. Note that the 
iris region includes accumulated damage from more runs 
than the window. In the flat window region the BD spot 
density data correlates with 6.28th power of the electric 
field. In the All Season cavity, fewer damage spots are 
observed because the surface inspection was carried out at 
an early stage of the run. In both plates most of the spots 
are within a radius of 100 mm. Note that in both cavities, 
data was taken both with and without magnetic field 
before the surface inspection. In future experiments, 
inspection will be done separately after runs with and 
without magnetic field to explore the role of magnetic 
field in the breakdown process.  
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DESIGN AND HIGH POWER TESTING OF 52.809 MHZ RF CAVITIES FOR 
SLIP STACKING IN THE FERMILAB RECYCLER*  

R. Madrak#, D. Wildman, FNAL, Batavia, IL 60510, USA 
 

Abstract 
For NOvA and future experiments requiring high 

intensity proton beams, Fermilab is in the process of 
upgrading the existing accelerator complex for increased 
proton production. One such improvement is to reduce the 
Main Injector cycle time, by performing slip stacking, 
previously done in the Main Injector, in the now 
repurposed Recycler Ring. Recycler slip stacking requires 
two new RF cavities operating at slightly different 
frequencies (df = 1260Hz). These are copper, coaxial, 
quarter wave cavities with R/Q =13 ohms. They operate 
at a peak gap voltage of 150 kV with 150 kW peak drive 
power (60% duty factor), and are resonant at 52.809 MHz 
with a 10 kHz tuning range. Two have been completed 
and installed. The design, high power test results, and 
status of the cavities are presented. 

INTRODUCTION 
To increase beam power, the Recycler Ring has been 

converted from an antiproton storage ring to a proton 
preinjector for proton injection/slip stacking. The increase 
in power, which is projected to be 80%, is due to a shorter 
Main Injector cycle time (decreased from 2s to 1.33s), 
since injection/stacking and acceleration can now be 
performed in parallel. [1] 

Slip stacking is a process in which 6 batches of 8 GeV 
protons from the Fermilab Booster are ‘stacked’ on top of 
an additional 6 batches of beam. It has been performed 
and studied previously in the Main Injector [2], using an 
RF system which was designed primarily for the 
acceleration of beam. The process is as follows: Six 
Booster batches are injected into the Recycler Ring and 
captured by one RF system at 52.809 MHz, and then 
decelerated slightly by changing the frequency of the RF 
system by 1260 Hz. Then, six more batches are injected 
and captured by a second RF system operating at 52.809 
MHz. Since the two sets of batches have slightly different 
energies, one set ‘slips’ azimuthally with respect to the 
other. When the two sets of batches are aligned, they are 
injected into the Main Injector, captured, and then 
accelerated to 120 GeV. 

CAVITY DESIGN PARAMETERS 
Slip stacking requires two cavities with f0 = 52.809 

MHz, a maximum Vpeak= 150 kV and approximately 10  
kHz of tuning range. The cavities must be tuneable by 
1260 Hz for slip stacking itself, and must also have 
compensation for frequency drift due to heating and 

variation of cooling water temperature (~ 0.5 kHz/°F). 
The maximum duty factor will be 60% with a pulse 
length of 0.8 s. 

In the interest of minimizing beam loading, the cavity 
dimensions were chosen to minimize R/Q while taking 
into account other practical constraints, such as being able 
to fit in the allowed area in the tunnel. 

The cavity geometry is shown in Figure 1. This is a 
quarter wave coaxial resonator. The R/Q of 13 Ω is 
substantially smaller than that in the Main Injector 
cavities (103 Ω). This is due mainly to the large ratio of 
diameters of the outer and center conductors. Other key 
parameters are shown in Table 1.  

 

 
Figure 1: Cavity geometry and features. 

 
Table 1: Cavity Design Parameters 

f0 52.809 MHz 
Z0 10.2 Ω 

Vpeak (max) 150 kV 
Maximum power 150 kW 

Rshunt 75 kΩ 
Q 5800 

R/Q 13 Ω
Outer conductor ID 32 in 
Inner conductor OD 27 in 
nominal gap width* 2.9 in

Inner conductor length** 49.75 in 
Step up ratio 6 

*Based on pre-weld dimensions. Varied between cavities. 
**Nominal length from cavity short to gap end 

The initial design parameters and calculations were 
checked by constructing a model cavity from copper sheet 
metal [3]. Obviously this did not allow for vacuum or any 
high power tests, however, it was very useful for 
verifying and/or measuring key quantities at low power. 
These include factors such as resonant frequency 

 ___________________________________________  
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dependence on various dimensions, higher order modes, 
and fast tuner development. 

Input Coupler 
The cavity input coupler is a loop type coupler which 

connects to a 9-3/16  , 50 ohm transmission line through 
a copper and stainless steel bellows. The vacuum window 
is constructed from a conical 94% alumina ceramic 
brazed to copper rings. The rings are welded to additional 
copper sections to form the coupler outer and inner 
conductors. The coupler 2  diameter inner conductor is 
welded to the cavity inner conductor 7.5  from the 
shorted end, and the coupler outer conductor is welded to 
the cavity outer conductor. This results in a cavity 
accelerating gap to input coupler voltage step-up ratio of 
6. 

CAVITY CONSTRUCTION 
The cavity center and outer conductors were forged at 

Scot Forge, Spring Grove, IL from OFHC copper ingots. 
Following the forging they were machined to final 
dimensions and ports were added. The circular and 
annular regions which form the ends of the cavity were 
also machined from solid blocks of OFHC copper.  

The cavity center conductor, outer conductor, annual 
and circular end sections were electron beam welded at 
Sciaky Inc., Chicago, IL. Figure 2 shows the outer 
conductor being placed over the center conductor, after 
the annular end piece was welded to the center conductor. 
The cavity frequency was tuned after welding the center 
conductor to the annular ring by adjusting (by machining) 
the thickness of the endplate near the gap. This was 
necessary since the cavity frequency changed from pre- to 
post-weld, presumably because of changes in the effective 
dimensions due to the welding. The frequency 
dependence on gap width was measured to be 1.2±0.2 
kHz/mil. 

 

 
Figure 2: Positioning of outer conductor before electron 
beam welding.  

In order to maintain a uniform temperature at high duty 
factor, there are 12 cooling lines each on the cavity center 
and outer conductors. Each set has a flow rate of 60 
gal/min of 95 °F cooling water. The outer cooling lines 
and were brazed to the cavity. The lines on the ID of the 
center conductor were shrink-fit. At completion, each 
cavity weighs 4500 lbs. Some additional aspects of the 
cavity mechanical design are discussed in [4]. 

Cavity Ports 
The cavity outer conductor has eight 3.87  diameter 

(“larger”) and four 1.65  diameter (“smaller”) ports. 
Furnace brazed copper to stainless steel transitions are 
used to connect either 6  or 2-3/4  Conflat® flanges 
(depending on the port size) to the copper cavity body. 
One exception is one of the larger ports used for a fast 
tuner, which uses a copper flange and not a Conflat.   

Three of the larger ports located 35  (on center) from 
the cavity shorted end were used for fixed tuning slugs. 
The slugs are OFHC copper cylinders with a diameter of 
3.8  and a 0.5  radius on the cavity end. They are 
attached to water cooled Conflat blanks and protrude 
nominally 1  into the cavity. Final machining of the 
length of the tuning slugs sets the cavity center frequency 
to 52.809 MHz. 

The four smaller ports are all located near the cavity 
gap end: 44  from the cavity short. Two of these contain 
disk shaped capacitively coupled field probes for 
measurement of cavity gap voltage. These were calibrated 
by simultaneously measuring the field probe power and 
the cavity gap voltage with an Agilent 85024A High 
Frequency Probe and network analyzer. The voltage ratio 
is nominally 105:1. 

A third smaller port contains a 1  diameter copper gap 
shorting slug which can be used in the case where there is 
a third inactive cavity installed in the ring. The slug is 
mounted on a linear vacuum feedthrough, which can be 
remotely moved into the cavity to contact the center 
conductor. 

In one of the larger ports located 3  from the cavity 
shorted end and opposite the input coupling loop, a fast 
tuner is loop-coupled to the cavity through a 2.5  
diameter coaxial ceramic window. The loop area is 
adjusted to give a nominal coupling impedance of 50 Ω. 
The tuner is a half-wavelength 50 ohm transmission line 
which is partially loaded with Al doped YIG and shorted 
at one end. The garnet section is immersed in a variable 
solenoidal magnetic field which provides for fast cavity 
tuning. The fast tuner, which has a range of 10 kHz, is 
described in more detail in a separate contribution to these 
proceedings [5]. 

RF POWER 
The Fermilab Tevatron has been decommissioned and 

we were thus able to reuse the Tevatron RF Stations; this 
includes the power amplifiers, modulators, 9-3/16” 
transmission line, and impedance matching anode 
resonators. The Tevatron RF systems used essentially the 
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same power amplifiers as does the Main Injector, and 
these are described in [6]. 

Power is provided by a cathode driven Eimac Y567B 
(4CW150000E) 150kW power tetrode. The tetrode is 
coupled with a monolithic ceramic blocking capacitor to a 
cylindrical aluminium quarter wave resonator which is 
used to match the power amplifier output impedance into 
a 9-3/16 , 50 ohm transmission line. This tap point is at 
one half the peak voltage. The transmission line includes 
a variable length phase shifter and a 3:1 coaxial 
transformer with 3 between the transformer voltage 
maximum and the cavity input. Taking into account the 
cavity input coupler step-up ratio of 6, the 3:1 
transformer, and the half voltage tap point on the anode 
resonator, the total cavity step up ratio from the plate of 
the tetrode to the cavity gap is 9. 

HIGHER ORDER MODES 
Both the measured and calculated lowest frequency 

higher order modes of the cavity are shown in Table 2. 
Modes are classified as TEM or TE. The TEM modes are 
of more concern as they can be easily excited by the 
beam. All TM modes have frequencies of above ~2 GHz. 
The 3rd harmonic TEM mode is damped by a ½  Heliax® 
quarter wave coaxial line with a capacitive pickup on the 
9-3/16” transmission line (near a voltage maximum). For 
damping, a 5 W, 50 Ω load is connected to the heliax line 
near the 50 Ω tap point. 

For the modes listed in Table 2, the frequencies of the 
TE modes are calculated analytically for a coaxial 
waveguide, assuming a line length of 50 , and using 

= g/(1+( g/ c)
2)1/2, where g and c are the guide and 

cutoff wavelengths of the coaxial line [7]. The TEM 
modes were calculated using the LANL Superfish 
program [8]. 

Table 2: Higher Order Modes 

 

CAVITY TESTING, INSTALLATION, AND 
COMMISSIONING 

Prior to their installation in the tunnel, two cavities 
were tested to full power in a cavity test cave. The 
cavities were first subjected to low power (up to 500 W) 
CW RF for one week, to condition away multipacting 

between the outer and inner conductors. In this case the 
cavity was driven through the fast tuner port (with the 
tuner disconnected). A photo of the cavities installed in 
the Main Injector tunnel is shown in Figure 3.  

 
Figure 3: Two complete cavities installed in the Recycler. 
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Calculated Measured Type order Calculated Measured Type order

f (MHz) f (MHz) f (MHz) f (MHz)

52.809 52.809 TEM 385.8 388 TE31 g

140.36 151.72 TE11 g 389.79 392.44 TE21 g

154.695 393.085
154.748 157.780 TEM 421 428.15 TE31 g

218.081 222.19 TE11 g 428.870
226.13 429.882 437.130 TEM

245.228 247.17 TEM 432.281 432.42 TE11 g

261.45 267.795 TE21 g 482.74 470.9 TE31 g

271.630 473.165
310.186 308.890 TE21 g 485.32 475.13 TE21 g

312 486.66
318.485 318.63 TE11 g 512.8 516.635 TE41 g

323.81 518.15
331.111 337.80 TEM
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For NOvA and future experiments requiring high 

intensity proton beams, Fermilab is in the process of 

upgrading the existing accelerator complex for increased 

proton production. One such improvement is to reduce the 

Main Injector cycle time, by performing slip stacking, 

previously done in the Main Injector, in the now 

repurposed Recycler Ring. Recycler slip stacking requires 

new tuneable RF cavities, discussed separately in these 

proceedings. These are quarter wave cavities resonant at 

52.809 MHz with a 10 kHz tuning range. The 10 kHz 

range is achieved by use of a tuner which has an electrical 

length of approximately one half wavelength at 52.809 

MHz. The tuner is constructed from 3⅛″ diameter rigid 

coaxial line, with 5 inches of its length containing 

perpendicularly biased, Al doped Yttrium Iron Garnet 

(YIG). The tuner design, measurements, and high power 

test results are presented.  

�������������

Two new quarter wave copper cavities have been 

constructed and installed in the Fermilab Recycler Ring 

for the purpose of slip stacking protons to increase beam  

 

 

 

Figure 1: Tuner adjustable section with the inner 

conductor removed from the outer conductor. 

 

 

power. These have been described in detail in [1]. They 

are to operate at 52.809 MHz with a tuning range of 10 

kHz. Tuning by 1260 Hz is required for slip stacking 

itself, and additional tuning is needed to compensate for 

temperature changes. The cavity maximum peak gap 

voltage is 150 kV with a shunt impedance of 75 kA and Q 

~ 6000. The cavities will be pulsed for a maximum of 0.8 s 

every 1.33 s (the Main Injector cycle time).   

The cavities are tuned using perpendicularly biased 

garnet in a coaxial line. This has been done previously 

and is described in [2] and [3].  The original concept, 

though not for cavity tuning in particular, is described in [4]. 

�������

In one of the ports located 3″ (on center) from the 

cavity shorted end, a fast tuner is loopEcoupled to the 

cavity. The coupling is through a 2.5″ diameter coaxial 

ceramic window. The tuner loop area of 2.5 in
2
 was 

adjusted to give a nominal coupling impedance of 50 A. 

The tuner is slightly less than a halfEwavelength long and 

is made up of  standard EIA 3⅛″ diameter, 50 A rigid 

copper transmission line, in addition to an “adjustable 

section” which is partially loaded with a 5″ long piece of 

Al doped Yttrium Iron Garnet (YIG). This section is 

immersed in a variable solenoidal magnetic field which 

provides a perpendicular bias for cavity tuning. A photo 

of the adjustable section, with the center conductor 

assembly removed from the outer conductor, is shown in 

Figure 1. The tuner line is shorted at the end opposite the 

cavity. 

 The garnet (TCI Ceramics type ALE400) has a 

saturation magnetization (4πMs) of 400 gauss. Its OD and 

ID are 3.0″ and 0.65″ respectively. The center conductor 

used in the 15.75″ long adjustable section, which does not 

have the dimensions of standard 3⅛″ coax line, is shrink 

fit into the garnet. Over the 9″ length closest to the short, 

the outer conductor thickness has been reduced from the 

standard 3⅛″ coax line wall thickness to 0.020″. Both this 

9″ section and the bottom copper shorting plate have a 

0.0197″ wide slot machined through the copper to reduce 

eddy current effects. 

For heat removal, the outer conductor is water cooled 

and the adjustable section is filled with a dielectric fluid 

(Diala AX). 

The adjustable section had previously been designed 

for use as a fast phase shifter in vector modulators 

operating at 325 MHz [5].  

The entire tuner, attached to the cavity and installed in 

the Recycler, is shown in Figure 2. 
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The 112 turn solenoid (with TCI Ceramics G4 ferrite 

flux return) was designed to work at relatively high DC 

current (80A), but also at high frequency (~2 kHz) 

AC current. While the AC response is not absolutely 

required, the ability to tune at ~2 kHz will be an 

advantage. Obtaining the desired DC and AC response 

necessitated the use of Litz Cable of sufficient 

cross section (1/0 AWG) with 270 copper strands of 24 

AWG wire insulated from each other. The total strand 

cross section reduces the losses in the DC regime, and the 

insulation between strands minimizes the eddy currents in 

the cable (for the AC regime). A cooling tube was wound 

on the outer surface of the solenoid as a bifilar coil in 

order to eliminate the effect of magnetic fields caused by 

eddy currents induced in it. A DC magnetic field 

simulation predicted the resulting minimum and 

maximum magnetic fields in the tuner garnet of 0.058 T 

and 0.081 T, for 8000 solenoid ampereEturns. 

The solenoid current is supplied by a Copley Controls 

Model 266 amplifier which has a nominal bandwidth of  

 

 

Figure 2: Tuner attached to the cavity, installed in the 

Recycler. The tuner is made up several 3⅛″ coax sections: 

an elbow, directional coupler, several straight sections, 

and finally the YIG loaded adjustable section (here 

obscured by the solenoid) which is shown in Figure 1. 

5 kHz. The tuner response is currently limited by the 

solenoid inductance of 1.9 mH and the 60V max/80 A 

max DC supply for the Copley amplifier. 

 

�������������
����
���
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The tuner is characterized apart from the cavity by the  

measurements plotted in Figure 3. This shows network 

analyzer S11 amplitude and phase measurements as a 

function of DC solenoid bias. Large phase shifts  

 
Figure 3: TwoEway phase shift in tuner 15.75″ adjustable 

section at 52.809 MHz (left yEaxis) and Loss (right yE

axis) as a function of solenoid bias. 

 
correspond to a large frequency change (tuning) in the 

cavity/tuner system. Operation must be above ~35A, 

below which the garnet becomes lossy. 
The next set of measurements quantifies the 

operation of the cavity/tuner system as a whole. 

Figure 4 (wide range) and Figure 5 (operation range) 

show the frequency (left yEaxis) and the Q of the 

cavity/tuner system (right yEaxis) as a function of 

solenoid bias current. The bias at which we observe 

a large change in frequency and a minimum in Q 

corresponds to the case where the tuner is one half 

wavelength long.  

 

 
Figure 4: Frequency and Q of the cavity/tuner system as a 

function of solenoid bias current, for a wide range of 

tuner biases. 

 

An additional restriction on tuner range is due to 

the peak voltage that can be sustained in the tuner 

without sparking. Figure 6 shows low level 
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measurements of frequency and the corresponding tuner 

voltage. In this case, the cavity was powered with a 

relatively small signal. Cavity peak accelerating gap 

voltage and tuner peak voltage were measured 

simultaneously. The values were then scaled to cavity gap  

 

 
Figure 5: Frequency and Q of the cavity/tuner system as a 

function of solenoid bias current, for solenoid biases in 

the range that the tuner is operated (> 35 A). 

 

 
 

 Figure 6: Tuner voltage and frequency of cavity/tuner 

system as a function of tuner bias. The maximum peak 

voltage for the tuner 3⅛″ line is also shown. (These 

measurements were taken from the cavity field probe and 

the directional coupler which is part of the tuner.)  

 

voltages of 100 and 150 kV. Operating with a tuner 

voltage above the peak voltage limit for 3⅛″ coaxial line 

of 13.3 kV will cause arcing and must be avoided. Not 

only is arcing in the coax line undesirable, but this can 

also lead to high voltages near the garnet which could be 

destructive. 

Measurements shown indicate I ≥ 32 A and I ≥ 40 A to 

respect the 13.3 kV limit, for cavity voltages of 100 kV 

and 150 kV. With no other adjustments, and taking into 

account the 35 A limit imposed due to losses in the 

garnet, the tuning ranges are 11.7 kHz and 7.5 kHz for 

cavity peak voltages of 100 kV and 150 kV.  

��������
��������������

To avoid destruction of the garnet, several methods of 

protection are in place to shut off RF power to the cavity 

in the event of a tuner spark. 

The tuner line contains a 60 dB directional coupler with 

both forward and reverse power taps. The first tuner 

protection system shuts off the RF drive if a change of 

more than 3dB/�s is detected in the reverse power. 

In the second protection system, a phase detector 

monitors the phase difference between forward and 

reverse power. If the phase changes more quickly than 

that due to normal tuning, the RF drive is again shut off. 

This is accomplished using a capacitive differentiator and 

a comparator. 

��
����
����������������������

Before being installed in the Recycler, both cavities 

were high power tested in a shielded “cavity test cave”. 

The cavity and tuner systems have been operated 

successfully at high power in the Recycler. 
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Abstract
The International Muon Ionization Cooling Experiment

(MICE) [1] includes two linear accelerator sections with
four RF cavities each within a shared vacuum vessel. Ten
cavity bodies have been fabricated for MICE including two
spares and one was electropolished at LBNL. A special
vacuum vessel was built to house this cavity and form the
201-MHz Single-Cavity Module (SCM). The module and
its instrumentation are being assembled and tested at Fer-
milab for installation and operation in the MuCool Test
Area.

MICE RF SYSTEM
MICE is a demonstration of ionization cooling using a

full cooling cell surrounded by tracking and particle iden-
tification detectors to measure each muon before and af-
ter it traverses the cooling cell [2]. It is under construc-
tion at Rutherford Appleton Laboratory (RAL). Figure 1
shows the RFCC (RF cavity and coupling coil) module
[3, 4] which includes a large-diameter coil around a linac
section. Each pair of cavities will be driven by a 2-MW
amplifier system for a gradient of 8 MV/m per cavity. Parts
of the power distribution network and LLRF system are
being procured, developed, built and tested by teams from
LBNL, University of Mississippi, Illinois Institute of Tech-
nology and Fermilab in the US and Strathclyde University,
Daresbury Laboratory, Imperial College and RAL in the
UK.

SINGLE CAVITY MODULE
In order to develop the assembly procedure for the RFCC

modules and test cavity operation early on at the Fermilab
MuCool Test Area (MTA), a special vacuum vessel was
designed at LBNL to house a single MICE cavity. The
single-cavity vacuum vessel has mostly the same mechan-
ical interfaces as the RFCC module. Figure 2 shows the
single-cavity module assembly. Ten RF cavity bodies have

∗This work was supported by the Office of Science, U.S. Department
of Energy, through the Muon Accelerator Program.
† torun@iit.edu

Figure 1: Partial cross section of a MICE RFCC module
showing RF cavities, couplers and Be windows.

been manufactured in industry using techniques developed
at LBNL. Cavity half shells were spun from 6mm-thick Cu
sheet e-beam welded at the equator. Four ports were pulled
around the equator on each cavity for couplers, vacuum
pumping and instrumentation. Copper cooling tubes were
brazed onto the cavity bodies. Each cavity has a pair of
0.35mm-thick curved beryllium windows for a pillbox-like
geometry. Power is brought in through a pair of coaxial
loop couplers. The first set of couplers is under fabrica-
tion at LBNL. The tuning system comprises stainless steel
flexure arms driven by pneumatic actuators [5]. Figure 3
shows the basic design. The actuator body includes two
concentric shafts screwed onto threaded holes in the tuner
arm. As the shafts are pulled together or pushed apart by
pneumatic action, the forces are transmitted to the cavity
stiffener rings to elastically deform the cavity body. The
actuator cover is attached to a vacuum vessel port with vac-
uum bellows while the body is thermally isolated from the
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Figure 2: Single Cavity Module assembly view showing
parts of the vacuum vessel body, couplers, tuning forks,
actuators and cooling tubes. Stiffener and window clamp
rings and cavity mounting struts are also visible while the
cavity body and Be windows are suppressed for clarity.

vessel. One of the cavities was electropolished at LBNL [6]
and sent to Fermilab for installation and testing in this ves-
sel. A prototype tuner arm was mounted on an aluminum
test hoop with one sixth the spring constant of the cavity
body for initial tests at LBNL. The first set of six produc-
tion tuner forks and actuators were built at Fermilab and
LBNL respectively. The test setup was used at Fermilab to
qualify the actuators.

ASSEMBLY STATUS AND PLANS

Clean Room
A class 100 (ISO 5) assembly environment is needed to

minimize contamination of the vacuum vessel and cavity
interior. The clean room chosen in Lab 6 at Fermilab had
been unused for many years but after interior cleaning and
curtain repair, it was down to class 10 (ISO 4). Air qual-
ity is monitored using a particle counter, all cavity ports are
capped during mechanical work and full clean room garb is
used by personnel during assembly. Cavity and vessel ex-
terior surfaces were cleaned before and after being moved
into the clean room. Flat aluminum cover plates were in-
stalled on the cavity in place of the Be windows to keep the
interior clean during initial assembly work without risking
damage to the thin windows. Covers for the vacuum ves-
sel have to be removed to reduce the size during transport.
Transparent plastic plates were used to keep the vessel in-

Figure 3: Tuner model (left), actuator prototype (center)
and test setup (right).

terior clean during storage and transport.

Mechanical Setup
The initial hardware configuration is shown in Fig. 4.

Due to limited height in the clean room during assembly
and in the hallway leading to the MTA experimental hall
during transport, a shorter stand was built and the vacuum
vessel moved onto this temporary stand. A portable gantry
crane was cleaned and placed in the clean room to lift the
cavity which weighed in at 227 kg and should be about
400 kg with the tuners installed. Initial measurement of
cavity parameters was performed with the cavity mounted
on a vertical measurement stand. A rotation fixture was
built to hold the cavity locked in a horizontal orientation
for tuning fork installation as well as rotate it to a vertical
orientation for handling by the crane. The cavity will be
mounted in the vacuum vessel using struts forming a six-
axis (Stewart) platform. An attachment was designed for
use with a portable lift to insert the cavity into the vacuum
vessel and hold it while the struts are connected.

Tuner System
In order for the tuning system to work correctly, all the

forks should be in a plane parallel to the cavity plane of
symmetry and the actuator shafts aligned with vessel ports.
Extra material was included on the contact pads in the
drawings for the flexure tuning forks. The ports on the vac-
uum vessel, the stiffener rings on the cavity body (which
the forks are attached to) and the forks were surveyed with
a laser tracker. Tuner fork contact pads were machined to
match the largest gap between stiffener ring surfaces on
the cavity and shims were prepared to take up the gaps as
needed. The forks have been installed as shown in Fig. 5.
A simple alignment tool was designed consisting of a rod
with an outside thread on one end so it could be screwed
into the tuner fork and a flat surface with a hole at the other
end to accept a laser tracker target. These were mounted on

Figure 4: Clean room interior with the cavity (back)
mounted on the vertical measurement stand under the
portable crane, the vacuum vessel (left) with transparent
cover plates on the temporary stand and part of the rotation
fixture (front).
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Figure 5: Cavity on rotation fixture with the tuner forks and
alignment tools installed. Note the temporary aluminum
cover instead of the Be window.

Figure 6: Cooling tube feed-throughs: model (left), in-
stalled on cavity (right).

the forks to be used for alignment of the forks on the cavity
and alignment of the cavity within the vacuum vessel.

Water Connection
No water fittings are allowed inside vacuum volumes

in MICE. The copper cooling water tube on the cavity
body goes through a pair of stainless steel two-piece feed-
through assemblies on the vacuum vessel (Fig. 6). A sec-
tion of stainless steel tubing was vacuum brazed to a section
of copper tubing. The stainless steel tube was then welded
to the feed-through flange and a stainless steel fitting for
the water connection on the air side. The copper tubing end
was silfos brazed to the copper tube from the cavity body
to complete the connection on the vacuum side. The feed-
through assemblies were water pressure tested and vacuum
leak checked before and after installation.

Diagnostics
The following instrumentation is in preparation for mon-

itoring various aspects of cavity operation:

• On the cavity, couplers and vacuum vessel

– Two pickup loops inside cavity to monitor the
RF field

– Vacuum gauges for the cavity, vessel and cou-
plers

– Thermocouples on cavity body

– Infrared sensors pointed at the thin Be windows
for temperature measurement

– Fiber light guides viewing the cavity interior to
detect sparking

– Piezoelectric sensors on cavity body to detect
and localize breakdown through acoustic signals

– Electron pickups near the coupler ceramic vac-
uum windows to monitor coupler conditioning

– Viewports near the vacuum windows to detect
light in couplers due to breakdown

• In the experimental hall

– Water pressure and flow. Note that there are five
cooling tubes in the system: one for the cavity
body and one for each of the coupler loops and
RF windows

– Gas pressure for tuner actuators

– Radiation detectors

∗ ionization chambers for overall dose rate
∗ scintillator+PMT counters for X-ray rates
∗ NaI crystal+PMT counter for X-ray spectra

– Forward and reflected power waveforms from
directional couplers near the cavity

Remaining Steps
The cavity will be installed in the vacuum vessel and the

transfer function for the tuning system measured shortly.
The vessel will be moved to the MTA hall after tuners and
instrumentation are fully tested and assembly will be fin-
ished in the MTA clean room. The vessel will be initially
placed in the fringe field of the MTA solenoid and moved
next to the coupling coil prototype for testing in the full
magnetic field configuration when that magnet is available.
RF power station controls have been upgraded and com-
missioned with a test load and frequency tuning will be in-
corporated into the conditioning control software [7].
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PROGRESS ON THE FABRICATION OF A CW RADIO-FREQUENCY 
QUADRUPOLE (RFQ) FOR THE PROJECT X INJECTOR EXPERIMENT 

(PXIE)* 

M. D. Hoff, A. J. DeMello, A. R. Lambert, D. Li, J. W. Staples, and S. P. Virostek              
Lawrence Berkeley National Laboratory, Berkeley CA 94720, USA 

Abstract 
The Project X Injector Experiment (PXIE), a prototype 

front end of the Project X accelerator [1] proposed by 
Fermilab, is currently under construction. The complete 
PXIE beamline [2] is made up of an H- ion source, a low-
energy beam transport (LEBT), a 2.1 MeV, 162.5 MHz 
radio-frequency quadrupole (RFQ) accelerator, a 
medium-energy beam transport (MEBT) and a 30 MeV 
section of superconducting cryomodules. The 4.45 m long 
CW RFQ consists of four separate modules that are joined 
by means of specially designed bolted joints.  Each 
module consists of four solid copper vanes that are brazed 
together to form a 4-quadrant accelerating cavity. The 
~100 kW of total wall power heat is removed by means of 
gun drilled water cooling passages. Mode stabilization is 
provided by a series of brazed, water cooled pi-mode 
rods.  Tuning is achieved using a total of 80 fixed slug 
tuners. Fabrication of the PXIE RFQ is now under way at 
LBNL. Details of the RFQ mechanical design and an 
update of the fabrication progress are presented in this 
paper. 

MODULES 
The 4.45 m long RFQ is assembled from four 

approximately equal length modules. The modules are 
sized based on the available copper C101 billet size, 
available milling machine capacity, general handling 
considerations and the desire to minimize joints. Each 
module is fabricated from four tee shaped pieces of 
copper that weigh approximately 940 kg each before 
machining (see Fig. 1).  

MACHINING 
The outer wall features are machined first. The outer 

wall is machined flat, followed by the pi-mode rod holes, 
slug tuner ports, sensing loop ports and the vacuum pump 
port are cut. Then the vane is flipped over and mounted to 
a 3 inch stainless steel plate for cavity machining. The 
stainless plate allows easy handling and mounting of the 
part in the milling machines. The precise cavity contours, 
pi-mode rod clearance holes and then the four mating 
braze surfaces are cut with a standard shaped end mill 
(see Fig. 2 and Fig. 3). The last step is the machining of 
the vane tip modulations, as described later in this paper. 

 
 
 

 
Figure 1: Raw tee shaped copper for vane fabrication. 

 
 

 
Figure 2: Exploded CAD model of four machined vane. 

 
 

 
Figure 3: Module 1, horizontal vane being machined. 

 ___________________________________________  

* This work is supported by the Office of Science, United States
Department of Energy under DOE contract DE-AC02-05CH11231. 
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Figure 4: Modulation cut test piece. 

PI-MODE RODS 
RF mode stabilization between cavity quadrants is 

accomplished with 8 hollow copper rods per module, 32 
total [3]. The rods are approximately 10 mm O.D. by 5 
mm I.D. by 425 mm long (see Fig. 5). The rods are 
hollow to allow coolant to flow inside the rods during 
operation. The rods are brazed to the cavity walls at the 
same time the four vanes are brazed together. The rod 
passes through a clearance hole in the vane that divides 
the quadrants (see Fig. 6). 
 

 
Figure 5: Pi-mode rod with two ferrules. 

 

 
Figure 6: Pi-mode rod with ferrule detail. 

 

VANE TIP MODULATIONS 
Vane tip modulations are machined using a specially 

made carbide cutting tool. Using a profile cutting mill is 
much faster than a ball end mill (see Fig. 4 and Fig. 7). 

 
Figure 7: Modulation profile cutting tool. 

 

COOLING PASSAGES 
Cooling of the RFQ body is accomplished by blind gun 

drilling 12 mm holes most of the long length of the 
vane. The long gun drilled hole is connected to the 
outside vane wall by cross-drilled holes at each end. The 
entry point for the gun drilled hole is then sealed with a 
tight fitting copper plug that is electron beam welded 
vacuum tight (see Fig. 8). 

 
Figure 8: CAD model of gun drilled cooling passages. 

BRAZING 
When the majority of the machining is complete, the 

four vanes of a module are gently brought together using 
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a kinematic, 6 strut fixture to check braze surface fits and 
measure RF cavity resonance. After the test fit, the vanes 
are separated, cleaned and CuSiL [4] braze alloy in the 
form of 1 mm wire is loaded into pre-machined 
grooves. The vanes are then brought back together and 
clamped into position. Pi-mode rods are then installed and 
clamped into position too. Brazing is done in a hydrogen 
furnace in the vertical position. The engineered clamps, 
using Inconel [5] Belleville washers, allow the copper to 
expand, yet maintain a firm clamping force during the 
heat up and cool down cycle (see Fig. 9). 

 
Figure 9: CAD model of vertical module braze with 
clamps. 

POST BRAZE 
After brazing the four vanes and 8 pi-mode rods 

together, the module is machined to its final length with 
O-ring and RF sealing geometry added to the ends.  

Coarse tuning of the RFQ cavity is accomplished with 
80 approximately equally spaced slug tuners. First 
temporary, length adjustable tuners are installed and RF 
resonance measurement are taken. The temporary tuners 
are adjusted in length until the desired RF resonance is 
achieved. The temporary tuners are removed, measured 
and replaced by non-adjustable, slug tuners. The slug 
tuners are sealed with an RF joint and O-ring. The slug 
tuners are held in place with a commercial snap ring. 

JOINT PLATES 
Modules are joined together using stainless steel plates 

that form a collar around the soft copper. The collar is 
tied to the module with a keyed groove and bolts. The 
collar contains pockets for bolts and nuts to clamp the 
modules together, squeezing the RF seal and O-rings in 
place (see Fig. 10). 

 
Figure 10: Joint Plates connecting modules. 

SUMMARY 
LBNL is currently constructing an RFQ for the Project 

X front end. The RFQ is being fabricated with solid 
copper vanes that are hydrogen furnace brazed together 
into four modules 4.45 m long total. Cooling will be 
accomplished with gun drill passages along the length of 
individual vanes. 32 Pi-mode rods linking adjacent 
cavities will provide RF stabilization.  Brazed modules 
are mechanically connected using a special joint plate 
with bolts. Final tuning is accomplished with 80 static 
slug tuners. Fabrication is underway at LBNL with 
expected delivery of the RFQ to FNAL in 2014. 
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RF, THERMAL, AND STRUCTURAL FINITE ELEMENT ANALYSIS OF 

FREQUENCY QUADRUPOLE (RFQ)  

A.R. Lambert
#
, M.D. Hoff, D. Li, J.W. Staples, and S.P. Virostek 

Lawrence Berkeley National Laboratory, Berkeley, CA 94804

ABSTRACT 

PXIE (Project X Injector Experiment) is a prototype 

front end system for the proposed Project X accelerator 

complex at Fermilab [1].  An integral component of the 

front end is a 162.5 MHz normal conducting CW 

(continuous wave) radio-frequency quadrupole (RFQ) 

accelerator that has been designed and is being fabricated 

by LBNL. The RFQ will accelerate H
- 
ions from 30 keV 

to 2.1 MeV [2].  The four-vane RFQ consists of four 

modules with a total length of 4.45 meters. Through 

application of finite element analysis (FEA), the 

electromagnetic fields and their resultant effect on the 

RFQ body temperature and the subsequent deformations 

due to thermal expansion have been simulated.  The 

analysis methodology developed at LBNL allows for 

quick evaluation of RFQ temperature, stress, deformation 

and the resulting effect on frequency without requiring the 

construction of a prototype.  The technique has been 

applied to the following: RFQ body, RFQ cutbacks, fixed 

slug tuners, and pi-mode rods.  The analysis indicates that 

the total heat load on the RFQ will be approximately 80 

kW, which is removed via water-cooled passages.  

INTRODUCTION 

The PXIE RFQ is a front end injector for the proposed 

Project X experiment at FNAL.  As this RFQ will operate 

in continuous-wave (CW) mode, the engineering design 

and analysis is critical for managing the thermal 

performance.  The aim of this paper is to introduce that 

analysis method used to determine the heat loads 

experienced by the RFQ, how these loads affect operating 

temperature, and how temperature increase affects 

frequency and the methods by which the cooling water 

can be used to mitigate the RF heating effects on 

frequency. 

RFQ BODY SIMULATION 

The body of the RFQ is simulated using a thin 3D slice of 

the RFQ cross section.  Only one-quarter of the geometry 

is simulated due to symmetry.  The first step of this step 

in the simulation is to create a vacuum geometry that 

corresponds to the solid RFQ body.  Once created, 

ANSYS Multiphysics [4] performs RF analysis on the 

vacuum geometry.  Once complete, the RF heat load is 

calculated and applied to the inner cavity walls of the 

RFQ body model.  Convective water cooling is applied to 

the gun-drilled cooling channels, as shown in Fig. 1.  
 ____________________________________________ 

*Work supported by the Office of Science, U.S. Department of Energy 

under DOE contract number DE-AC02-05CH11231 
#arlambert@lbl.gov 

 

 
Figure 1: RFQ body cross section with gun-drilled 

cooling channels. 

Assuming that the cooling water is at 30 
o
C, the 

resulting temperature profile at steady-state operation is 

shown in Fig. 2.   

 
Figure 2: Temperature contours (

o
C) for steady-state RFQ 

operation. 

The maximum temperature is 36.2 
o
C and is located at 

the vanetips.  Minimum temperature is approximately 

32.6 
o
C, and is found in the corner cooling passage.  

Overall, it is evident that with the current cooling scheme, 

the RFQ body temperature only rises 2.0 – 6.0 
o
C above 

nominal water temperature.  This temperature rise causes 

expansion of the cavity walls away from the beam axis, 

and growth of the vanetips towards the beam axis.  Both 

of these affect the resonant frequency of the cavity.  The 

thermal results are piped into a structural analysis which 

determines the displacements due to thermal expansion, 

the results of which are shown in Fig. 3.   

  THE PROJECT X INJECTOR EXPERIMENT (PXIE)* CW RADIO-
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Figure 3: Thermal displacement (m) due to RF heating

As surface nodes are shared between the vacuum and 

solid body meshes, the displacements are used to morph 

the vacuum mesh such that it reflects the deformed 

geometry.  This new cavity geometry, which represents 

the steady-state operating condition, is used for a final RF 

analysis to determine the frequency shift due to RF 

heating and subsequent steady-state frequency.  The 

uncorrected ideal, nominal and steady-state frequencies 

are shown in Table 1. 

Table 1: RFQ Frequencies 

Condition Frequency (MHz) 

Ideal 164.36 

Nominal 164.28 

Steady State 164.27 

 

As Table 1 shows, the frequency drop from initial start 

up, i.e. nominal frequency, to the final steady state 

frequency is approximately 10 kHz.  This drop is due to 

RF heating, with thermal equilibrium achieved roughly 10 

minutes after RF power turn on.  Varying the cooling 

water temperature in the vanes and walls provides some 

differential dynamic tuning capabilities that mitigate the 

frequency shift due to RF heating.  The frequency 

sensitivity to cooling water temperature change is shown 

in Table 2. 

Table 2: Frequency Shift Due to Cooling Water   Temp- 
erature Change 

PXIE Frequency Shift Average Result 

Overall (kHz/ oC) -2.8 

Vane (kHz/ oC) -16.7 

Wall (kHz/ oC) 13.9 

Theoretical Shift (kHz/ oC) -2.9 

 

As the table shows, the theoretical shift closely matches 

the simulated overall shift, evidencing the accuracy of the 

FEA model. 

RFQ BODY SIMULATION 

The RFQ cutbacks are simulated in a similar fashion as 

the thin slice model.  A sub-model of the cutbacks was 

created and RF analysis in ANSYS was carried out.  The 

result is piped into a thermal simulation, the outcome of 

which is shown in Fig. 4. 

 

 
Figure 4: RFQ cutback temperatures ( C) at entrance. 

o

As Fig. 4 shows, the maximum temperature occurs at 

the tips of the cutbacks, which is the location is the 

farthest from the cooling channels. 

PI-MODE RODS 

ANSYS Workbench is used to simulate the heating in 

the pi-mode rods, which are made from OFHC copper.  

The pi-rods are brazed into the RFQ structure and cooled 

via water that is pumped through their inner bore.  Heat 

loads are approximated from ANSYS Multiphysics and 

CST Microwave Studio.  The temperature results are 

shown in Fig. 5. 

 

 
Figure 5: RFQ body and pi-mode rod temperatures ( C). 

o

As Fig. 5 shows, assuming a nominal cooling water 

temperature of 30.0 
o
C, the resulting maximum rod 

temperature is 37.8 
o
C.  As long as cooling water is 

flowing, the pi-rod temperature is effectively managed.  

However, in the event of a cooling water failure, failsafe 

systems will shut down RF power; this is to avoid 

. 
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excessive heating of the pi-rods, which could cause 

material yielding due to thermal expansion. 

RFQ FIXED SLUG TUNERS 

The slug tuners are made from OFHC copper and are 

installed in their respective ports using a snap ring.  An 

RF spring mitigates any RF leakage at the mating 

surfaces, and an O-ring is used to seal the vacuum.  The 

slug tuners do not have any active cooling, but instead 

rely on conductive heat transfer to the RFQ body. 

The heat load on a given slug tuner is a function of its 

penetration depth into the RF cavity; nominal intrusion is 

20.0 mm, while min and max intrusion is +/- 20.0 mm 

from nominal, which gives a tuning bandwidth of +/- 1.4 

MHz.  The worst-case heating situation corresponds to a 

slug tuner at maximum intrusion of 40.0 mm, located at 

the cutbacks.  Evaluation of this situation yields a 

conservative estimate of the conductive cooling capability 

of the slug tuner to RFQ body interface.  The heat flux 

into a slug tuner for the described condition is shown in 

Fig. 6. 

 

Figure 6: Slug tuner heat flux (W/m
2
) at 40.0 mm 

intrusion

The heat flux is integrated over the area of the slug 

tuner to provide the total heat flow into the tuner, which is 

~80 W.  This heat flow is then used in ANSYS 

workbench to simulate heat transfer from the slug tuner to 

the RFQ body.  To mimic the effect of contact resistance, 

the effective area for conductive heat transfer is reduced 

to less than 10% of its actual area.  The resulting 

temperature profiles are shown in Fig. 7. 
 

 

Figure 7: Slug tuner temperatures profiles (
o
C) 

The maximum tuner temperature is 48.4 
o
C, which is 

not problematic.  It is unlikely that any of the slug tuners 

will experience this worst-case scenario; however, in the 

event that this situation does occur, the conductive heat 

transfer to the RFQ body is sufficient to cool the slug 

tuners. 

TOTAL RFQ HEAT LOAD 

From this analyses, it is possible to calculate the total 

RFQ heat load, and hence the required cooling that must 

be supplied to maintain stable operating temperatures.  

The total heat load of each module is tabulated in Table 3, 

with the overall total heat load summed at the bottom. 

Table 3: Module Heat Loads Due to RF  

Component Heat Load (kW) 

Module 1 19.2 

Module 2 19.7 

Module 3 19.7 

Module 4 19.4 

Total 78.0 

 

As Table 3 shows, the total RFQ heat load is 

approximately 78.0 kW.  This includes the heat of the 

RFQ body, cutbacks, pi-rods and slug tuners.  Assuming a 

30% contingency factor, the required cooling system 

should have a cooling capacity of ~100 kW. 

CONCLUSION 

This paper illustrates how the use of FEA provides 

successful prediction of RFQ operating parameters, as 

well as providing information that helps to size external 

systems without requiring a prototype module or rigorous 

experimental testing. 
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FINAL DESIGN OF A CW RADIO-FREQUENCY QUADRUPOLE (RFQ) 

FOR THE PROJECT X INJECTOR EXPERIMENT (PXIE)* 

S. P. Virostek
#
, A. J. DeMello, M. D. Hoff, A. R. Lambert, D. Li, and J. W. Staples 

Lawrence Berkeley National Laboratory, Berkeley, CA, USA

Abstract 
The Project X Injector Experiment (PXIE) now under 

construction at Fermilab is a prototype front end of the 

proposed Project X accelerator [1]. PXIE will consist of 

an H
-
 ion source, a low-energy beam transport (LEBT), a 

radio-frequency quadrupole (RFQ) accelerator, a medium-

energy beam transport (MEBT) and a section of 

superconducting cryomodules [2]. The PXIE system will 

accelerate the beam from 30 keV to 30 MeV. The four-

vane, brazed, solid copper design is a 4.45 m long CW RF 

accelerator with a resonant frequency of 162.5 MHz. The 

RFQ will provide bunching and acceleration of a nominal 

5 mA H
-
 beam to an energy of 2.1 MeV. The average 

power density on the RFQ cavity walls is <0.7 W/cm
2
 

such that the total wall power losses are ~80 kW. LBNL 

has completed the final design of the PXIE RFQ, and 

fabrication is now under way. The completed PXIE RFQ 

will be assembled at LBNL and tested with low-level RF 

prior to shipping to Fermilab. Several aspects of the final 

RFQ mechanical design along with associated fabrication 

techniques are presented in this paper. 

INTRODUCTION 

The PXIE RFQ will operate at a 162.5 MHz resonant 

frequency and will accelerate a 5 mA H
-
 beam to 2.1 MeV 

using a 60 kV vane-to-vane voltage. The 4.45 m long, 

four-vane CW structure will be comprised of four 

approximately 1.1 m long longitudinal modules. Only 

about 12% of the total RF input power goes to beam 

loading with the rest dissipated on the cavity walls to 

generate the necessary RF field. The modules will consist 

of four solid OFHC copper sections that are fully 

machined with the vane tips modulated prior to being 

brazed together. Due to the high power CW operation of 

the PXIE RFQ, a brazed copper structure design has been 

developed. Final frequency adjustment and local field 

perturbation correction is accomplished by means of 80 

evenly spaced fixed slug tuners. Quadrupole mode 

stabilization is achieved through a set of 32 water-cooled 

pi-mode rods. The overall approach for the PXIE RFQ 

was to combine specific proven fabrication and assembly 

techniques with other high reliability, low cost features in 

order to develop a design that poses low risk and is easily 

manufactured using readily available machinery. 

Images from a 3-D CAD model of the completed RFQ 

design are used in this paper to present detailed 

descriptions of various design characteristics. A realistic 

CAD rendering of the full four-module RFQ is shown in 

Fig. 1 (rendering by Don Mitchell of Fermilab). 

 

Figure 1: CAD model of the assembled RFQ. 

RFQ DESIGN DETAILS 

Cavity Body 

Each module consists of four vanes that are to be 

machined from a single piece of OFHC copper and will 

incorporate simple cooling channels produced using a 

readily available gun drilling technique. Modulations will 

be machined on the RFQ vane tips with a custom 

designed fly cutter used in a computer controlled 

horizontal mill. In order to provide high precision during 

both machining and assembly, the mating surfaces where 

the vanes join together also serve as fiducial surfaces. 

Two different vane geometries will be used in each 

module (horizontal and vertical) with the opposing vanes 

being identical. Features located on the outer surface of 

the vanes such as tuner ports, RF coupling ports, cooling 

taps, vacuum pumping ports, pi-mode rod penetrations, 

sensing loop ports and tapped holes for the stainless steel 

module joining plates will be machined prior to finish 

machining of the inner cavity surfaces and vane tips. All 

of the vacuum and RF sealing surfaces for the cavity 

penetrations are recessed into the outer surface of the 

RFQ copper body to prevent damage during handling.  

The modules will be formed by brazing together the 

finished vanes along the axially running joints. In order to 

maintain the tight vane tip-to-vane tip tolerances and 

ensure that the required field flatness and cavity resonant 

frequency can be achieved using the slug tuners, a zero-

thickness brazing process will be used. Wire braze alloy 

will be loaded into grooves that are recessed into the joint 

surfaces. A series of specially designed clamps will hold 

the vane joints tightly together during the hydrogen oven 

braze. The alloy spreads throughout the close fitting joint 

during the braze cycle by means of capillary action. This 
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technique permits the RFQ modules to be assembled and 

the cavity frequency and fields measured prior to the 

braze cycle to allow for dimensional adjustments, if 

necessary. The braze alloy to be used is Cusil, a copper-

silver eutectic that has very low viscosity when liquid. An 

exploded view showing the four vanes of a single RFQ 

module is provided in Fig. 2. 

 

Figure 2: Exploded CAD view of a single module. 

The final RFQ cavity is a four vane structure with four 

identically sized quadrants.  A cross sectional view of the 

RFQ body showing the cavity geometry with cooling 

passages, tuners and pi-mode rods is shown in Fig. 3.  

Details of the RFQ features are discussed in the following 

sections. 

 

Figure 3: CAD model cross sectional view of the RFQ. 

Cavity Cooling 

The four cooling channels located in the RFQ vane tips 

will be supplied and temperature controlled separately 

from the eight cooling passages in the RFQ cavity walls. 

During operation, the combined effect of RF generated 

heat flux on the cavity walls and heat removal through the 

cooling passages will cause cavity distortion and a shift in 

the resonant frequency. By holding the wall cooling water 

constant and adjusting the vane tip water temperature, the 

structure frequency can be fine-tuned during operation. 

Due to the fact that the cavity frequency is very sensitive 

to the vane tip spacing, separate temperature control of 

the vane tip water provides approximately six times the 

frequency tuning range of a single cooling circuit. 

The passages will be blind gun drilled into the vanes 

with e-beam plug welds at the end penetrations. Each of 

the 12 mm diameter passages will carry approximately 4 

gallons per minute of cooling water. Vane cutbacks for 

proper termination of the RF cavity are located at the 

beginning of the first module and at the end of the fourth 

module. The cross drilled connection to the vane cooling 

passages will pass close to the root of the cutbacks to 

accommodate the higher local heat loads at the ends. 

Cavity Tuning 

Fixed slug tuners distributed along the length of the 

RFQ modules will provide cavity tuning. The final design 

uses 20 tuners per RFQ module (one per quadrant at five 

approximately evenly spaced locations). The tuners will 

be machined from solid slugs of OFHC copper. 

The lengths of the tuners will be based on automated 

bead pull field measurements of the fully assembled RFQ 

modules.  Each set of four tuners at a given axial location 

will be custom machined to the appropriate lengths. RF 

sealing of the tuners will be accomplished with a canted 

coil spring that will fit in a groove and be pressed against 

a recessed lip in the cavity wall. An O-ring outside the RF 

spring will provide vacuum sealing. A load plate using set 

screws will be held in place by a snap ring recessed in the 

RFQ wall and will provide the necessary sealing load on 

the tuner.  The tuner components are shown in Fig. 4. 

 
Figure 4: Fixed slug tuner components. 
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Pi-mode Rods 

In order to minimize the dipole mode and maximize the 

quadrupole mode, four pairs of pi-mode stabilizer rods per 

module will be used to provide RF mode stabilization. 

The rods pass through holes in the vanes and provide a 

direct connection between opposing cavity walls. The pi-

mode rods will be brazed into the cavity walls at the same 

time that the four vanes are brazed together. The rods are 

10 mm diameter hollow OFHC copper tubes that are 

water-cooled. 

RF and Vacuum Seals 

A 3 mm wide, 250m high raised surface will be 

machined into the module ends around the periphery of 

the cavity to provide a primary RF connection between 

modules. The primary sealing surface will be backed up 

by a canted coil spring to absorb any RF that leaks past 

the initial seal. An O-ring outside of the canted spring will 

provide the vacuum seal. The modules will be joined 

together using a ‘flangeless’ joint design in which 

connecting bolts and nuts are recessed into stainless steel 

joint plates. The joint plates are connected to the RFQ 

body by means of a series of bolts and are keyed to a 

lateral groove in the RFQ outer wall to provide resistance 

to the axial forces.  Fig. 5 shows a CAD view of the 

module-to-module joint configuration 

 

Figure 5: CAD showing a module-to-module joint. 

Both RF and vacuum sealing are also required at the 

numerous penetrations into the RFQ cavities. The RF feed 

and sensing pick-up ports have sealing schemes that are 

similar to that previously described for the tuners. The 

vacuum ports will consist of slotted holes that penetrate 

the copper cavity walls and that were designed to 

maximize gas conductance while preventing RF leakage 

into the pumps. O-rings will provide the vacuum sealing 

for these ports.  

RFQ Assembly 

The RFQ modules are easily aligned during assembly 

as the ends are designed to be self-aligning through the 

use of dowel pins embedded in the walls at the ends. The 

bolted end connections are sufficiently strong and stiff 

such that the fully assembled RFQ can be supported as a 

single unit. This characteristic allows the RFQ body to be 

supported using a simple kinematic 6-strut system that 

cannot impart any direct bending stresses on the 

assembled RFQ. A CAD image of the full, four module 

RFQ is shown in Fig. 6. 

 

Figure 6: CAD model of the entire RFQ. 

THERMAL PERFORMANCE 

A series of RF, thermal and structural analyses were 

performed during the design of the PXIE RFQ.  The 

details of these analyses, which were carried out using 

ANSYS [3], are provided in [4]. From the RF analysis, 

the average linear power density was determined to be 

137 W/cm with a peak heat flux on the cavity wall of only 

0.7 W/cm
2
. The peak temperatures in the cavity copper 

were found to be only 4 to 5C higher than the cooling 

water inlet temperature. 

The RFQ cooling scheme will use differential water 

temperature control in the vane and wall passages. This 

technique provides active tuning of the RFQ by holding 

the wall water temperature constant and adjusting the 

vane water temperature up and down. The frequency of 

the RFQ can be shifted by -16.7 kHz for every 1C rise in 

the vane tip cooling water temperature. For uniform water 

temperature control, the shift would only be -2.8 kHz/C. 

SUMMARY 

LBNL has completed the final RFQ design for the 

Project X Injector Experiment at Fermilab. The overall 

design scheme was presented in this paper. Construction 

of the actual RFQ modules is now under way at LBNL 

and is expected to be completed by the end of 2014.  

Details of the fabrication progress can be found in [5]. 
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Abstract 

    Four-vane RFQ is a general choice for the low energy 
injector of light ion accelerators. In this commonly used 
four-vane RFQ structure, each vane has undercuts at both 
ends to create open magnetic field paths that realize 
uniform electromagnetic fields along longitudinal 
direction. Meanwhile, there exists another undercut 
method called as double dipole (DD) that requires 
undercuts only on 2 vanes [1] that are interleaved with 
vanes with no undercut. The RFQ with DD cutback can 
provide a design option besides the traditional 4 vane 
cutback (4C) method. In this paper, we investigate and 
discuss some important DD RFQ features in detail: 1) 
Finite on-axis field at DD RFQ end section, 2) Dipole 
mode properties, and 3) Mode spectrum with respect to 
structure length. 3D simulation is utilized for this DD 
RFQ analysis.   

INTRODUCTION 
The radio frequency quadrupole (RFQ) has been widely 

used for focusing, bunching, and acceleration of ion 
particles [2]. The four-vane RFQ [3] with four vane cut-
backs (4C) [2][4] is common design choice for light ion 
accelerator systems.  

The four-vane RFQ is derived from the quadrupole 
ridge waveguide [3], and requires cut-backs on each vane 
ends. The cut-back is necessary to avoid perfect electric 
boundary condition on vane ends, which is essential to 
provide the required electric field uniformity in whole 
structure.  

Researchers found that two other cut-back methods are 
possible to maintain the uniform quadrupole mode: 
double dipole (DD) and folded dipole (FD) [1][5]. These 
schemes were used in a < 2.0 λ length structure 
demonstration RFQ model at Chalk River. One drawback 
of the DD and FD structures is the generation of finite on-
axis field at RFQ ends in quadrupole mode. However, 
these problems may be relieved by adjusting ion source 
energy level and RFQ radial matching section design [8].  

The DD structure is of special interest in this paper 
because of its unique characteristics on dipole mode that 
leads to different mode spectrum results. This may 
provide an alternative design option in some cases where 
4C RFQ mode separation is very small. 

Therefore in this paper, we investigate some important 
features of DD RFQ. First, we discuss the on-axis voltage 
generation in DD RFQ. Next, some interesting dipole 
mode properties in DD RFQ are covered with qualitative 
description and discussion. Finally, a DD RFQ mode 
spectrum result with the Spallation Neutron Source (SNS) 
RFQ geometry is presented as an example case. The 3D 
simulation tool CST Microwave Studio [6] is utilized in 
this study.       

ON-AXIS FIELD AT DD RFQ ENDS 
Fig. 1 shows a perspective view of 4C and DD RFQ 

cut-back geometries. In conventional 4C RFQ, all four 
vanes are not electrically touching the both end-plates. 
Meanwhile, only two opposing vanes make contacts to 
the end-plate in DD RFQ.  

 

   
 

(a)                                 (b)                               
Figure 1: RFQ cut-back - (a) 4C, (b) DD. 

 
Because of this electrical contact of two vanes, DD 

RFQ generates a finite on-axis voltage. Fig. 2 describes 
how the on-axis voltage in z-direction is created. In 4C 
RFQ, the sum of Ez field on beam axis becomes zero. 
Each RFQ vane induces RF voltage of π phase difference 
from the adjacent vanes; hence cancellation of on-axis 
voltage occurs in 4C RFQ [7]. The short circuit condition 
of two vanes in DD RFQ, however, diminishes this 
cancellation and finite on-axis potential remains.  

 

                
     (a)                                 (b)                               

Figure 2: RFQ end region - (a) geometry, (b) Ez field. 

 
The existence of a finite on-axis voltage requires a 

different end-region design scheme as shown in Fig. 3. 
The conventional design for 4C RFQ in Fig. 3 (a) is not 
optimized to reduce the axial voltage. Previous work [1] 
suggested the design in Fig. 3 (b) which can decrease this 
axial voltage the most, however it may induce gas flow 
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issue due to large bore. An intermediate design between 
these two is the conical one shown in Fig. 3 (c). This 
design has advantages of small bore with reduced axial 
voltage.      
 

                                    
(a)                       (b)             (c)                               

Figure 3: Plate geometry - (a) closed (b) open (c) conical. 

 
The results of simulated axial voltage are summarized 

in Table 1. The SNS RFQ body geometry with 5λ length 
is utilized in this simulation study. The 550 kW peak 
power is assumed to have a similar operating condition in 
the SNS RFQ. The simulated axial voltage with conical 
end-plate geometry is 6.38 kV, about 9.8% of SNS RFQ 
65kV input beam energy. This axial voltage can be further 
decreased by introducing a radial matching section (RMS) 
[8] in RFQ inlet. In this example with SNS RFQ RMS 
design, 4.77kV axial voltage, about 7.4% of the input 
beam energy, could be observed.      
 

Table 1: On-Axis Voltage Results by Plate Geometry 
 On-axis voltage Ratio / 65 kV 

Closed 9.87 kV 15.2 % 
Open 3.75 kV 5.8 % 
Conical 6.38 kV 9.8 % 
Conical + RMS 4.77 kV 7.4 % 

 

DIPOLE MODE CHARACTERISTICS 
The DD RFQ provides a unique mode spectrum 

because of different cavity coupling and dipole mode 
boundary condition from 4C RFQ.  

Figs.4 show how the quadrupole and dipole modes are 
generated in 4C RFQs. The RFQ magnetic field line path 
should be closed through circulation in cut-back areas [9]. 
When the magnetic field in two diagonal quadrants have 
the same polarity, it becomes the quadrupole mode. 
Otherwise, it becomes a dipole mode.   

In azimuthal plane, the 4C RFQ fundamental 
quadrupole and dipole modes have π and π/2 phase 
difference per each quadrant, respectively. For a short 
RFQ, the magnetic coupling through end-region is 
stronger than the electric coupling via vane gaps. Hence, 
the fundamental quadrupole frequency with π phase 
difference becomes lower than the fundamental dipole 
frequency with π/2 phase difference [10]. For a long RFQ, 
however, the electric coupling dominates and the 
fundamental quadrupole frequency has higher value than 
the fundamental dipole frequency.   

  

 
(a)                  

             
(b)                               

Figure 4: H field circulation at 4C RFQ end-region - (a) 
quadrupole, (b) dipole mode. 

 
On the other hand, the DD RFQ modes are generated 

by electrically coupled two dipole cavities. Likewise 4C 
RFQ, the RF phase difference of each set determines the 
quadrupole and dipole modes. When two dipoles have 0 
or π phase difference, it becomes the dipole or quadrupole 
mode. Since the two dipoles are connected only through 
electric coupling, the fundamental quadrupole frequency 
with π phase difference is always higher than the 
fundamental dipole frequency with open boundary in Fig. 
5 (b). Therefore, the tuning method can be always kept 
same in DD RFQ independent to the structure length.    

The vane pair short circuited to end-plates shown as red 
box in Fig. 5 causes the DD dipole modes not to 
degenerate as 4C RFQ dipoles. The DD modes are formed 
by combination of two dipoles, and the horizontal and 
vertical dipoles do not have same boundary condition 
because of the end-plate. H field in one dipole (Fig. 5 (b)) 
circulates through cut-back area that can be considered as 
an open boundary. Meanwhile, the other dipole in Fig. 5 
(c) experiences the short circuit boundary. The magnetic 
field path is closed through the small bore openings in 
this short dipole.  

  

 
(a)                  

             
(b)                               

             
(c)                               

Figure 5: H field circulation at DD RFQ end-region- (a) 
quadrupole, (b) dipole (open), (c) dipole (short) mode. 
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Although two dipole modes are not degenerate in DD 
RFQ, the entire mode spectrum is not complex. Since the 
open and short circuit boundary dipoles can be 
approximated as the waveguide and cavity modes, those 
can be related by cavity length lv as (1) [11]. The 
frequency of short fundamental dipole fTE(S) is similar to 
the first harmonic frequency of the open fundamental 
dipole fTE(O) and so on. Their harmonic frequencies have 
similar relations as well.   
 

22

)()(
2

2 v
OTESTE

l
f

c
c

f        (1) 

 

MODE SPECTRUM BY RFQ LENGTH 
Figs. 6-7 show the simulation results of 4C and DD 

RFQ mode spectrum with structure length. The SNS RFQ 
transverse geometry is used in this simulation. DD dipole 
frequencies are different from 4C ones, hence DD RFQ 
could be an alternate design option in some structure 
lengths. The open boundary dipole in DD RFQ (TE01n+1) 
has similar frequency with the short dipole (TE10n) by a 
harmonic order difference. The fundamental open dipole 
frequency TE010 is always lower than the fundamental 
quadrupole frequency TE110. With SNS geometry, DD 
RFQ has good mode separation around 3λ, 5λ, and < 1.5λ 
lengths.  
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Figure 6: Mode spectrum results of 4C RFQ. 
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Figure 7: Mode spectrum results of DD RFQ.   

CONCLUSIONS 
Some results of investigation on the properties of DD 

RFQ are discussed. The on-axis field generation and end-
region design examples are presented. An end gap axial 
voltage of 4.77 kV is expected with 550 kW peak power. 
Dipole mode properties of DD RFQ are compared with 
the 4C RFQ with qualitative discussion. Although dipole 
modes do not degenerate in DD RFQ, overall mode 
spectrum is still shows their harmonic relation. The 
simulation results of mode spectrum are in good 
agreement with expectation from qualitative approach. 
The DD RFQ can be an alternative design option in some 
RFQ lengths where it provides better mode separation 
than 4C RFQ.  
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Abstract 

    X-ray radiation from accelerating cavities can be 
serious problem not only in high energy section but also 
in certain low energy system including beam matching 
section with buncher cavity. In this paper we propose a 
double gap buncher cavity design for low energy part of 
H- ion accelerators which can reduce X-ray radiation. The 
cavity utilizes Transverse Magnetic (TM) mode at about 
400MHz as the operating mode. A drift tube supported by 
a stem in the cavity can form two gaps that can divide the 
required gap voltage to a half per each gap. Lower peak 
field can be realized since this double gap cavity can 
avoid sharp geometry. 3D simulation is utilized to address 
the analysis of non-axisymmetric structure. An Aluminum 
scaled model is built and tested with low power 
measurement. The measured results are in good 
agreement with simulations.       

INTRODUCTION 

For safety, radiation shielding is an important part of a 
high energy accelerator design [1]. Concrete material 
surrounds accelerator system in a tunnel to shield any 
hazardous radiations. Often bunching cavities in low 
energy section of ion accelerator < 3MeV are placed 
outside the tunnel only with fundamental radiation shield. 
X-radiation with non-negligible level can occur, however, 
if cavities are not under good vacuum condition [2]. 
Therefore, more conservative design to prevent X-
radiation can help to improve system operability.  

Assuming a constant vacuum level, X-radiation 
intensity is related to the cavity gap voltage and discharge 
current [3][4]. Ref. [3][4] expects that the radiation 
intensity has quadratic to cubic relation with gap voltage. 
The radiation wavelength is inversely related to the gap 
voltage as well [4]. Consequently, lower gap voltage may 
decrease a radiation dose and hard X-ray generation. 

The mechanism of discharge current is rather complex, 
but in general it is relevant to the field emission and 
explosive emission mechanism [5]. The electric field in 
cavity determines the discharge current, and lower electric 
field is expected. In other words, lower electric peak field 
with smooth gap geometry may help to minimize 
discharge current and radiation intensity. 

With regarding these voltage and peak field 
requirements, a double gap buncher cavity design is 
proposed and its lab type measurement is presented in this 
paper. This design is aimed to fit the requirement of the 
cavity 4 with 30mm bore diameter in medium energy 
beam transport (MEBT) section in the Spallation Neutron 
Source (SNS) [6]. The cavity length and particle speed are 
about 13cm and 0.073 v/c, respectively.   

X-RADIATION BY VACUUM DISCHARGE  

At cavity gap, the X-ray radiation dose DX is 
determined by the integration of the radiation intensity JX 
over the particle commutation time tc (1) [3][5].  

 

 ct

XX dttJD
0

)(           (1) 

 

)()( tVtiJ n
X            (2) 

 
The radiation intensity JX is related to the discharge 

current i(t) at cavity gap and the gap voltage V(t) likewise 
(2) [3][5]. The variable n commonly has values in range 
of 1.8~3.0 [3-5]. As a result, V(t)  becomes an important 
parameter to determine JX. The maximum X-radiation 
frequency also rises as the gap potential energy increases. 
This may induce a generation of hard X-ray. Therefore, 
low cavity gap voltage is desired to decrease X-radiation. 

In accelerating cavities with high electric field intensity, 
the discharge current is generally formed by Fowler-
Nordheim field emission mechanism [5]. Fig. 1 describes 
the field emission process at cavity gap (between cathode 
and anode), and the current density definition.  

In field emission mechanism, some cathode electrons 
are stripped by strong electric field and collide to the 
anode. The emission current is a function of electric field; 
hence smaller electric field is desirable to decrease X-
radiation by discharge current.  

Most RF cavities are designed to have enough design 
margins until to reach the field breakdown limit, however, 
some micropoints on cathode and anode surface (Fig. 1) 
may lower the barrier of discharging. These micropoints 
can generate plasma around cathode, and as a result the 
discharging process starts earlier than as expected. This 
mechanism is called as explosive electron emission [5]. 
The anode part can also suffer from extra heating, 
evaporation, and ionization. 

 

 
Figure 1: Field emission at cavity gap and Fowler-
Nordheim current density. 

 
The sharp gap shape in low energy ion accelerator 

section can be more vulnerable to explosive electron 
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emission mechanism; because the geometry would have 
more chance to contain micropoints than flat shape.  

Regarding all considerations above, we propose a 
double gap cavity design which can help to relieve X-
radiation problem. This design decreases gap voltage and 
peak electric field that is directly related to X-radiation. 
The voltage is reduced to a half by using double gap, and 
the peak electric field can be decreased with flat gap 
geometry. 

 

DOUBLE-GAP TM MODE CAVITY  

Buncher cavity operates with -90º phase from the RF 
electric field maximum, as a result the average particle 
speed does not change. For that reason, the multi gap 
cavity geometry can be symmetrical. The transverse 
magnetic (TM) electromagnetic mode can be more 
reliable from the multipacting issues than transverse 
electromagnetic (TEM) cavity design [7]. The benefit of 
higher R/Q in TEM cavity diminishes at higher frequency 
about 400MHz [8] because of very low Q. The TEM 
cavity efficiency further decreases for the requirement of 
SNS MEBT buncher cavity, which has a large bore 
diameter about 30mm. Therefore, TM mode is adopted as 
the operating mode.   

The design of double gap cavity requires 3D RF 
analysis because of rotational asymmetry. The CST 
Microwave Studio [9] is utilized in the cavity design and 
parameter study.   

Fig. 2 shows the electric field formation of the single 
and double gap cavities. About a half voltage of single 
gap cavity is formed in each gap of the double gap cavity.  
Each double gap cavity gap dimension is slightly bigger 
than the single gap cavity to decrease the electric peak 
field. Each gap field has the same RF phase in the double 
gap cavity and matched to the particle velocity.  

 

   
(a)                             (b)                               

Figure 2: Electric field and cavity geometry around on 
axis- (a) single gap, (b) double gap. 

 
A summary of the cavity parameters are shown in Table 

1. The double gap design obviously can decrease peak 
electric field by 55% and generate half voltage per each 
gap, which can help to decrease X-radiation intensity. 
Although this design gives slightly lower power 
efficiency and may become mechanically slightly bigger 
due to additional gap spacing. The power efficiency can 
be improved further by optimizing the cavity gap 
geometry.   

 
Table 1: Parameter Comparison (3.0cm bore/ 28.2kW rms) 

 Single Gap Double Gap 
Frequency (MHz) 401.9 400.1 
Gap size (mm) 12.30 14.23 

14.23 
Q (unloaded, Copper) 21413 20903 
r/Q 29.35 27.83 
Rs/L (Mohm/m) 5.48 4.47 
V0 (kV) 119.08 57.28 

57.28 
(Total : 114.45) 

T 0.447 0.452 
E0 (MV/m) 2.32 1.93 
Epk (MV/m) 29.9 13.26 
Hpk (A/m) 6565 8644 

 

½ SCALED MODEL FABRICATION 

A scaled prototype model of half size is built with 
Solidworks [10] to verify the design. AL 6061 T6 material 
with 42% of copper conductivity is used as a cavity 
material. As shown in Fig. 3, the drift tube assembly is 
attached on the equator of the cavity main body. Next, the 
minor piece is mounted to the main piece to complete the 
assembly. This prototype model is designed for low 
power measurement; hence does not include the design of 
cooling channel.   
 

                    (a)                                      (b)            

 
                      (c)                                         (d)                              
Figure 3.  Fabricated ½ scale double  gap  cavity (a) minor 
piece, (b) major piece, (c) major  piece with  tube, (d) final  
assembly with 2 ports.  
    

FREQUENCY AND Q MEASUREMENT 

Table 2 shows the comparison of the simulated and 
measured TM010 mode frequency and Q value. S21 
parameter is measured with a two port vector network 
analyser (VNA). The simulation and the measurement 
showed an excellent agreement in frequency. The 12% 
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difference in Q measurement comes from extra power 
loss on the cavity seam plane and coupler ports.  

 
Table 2: Simulation vs. Measurement – Frequency and Q 

 Simulation Measurement 

Frequency 800.49 800.56 
Q 9286 8179 

 

R/Q MEASUREMENT 

One of the cavity figures of merit, shunt impedance, is 
both RF loss and frequency dependent. Hence R/Q [11], 
which is independent of the loss and frequency is 
measured and compared.   

Fig. 4 shows a beadpull system setup for R/Q 
measurement. A spherical metallic bead was used. We try 
the phase shift measurement to find R/Q since this 
method is rather simple and accurate [12].   

The measured phase shift results in Fig. 5 are all 
integrated on the cavity beam axis to calculate R/Q. The 
reference phase outside of the cavity gap is set to zero, 
and two shifting curves are shown due to the double gap. 
The same method used in Ref. [13] is utilized to calculate 
R/Q.   

 

 
Figure 4: R/Q measurement system. 
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Figure 5: Measured phased shift by perturbation method. 

 
The measured R/Q is in good agreement with the 

simulation with 94% accuracy as shown in Table 3. The 
estimated shunt impedance Rs is lower in accuracy with 
about 83%, because of 12% Q discrepancy already 

discussed in Table 2. R/Q value will be the same for 
400MHz as well.     

 
Table 3: Simulation vs. Measurement – R/Q 

 Simulation Measurement 

R/Q 27.83 26.12 
Rs (Mohm) 0.258 0.213 

CONCLUSIONS 

A buncher cavity design to reduce X-ray radiation for 
better operability is proposed for the low energy ion 
accelerator section with SNS MEBT cavity example. Gap 
voltage and peak electric field drastically decreases with 
this double gap design. Measurement results with scaled 
model are in good agreement with simulations.    
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HARMONIC RATCHETING FOR FAST ACCELERATION∗

N. Cook† , Stony Brook University, Stony Brook, NY 11790 USA
M. Brennan, S. Peggs, BNL, Upton, NY 11973, USA

Abstract
From medical synchrotrons to accelerator driven sys-

tems, there is a need for fast acceleration of protons and
light ions. This can be a costly undertaking, requiring spe-
cially designed ferrite loaded cavities to be tuned across a
wide range of frequencies. Ferromagnetic materials allow
for the precise adjustment of cavity resonant frequency, but
rapid tuning changes and operation outside material spe-
cific frequencies result in significant Q-loss. This leads to
a considerable increase in power requirements. We intro-
duce an acceleration scheme known as harmonic ratcheting
which reduces the cavity frequency range when accelerat-
ing an ion beam in a synchrotron. This scheme addresses
the needs of high repetition rate machines for applications
in which low beam intensity is needed. We demonstrate
with simulations the type of ramps achievable with ratchet-
ing and consider its advantages.

INTRODUCTION
The potential for fast acceleration of low energy ion

beams remains rich, with a host of applications proposed
to take advantage of rapid cycling synchrotrons or FFAGs.
Nonetheless, conventional acceleration of low β charged
particles remains expensive and inefficient. The primary
challenge of accelerating such particles lies in achieving
robust and flexible tuning. Using speciality ferrites, tuning
can be obtained at the cost of efficiency. Ferrite materi-
als suffer dramatic loss effects when driven at high bias
fields and high magnetic flux [1] [2]. These difficulties
have stemmed the advancement of fast and efficient accel-
erators for low energy ion beams.

The integer harmonic number h relates the RF and revo-
lution frequencies through the relationship fRF = h fref .
The relative RF frequency range can be significantly re-
duced below the revolution frequency range by decreasing
h in steps as the ions accelerate and frev increases. This is
the motivation and basic method of harmonic ratcheting.

HARMONIC RATCHETING
Suppose that two (or more) RF cavities take turns accel-

erating the beam – one turns on when the other turns off,
at different RF frequencies – so that the RF frequency is
always constrained to remain in the range

fmin ≤ fRF ≤ fmax (1)

where fmin and fmax are externally determined design pa-
rameters. It is possible to make the transition back or forth

∗Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.

† ncook@bnl.gov

between harmonic numbers

h = n (2)
and h = n+Δ

where n and Δ are positive integers, if

fmax

n+Δ
>

fmin

n
(3)

Equivalently, we have

Δ < nr (4)

where

r ≡ fmax

fmin
− 1 > 0 (5)

is the “ratcheting parameter”. Equation 4 shows that Δ has
a maximum permissible value, which must be greater than
1 if a harmonic transition is to be possible. A ratcheting
transition is possible if the following conditions are met.

n > 1 , r > 1 (6)

n >
1

r
, r < 1

Several harmonic ratchets can take place during one ac-
celeration ramp. Figure 1 show an example with r = 0.50,
where the revolution frequency increases from 0.61 MHz
to 3.35 MHz, while the RF frequency is constrained to lie
between 5.5 MHz and 8.25 MHz.

Figure 1: An example of harmonic ratcheting with r =
0.50. The plot shows one possible solution – with the har-
monic number sequence h = 9, 7, 5, 4, 3, 2 – that maxi-
mizes RF frequency while minimizing ratcheting number.
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Designing a Ratcheting Ramp
The selection of the initial harmonic number in the ratch-

eting ramp is determined by considering the minimum re-
quired bucket length, tinj to accept particles into a single
bucket at injection. This length sets a maximum possible
initial harmonic. Moreover, the energy acceptance at injec-
tion also scales inversely with hmax

2. These requirements
can be summarized by

hmax ≤ 1

tinjfrev(0)
(7)

and hmax
2 ≤ 2QVgβ

2Es

π|ηs|ΔE0
2

Here, Q is particle charge, Es is synchronous energy,
and ηs is the phase slip factor. As the initial harmonic in-
creases, a corresponding increase in voltage is necessary to
keep the acceptance the same. Ferrite tuning time poses an
additional constraint on the ratcheting permutation. Tuning
the inactive cavity from a high frequency down to a low
frequency requires circumnavigating the hysteresis curve.
This tuning time, τt, is on the order of a few ms, which
sets a lower limit on the active time for any cavity between
ratcheting transitions τactive > τt.

Emittance Growth at Ratcheting Transition
During the harmonic transition, the voltage on the cavity

operating near fmax at harmonic h = n + Δ is reduced
while a second cavity operating at harmonic h = n has its
voltage raised from a feedback level to provide the desired
gap voltage at the new harmonic. Assume that this change
happens quickly and that both the synchronous phase and
total accelerating voltage are smoothly varying when the
ratcheting takes place.

The result of the harmonic ratcheting is a relaxation of
the bucket potential. As a result, large amplitude particles
stray further in phase from the design particle in order to
feel the same restoring force, thereby increasing longitudi-
nal emittance S. Similarly, the bucket area A will grow as
h is reduced. Both quantities grow as

S2

S1
∝ A2

A1
∝

(
n+Δ

n

) 3
2

(8)

The emittance growth due to the harmonic number tran-
sition matches with the bucket area growth during the
ratcheting process. Thus, for small or slow changes in har-
monic number, the ratcheting process is inherently stable,
as illustrated in figure 4. This transition is calculated non-
adiabatically. The transfer of voltage takes place over some
time period τr. A particle will make nt = βcτr/C turns
in that time. If τr = 100μs, a β = 0.1 particle makes 50
turns of a 60 m synchrotron.

FERRITE-LOADED CAVITIES
The resonant frequency of a ferrite-loaded cavity is f =

1
2π

1√
LC

where L, the inductance of the cavity, is ad-

justable between minimum and maximum values Lmin and
Lmax. Consider a cavity with a total ferrite length of
l, made of many rings with inner and outer radii ra and
rb. The inductance is L = l

2π μ′ ln rb
ra

where the in-
cremental complex permeability of the ferrite is written
μ = μ′ + jμ′′. The component μ′ and the inductance
of the cavity are tuned by biasing the ferrite with a pseudo-
constant azimuthal magnetic field driven by a tuning cur-
rent. Ignoring the stray inductance, the required dynamic
range of L and of μ′ is

Lmin

Lmax
=

μ′
min

μ′
max

=
1

(1 + r)
2 (9)

The voltage across the gap of a cavity is

Vgap = 2πf Bmax l ra ln
rb
ra

∼ f l (10)

where Bmax ≈ 0.01 T is the maximum RF magnetic field
that is allowed at the inner radius of the ferrite rings. This
shows that for a fixed maximum field Bmax, the ferrite
length l can be reduced if the RF frequency in the cavity
is increased. Thus, harmonic ratcheting allows a given ac-
celeration waveform to be achieved with shorter cavities.

The total length of ferrite required with a ratcheting pa-
rameter r, relative to a non-ratcheting scheme in which ions
are accelerated over the full dynamic range is given approx-
imately by

lratchet
lnon−ratchet

=
fmin,non−ratchet

fmin,ratchet
≈ 2

1 + r

D
(11)

where D = βmax

βmin
, and the factor of 2 recognizes that only

half the cavities are active at any one time. For example,
Figure 1 illustrates acceleration over a dynamic range of
D = 5.5, using a ratcheting parameter of r = 0.50. In
this case ratcheting makes it possible to decrease the to-
tal length of ferrite by a factor of 0.55. Conversely, the
gap voltage can be nearly doubled for a fixed cavity length,
almost doubling the potential repetition rate of a rapid cy-
cling synchrotron.

EXAMPLE: A RAPID CYCLING
MEDICAL SYNCHROTRON

Consider a rapid cycling synchrotron for acceleration of
C6+ ions for radiation therapy applications. Assume a 15
Hz repetition rate and a circumference C = ∼ 65 m. Ions
must accelerated through a range 8 to 400 MeV/μ.

Once the initial harmonic is determined, the initial RF
frequency is set at fRF (0) = h0 βc/C. Appropriate se-
lection of a frequency ceiling limits the ferrite to operate
within a more efficient permeability range. In this instance,
we choose a ratcheting parameter of r = 0.5 via a final har-
monic transition of h = 3 to h = 2. Figure 1 shows the RF
frequency and figure 2 plots the active harmonic.

When the frequency ceiling is reached at the current har-
monic, RF power is transferred to the second cavity sys-
tem at a lower harmonic number. Each time the harmonic
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Figure 2: Active cavity harmonic for the ∼65 m Carbon
synchrotron harmonic ratcheting ramp.

number is reduced, the RF frequency is reduced by a fac-
tor hn

hn−1
where hn is the new harmonic, and hn−1 is the

previous value. The maximum frequency swing during the
ramp is determined by the maximum value of this ratio, or
equivalently the ratcheting parameter r, according to

Δf

f0
= r (12)

For example, if the largest transition in a particular ratch-
eting scheme is from h = 3 to h = 2, then the ratcheting
parameter is r = 0.5, and that particular ramp is limited to
a 50% frequency swing.

Figure 3: Output voltage for each cavity system. The volt-
age is calculated to meet the constraint φs ≤ 33◦.

Figure 3 outlines the output voltage needed for each cav-
ity system in our example ramp. The harmonic transition
and transfer of power to the inactive cavity cannot be per-
formed instantaneously; the voltage may be raised over
∼ 100μs. Detailed feedforward and diagnostic systems
are required in order to maintain the proper voltage. The
emittance evolution for our example case is shown in 4.

Ratcheting may also reduce losses due to anomalous ef-
fects in ferrite. At sustained high fields, ferrites demon-
strate a Q-loss effect (QLE) which can result in a reduction
of 20% of maximum field. High bias fields can increase

Figure 4: Estimated emittance and bucket area is shown for
a simulated ramp with fixed synchronous phase.

this effect by reducing the threshold of Q-loss onset. How-
ever, at high bias rates the threshold for this effect is sig-
nificantly raised [1]. A ratcheting scheme should mitigate
QLE by reducing total biasing. Rapid bias field changes
may also induce a dynamic loss effect in the ferrite. These
losses can lower a cavity’s Q value by up to 40%. Unlike
the QLE, this effect appears to be more dependent on the
temperature and duration of the biasing. By decreasing the
time spent biasing at high fields, this effect can be reduced
considerably [2].

CONCLUSION
A new scheme for accelerating low energy ions quickly

and over a large frequency range is presented. By adjust-
ing the harmonic number during acceleration in a manor
specifically tailored to the desired acceleration cycle, a sig-
nificant reduction in the frequency range is obtained, easing
the ferrite’s tuning requirement. Moreover, the frequency
increase allows potentially several times larger gap volt-
ages to be obtained for the same amount of ferrite, mak-
ing higher machine repetition rates possible. Alternatively,
cavity length could be reduced by an equivalent factor. This
approach is particularly suited to low intensity ion beams
which do not require filling a ring but necessitate fast ac-
celeration across a range of energies.
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MULTIPACTING STUDY FOR THE RF TEST OF THE MICE 201 MHz RF

CAVITY AT FERMILAB MTA
∗

T. Luo , D. Summers, University of Mississippi, University, Mississippi, USA†

A. DeMello, D. Li, H. Pan, S. Virostek, M. Zisman, LBNL, Berkeley, California, USA

Abstract

In this paper, we present a study of multipacting effects

for the high power RF test, to be done at Fermilab’s Mu-

cool Test Area, of the 201 MHz RF cavity for the Muon

Ionization Cooling Experiment. We show how the fringe

field of the Lab G magnet affects the cavity performance

due to multipacting and predict the possible multipacting

bands in the high power RF test with different magnetic

field strengths.

INTRODUCTION

One cavity for the international Muon Ionization Cool-

ing Experiment (MICE) [1], after being manufactured and

electro-polished at LBNL, has been shipped to the Fermi-

lab Mucool Test Area (MTA) for the single cavity test. To

study the cavity performance in a strong magnetic field, this

cavity will be tested in the fringe field of the 5-T Lab G

magnet before the MICE Coupling Coil is ready for opera-

tion.

In this paper, we study multipacting (MP) effects for the

single cavity with and without the Lab G magnet fringe

field. We show possible MP bands with different magnetic

field strengths expected in the high power RF test. The

Lab G magnetic field is calculated by ANSYS, the cavity

RF field by S3p [2] and the MP effect by Track3p [3].

MAGNETIC FIELD OF THE LAB G

MAGNET

The magnetic field of the Lab G magnet has been

mapped both experimentally and numerically [4, 5]. How-

ever, none of the previous mappings cover the full region

where the 201 MHz cavity will be placed. Thus we used

ANSYS to recalculate the magnetic field. The field along

the central axis is compared with previous mapping and

shows good agreement, as shown in Fig. 1. Due to the

uniqueness of the solution of Poisson equation, the AN-

SYS result should also give the correct field everywhere

in space, including the fringe field region where the cavity

will be placed, which is about 1.0 m away from the Lab G

magnet (center-to-center) if the Single Cavity Vessel is lo-

cated as closely as possible to the Lab G magnet.

∗Work supported by NSF MRI Award 0959000, and by Office of Sci-

ence, U.S. Department of Energy under DOE contract number DE-AC02-

05CH11231, US Muon Accelerator Program.
† tluo@lbl.gov

Figure 1: The ANSYS magnetic field calculation of the

Lab G magnet. The left figure is the contour plot of the

field magnitude. The right figure is the comparison of mag-

netic fields from ANSYS with previous G4Beamline re-

sults [5] along the central axis.

RF FIELD IN THE 201 MHz CAVITY

The cavity model is built from its CAD drawing, includ-

ing the curved beryllium windows, the coaxial waveguide

and the loop coupler. To build an RF field with power prop-

agating into the cavity and dissipating on the cavity walls,

we use S3p with a “waveguide” boundary condition (BC)

at the coaxial port and “ impedance ” BC on the cavity wall.

The orientation of the coupler is adjusted to achieve critical

coupling (β ≈ 1), with coupling angle at about 17
◦. The E

and B fields in the cavity are shown in Fig. 2.

Figure 2: RF field of the cavity. The left figure shows the

E field magnitude in the cavity. The right figure shows the

maximum B field in the cavity on the coupler loop, where

sufficient cooling should be supplied.

MULTIPACTING EFFECT ON 201 MHz

CAVITY WITH LAB G MAGNET

The MP effect is evaluated by the Enhancement Counter

(EC) in the Track3P code. The electron is launched from

its primary emission surface and tracked for 50 RF cycles,

until its energy is too high or too low for MP, or until it hits

the absorber surface. Every time it hits the second emission

surface, the probability η to generate a secondary electron,

which depends on impact energy and surface material, is
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recorded. After 50 RF cycles, the enhancement counter:

EC = Π
N

i=1
η1 · η2 . . . ηN

EC > 1, it indicates a possible MP case. The larger

the EC, the more likely the MP will happen. The SEY data

of copper we used in this paper are for the Argon Glow

Discharge (AGD) treated copper [6]. Since Be windows

will be TiN coated, we treat these as an absorber surface.

According to its geometry, the cavity is divided into

three parts: the coaxial waveguide, the coupler and the cav-

ity body. We study the MP with different magnetic field

strengths: Bmax = 0 T, 1.25 T, 2.5 T, 3.75 T and 5 T on the

central axis.

The required cavity field gradient for the neutrino factory

is 16 MV/m, which corresponds to about 2.8 MW input

power per port. Thus we will study the MP from 10 kW up

to 3 MW.

MP In the Coaxial Waveguide

Without B field, the MP in the coaxial waveguide can be

solved analytically for low-order modes and has been stud-

ied thoroughly. With the fringe field of the Lab G magnet,

the MP pattern changes significantly.

• The EC spectrum is shown in Fig. 3. Without B field,

there is a narrow MP band at low power from 40 kW

to 70 kW. Beyond that, there is no more MP. The

Lab G magnet fringe field induces a resonant pattern

at higher power. As the B field increases, more res-

onant patterns show up at high power but the EC is

small compared to the MP at low power.

Figure 3: The EC spectrum in the coaxial waveguide.

• The MP impact location is shown in Fig. 4. With

Lab G B field, many resonant patters show up near

the RF window with high EC. Most of them happen

under 100 kW. Looking into the trajectories of these

electrons, they are emitted near the RF window and

build the resonance pattern bouncing between the in-

ner and outer conductor of the waveguide. This may

explain the copper deposition on the RF window ob-

served in the previous test of the 201 MHz prototype

cavity [7].

Figure 4: The MP impact location in the coaxial waveg-

uide, where Y = 1.1 m is near the RF window.

MP In the Coupler Region

Due to the detailed geometry in the coupler region, the

meshing at this area needs to be very dense to achieve an

accurate RF field. The computation time would be too long

if we carried out the MP calculation in the whole region.

Therefore, we choose three typical locations in the upper,

the middle and the bottom part of the couple and combine

their results.

• The EC spectrum is shown in Fig. 5. Without ex-

ternal B field, MP happens only below 200 kW. As

the Lab G magnet increases its strength, the MP de-

creases in the low power region but shows up at higher

power with smaller EC. No MP is observed above 750

kW.

• The MP impact location is shown in Fig. 6. With-

out external B field, the electrons emitted at the cou-

pler region migrate up into the coaxial waveguide and

build up a resonance there. When the external mag-

netic field is present, some electrons start to migrate

into the cavity body and build up resonance along the

curved torus. The stronger the external B field, the

more resonance in the cavity.

Figure 5: The EC spectrum in the coupler.

MP In the Cavity Body

When studying the MP in the cavity body, for simplic-

ity, we study the cavity without the coaxial waveguide and

,
when
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Figure 6: The MP impact location in the coupler. For ref-

erence, the extrusion transition between cavity and waveg-

uide is from Y = 0.601 m to 0.627 m.

coupler. Without the power input port, we use the E field

gradient instead of the input power in the MP EC spectrum.

• The EC spectrum is shown in Fig. 7. When the ex-

ternal B field is zero or small, there is no MP in the

cavity. As the B field increases, MP starts to show up

in the cavity. The maximum MP happens at around 2

MV/m.

• The MP impact location is shown in Fig. 8. Above

50% of the full field of Lab G magnet, stong MP starts

to show up on the cavity copper side walls around x ≈

±0.4 m.

Figure 7: The EC spectrum in the cavity body.

CONCLUSION

In this paper we have studied the MP in the MICE 201

MHz cavity in the Lab G magnet fringe field for the up-

coming single cavity test at Fermilab MTA. Our study has

shown that:

1. Without external magnetic field, in the coaxial waveg-

uide, there is a narrow MP band at around 40-70 kW;

in the coupler, some electrons migrate into the waveg-

uide and build up MP there; no MP shows up in the

cavity body.

Figure 8: The MP impact location in the cavity body. For

reference, the extrusion edge of the vacuum port and instru-

mentation port are at X = −0.6 m and 0.6 m, respectively.

2. The Lab G magnet fringe field will change the MP,

and its effects depend on the field strength. With the

Lab G field, simulation shows strong MP near the RF

window in the waveguide, which might explain the

copper deposition on the RF window seen in the pre-

vious test. In the coupler region, the B field guides the

electrons into the cavity body and builds up MP along

the curved torus. In the cavity body, when the Lab G

magnet operates above 50% of its full field, MP shows

up on the copper side walls at low power.

We have applied several approximations in the simula-

tions, such as ignoring other ferrite materials near the cav-

ity, simplifying the loop coupler and RF window structure,

using SEY data of AGD copper instead of electropolished

copper, tuning the cavity to exact critical coupling, etc. All

these factors will affect the MP results. Nonetheless this

paper provides a qualitative, or semi-quantitative, descrip-

tion of the MP effect in the MICE 201 MHz cavity in the

upcoming single cavity test.
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MULTI-HARMONIC ACCELERATING CAVITIES FOR  
RF BREAKDOWN STUDIES* 

Y. Jiang#, J. L. Hirshfield, Yale University, New Haven, CT 06511, USA  

Abstract 
Multi-harmonic accelerating cavities that are explicitly 

designed for RF breakdown experiments are described. 
The fundamental TM010 and its higher harmonic TM011 or 
TM012 modes of the cavities are to be excited coherently 
by an external RF source in the expectation of lowering 
surface pulsed heating and/or surface electric field, so as 
to reduce breakdown probability and possibly achieve an 
increase in acceleration gradient. 

INTRODUCTION 
In this paper, microwave cavities that support the 

superposition of the fundamental TM010 mode and at least 
one more mode whose eigen-frequency is a harmonic of 
the TM010 eigen-frequency are described. These bimodal 
cavities are explicitly intended to be vehicles that may 
deepen understanding of RF breakdown and pulsed 
heating, and as possible candidates for incorporation into 
multi-cavity high-gradient accelerator structures.  

By selectively exciting synchronized multi-harmonic 
cavity modes driven externally in a precisely-controlled 
manner from a novel multi-frequency RF source available 
at Yale [1], unconventional spatiotemporal distributions 
of electromagnetic fields within a cavity can be realized, 
with the potential to lower field emission and/or pulsed 
heating at a given level of acceleration gradient; these 
effects are believed to be precursors to RF breakdown. In 
particular, two phenomena provide the main motivation 
for introduction of a 2nd mode at a harmonic frequency, 
namely: (a) the so-called anode-cathode effect [2]. In a 
longitudinally asymmetric cavity [2], phase-locked two-
frequency operation, with the 2nd mode at a frequency 
double that of the fundamental, can allow the electric 
field pointing into one wall (cathode-like) to be 
significantly smaller than the field pointing out of that 
wall (anode-like), as shown in Fig. 1. A strong anode field 
will raise the work function barrier to suppress field and 
secondary emission; and (b) the suppression of pulsed 
heating, which is the focus of this paper. To model pulsed 
heating in a bimodal cavity, we characterize E-field 
superposition as , where  is 
each electric field component with its associated 
acceleration gradient normalized to the same value, and  
is the percentage of the 2nd mode such that  provides 
the same acceleration gradient. Similarly, the surface RF 
H-field is . Pulsed heating 
temperature rise Δ  can then be approximately scaled in 
terms of  and as Δ

, where 

the frequency term  is related to the ratio of 
surface resistivities, , 
and the cross term averages out over one period. Due to 
the quadratic dependence of Δ  upon , it is possible to 
choose an optimal  such that .  In 
other words, to have lower temperature rise than for a 
single mode alone, while maintaining the same 
acceleration gradient; this is shown quantitatively in Fig. 
1(b). The modified Poynting vector [3], and total 
required RF power , also follow a quadratic 
dependence on the mode percentage , so use of two 
modes is expected to lower  and  as well.  

 
(a) 

 
(b) 

Figure 1: (a) Time dependence for a composite field (red 
line) excited at 3 GHz (green dashed) and 6 GHz (blue 
dotted), showing a factor-of-two anode-cathode field 
difference. (b) Dependence of the surface pulsed heating 
temperature rise  on the 2nd mode percentage . There 
is seen to be a range of  within which  can be smaller 
than for a single mode (the green dashed horizontal line). 

TM010 +TM011 CAVITY 
For a simple pillbox designed as a bimodal cavity with 

a typical iris size of 0.1λ – 0.2λ to support the TM010 
mode and a 2nd harmonic TM011 mode, our analysis shows 
that .  This implies that T could not decrease by 
more than 10% for a simple pillbox cavity.  
Consequently, a new software package is being developed 
by us to optimize cavity geometry to support multi-
harmonic modes with desired RF properties, such as high 
shunt impedance and low surface fields, and maximize 
reduction in temperature rise Δ . This code integrates 
Finite Element Method and Generic Algorithm, so that it 
can find global optimization of RF parameters. Currently 
the code package is to include beam-cavity interactions 
that allow multipactor, wake field, and beam dynamics 
studies to be carried out in our unconventional structures, 
so as to provide a single software suite to expedite cavity 
design and optimization of RF properties and beam 
dynamics. 

Optimization of design for a bimodal cavity supporting 
the TM010 mode and its 2nd harmonic TM011 mode can be 
realized using this code, as shown in Fig. 2. It is a full -
mode accelerating cavity, longitudinally symmetric with 
iris and beam pipe. Its fundamental frequency is at X-

 ____________________________________________  
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band (12 GHz), to benchmark against the empirical 
criteria recently proposed within the worldwide High 
Gradient Collaboration: namely, a surface electric field 

 and pulsed surface heating Δ
 in an X-band structure [4]. 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 2: Field patterns in an optimized bimodal cavity 
(a) for the TM010 mode (b), and its 2nd harmonic TM011 
mode (c).  Top patterns are E-field, bottom are H-field.  

 

(a) (b) 

(c) 
 

(d) 
Figure 3: (a) Surface E-field and (b) surface H-field along 
the cavity periphery at different times for superposition of 
TM010 and TM011 modes, where the dotted line indicates 
fields of mode TM010 alone. H-field asymmetry is due to 
field distribution and chosen phase of the TM011 mode. (c) 
Optimized maximum pulsed heating temperature rise  
(blue line) is 18.57 K, compared to that of single mode 
27.5 K (brown dotted line), both for a 200 ns pulse width; 
(d) maximum modified Poynting vector  (red line) is 

 compared to a single mode value (blue 
dashed line) of . The factor  for the 2nd 
mode in this example is 0.222. The gray area in (d) 
indicates the stretched cavity profile. 

With this optimized cavity profile, the benefits of 
reducing surface pulsed heating, modified Poynting 
vector, and total RF power are demonstrated, as shown in 
Fig. 3 and Table 1.  In Fig. 3, the pulsed heating 
temperature rise for our 2-mode superposition can be 32% 
smaller than that for the fundamental mode alone for the 
same cavity; and the maximum modified Poynting vector 

 can be lower by 20%, with a 22% 2nd harmonic 
component and a relative phase between the two modes of 
90o (both modes are in sychromization should this 
bimodal cavity be operated in an accelerating structure).  
The peak surface E-field is the same as that of the 
fundamental mode due to this phase relationship, and no 
anode-cathode effect is present. Note, that even for a 

single TM010 mode,  is small due to the reduced H-field 
around the iris as a result of optimization. In Table 1, RF 
parameters of this bimodal cavity are listed in comparison 
with other cavity configurations. Although the 
instantaneous surface H-field is increased, the pulsed 
heating temperature rise is lowered since the exposure 
time to the peak H-field is shortened, and temperature rise 
is a time-averaged effect quadratically dependent on the 
mode percentage  in our 2-mode superposition. The total 
RF power is reduced, while maintaing the same 
acceleration gradient, so  its effective shunt impedance is 
significantly increased.  

TM010 +TM012 CAVITY 
Because of different magnitudes and profiles of field 

distributions along the cavity walls for different modes in 
bimodal cavities, it is possible to have partial electric field 
cancellation on walls so that the maximum surface E-field 
can be smaller than that of single mode. We have 
analysed a -mode accelerating cavity shown in Fig. 4 
that supports the TM010 mode and its 3rd harmonic TM012 
mode. When both modes reach the peak axial accelerating 
fields synchronously, the TM012 mode has its surface 
electric field opposite in direction to that of the 
fundamental TM010 mode on the side walls, and hence 
lowers the surface electric field significantly, as shown in 
Fig. 5. Preliminary analyses show that reductions in the 
maximum pulsed heating temperature rise of up to 21.5%, 
of the modified Poynting vector by 29.5%, peak surface 
E-field by 19.4%, total RF power by 18.9% are predicted 
for this bimodal cavity, than those for single mode 
operation at the same acceleration gradient for the same 
cavity.  Also, its effect shunt impedance of Ω  
is larger by 23.3%.  

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 4: (a) Optimized bimodal cavity profile, with 
.  Field patterns for the TM010 mode (b), and its 

3rd harmonic TM012 mode. Top patterns are E-field, 
bottom are H-field.  

RF BREAKDOWN STUDY 
It is of obvious interest to measure RF breakdown 

statistics for these bimodal cavity designs, comparing 
single mode and 2-mode superpostion, and to investigate 
surface fatigue on cavity surfaces after pulsed heating. An 
RF breakdown study is to be carried out based on 
availability in the Yale Beam Physics Lab of a unique 2-
frequency phase synchronous RF source at S-band (2.856 
GHz) and its higher harmonics, either at C-band (5.712 
GHz) or X-band (8.856 GHz). The 2-frequency RF source 
will provide mutually phase-locked multi-MW ~1 μs 
pulses at both fundamental and higher harmonic 
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Table 1: Comparison of  RF parameters between an optimized bimodal TM010+TM011 cavity and single mode cavities, 
where effective acceleration gradient is equalized at 100 MV/m, with red/green arrows showing up/down 
improvements. Pillbox A has the same maximum surface H-field as that of the fundamental mode in bimodal cavity; 
Pillbox B the same maximum surface E-field; and the nose-cone cavity is a single-mode cavity optimized to increase 
shunt impedance and lower surface pulse heating using the same code. 

 

(a) (b) 

(c)  (d) 
Figure. 5: (a) surface E-field and (b) surface H-field along 
the cavity periphery at different times for superposition of 
TM010 and TM012 modes, where the dotted line 
indicates fields of single mode TM010. (c) Optimized 
maximum pulsed heating temperature rise (blue line) is 
19.15 K, compared to that of single mode 23.7 K (brown 
dotted line) with a 200 ns pulse width; (d) the maximum 
modified Poynting vector  (red line) is  
compared to a single mode value (blue dashed line) of 

.   for the 2nd mode is 0.158. 
frequencies with continuously-adjustable amplitudes and  
relative  phase difference. The cavity geometry suitable 
for RF breakdown tests at Yale using S-band (2.856 GHz) 
as the fundamental frequency can be directly scaled from 
the optimized geometries shown above. RF breakdown 
tests in travelling wave or standing wave single cell 
structures [5] can be devised to benchmark with the 
existing RF breakdown data [3]. With better 
understanding of RF breakdown physics supported by 

experimental evidence and further development of 
computational tools, design concepts for accelerator 
structures comprising multi-harmonic cavities will be 
developed. 

Bimodal cavities with the necessary tight dimensional 
tolerances require meticulous machining; but should be 
possible using recently described techniques that 
maintained dimensions to within 5 μm [6].  Further 
evidence for precision tuning of a not-dissimilar bimodal 
cavity has also been reported [1]. 

CONCLUSION 
This paper describes use of multi-harmonic cavities 

powered by a dual frequency RF source to systematically 
study mechanisms which seem likely to influence the 
onset of RF breakdown. It is anticipated that deepened 
understanding of these mechanisms could lead to 
improved design of accelerator structures with higher 
shunt impedance, higher accelerator gradient, and lower 
breakdown probability than can be built at present. 
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a/λ=0.12  
 mode 

standing wave 
effective gradient 

 
TM010 + TM011 Bimodal Cavity 

 
Pillbox A 

 
Pillbox B Nose-cone 

1st harmonic 
alone 

2nd harmonic 
alone 

78% 1st 

+22% 2nd 
1st harmonic 

only 
1st harmonic 

only 
1st harmonic 

only 
frequency (GHz) 11.9942 23.9884  11.9942 11.9942 11.9942 
effective shunt 

impedance 
(MΩ/m) 

95.7 38.3 ▲131.4 89.7 99.1 113.9 

transit time factor 0.765 0.786  0.768 0.753 0.758 
max Esurf (MV/m) 246.8 367.4 246.8 209.7 246.8 225.0 
max Hsurf (MA/m) 0.327 0.634 0.350 0.327 0.298 0.289 
max  ( ) 2.45 10.3 ▼1.95 3.75 3.02 4.20 
max   (K) @ 

200ns pulse length 27.5 148.2 ▼18.6 27.5 22.87 21.5 

wall loss (MW) 1.306 3.263 ▼0.95 1.392 1.262 1.097 
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DESIGN STUDY OF KNOT-APPLE UNDULATOR FOR PES-BEAMLINE 
AT SSRF 

Shigemi Sasaki#, Atsushi Miyamoto, 
Hiroshima Synchrotron Radiation Center, Hiroshima University, Higashi-Hiroshima, Japan 

Shan Qiao 
Shanghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences, 

People’s Republic of China 
 

Abstract 
An intense on-axis radiation power from a linear 

undulator is a serious problem for a VUV/soft-X-ray 
beamline at medium or high energy light source facility. 
This problem may be solved by using a specially designed 
linear undulator such as the Figure-8, Pera, or Knot 
undulators. However, a permanent magnet undulator of 
such kind is not capable of changing polarization state. 
On the other hand, an APPLE undulator is able to 
generate variable polarization, but is not capable to reduce 
on-axis power density in linear modes. To solve these 
problems, we investigated various magnetic structures 
and found that the combination of Knot and APPLE 
undulator scheme works to generate low on-axis power 
density in every polarization mode. 

INTRODUCTION 
In order to generate the undulator radiation in VUV 

region at a medium energy storage ring facility, the 
undulator should have a very long period and a high K-
value. In this case, especially for a linear undulator, 
unwanted high radiation power for higher harmonics 
concentrates on the radiation beam axis, and hence it give 
a heave heat load on optical components such as a mirror 
and a monochromator. To reduce the on-axis heat load, 
the Figure-8 undulator was proposed [1] and have been 
used in several synchrotron radiation facilities. Also, 
similar ides for the same purpose were proposed [2-4]. 
However, all those ideas except the Figure-8 were not 
realized may be due to the complicated structure and the 
advantages are not so significant compared with Figure-8. 
More importantly, all those exotic devices including the 
Figure-8 are not capable of varying polarization states. On 
the other hand, the APPLE-type undulators can generate 
various polarization states such as the right/left circular 
polarization, tilted linear polarization, and 
horizontal/vertical linear polarization. However, in the 
linear polarization modes, on-axis high power problem 
form higher harmonics is remaining as a serious problem. 

In order to solve all problems described above, we 
propose a new scheme which is called a Knot-APPLE 
undulator to reduce on-axis radiation power in every 
polarization mode. 

KNOT UNDULATOR 
Figure 1 shows the magnetic structure of Knot 

undulator. This structure, similar to the Figure-8 undulator, 

the Halbach structure permanent magnet arrays locate 
above and below the beam axis, and magnet rows for 
generating horizontal magnetic field on the beam axis 
locate at both sides of central magnet rows. As shown in 
Figure 1, the dimension in the direction of beam axis of 
each magnet block in the horizontal row is the same with 
that in the vertical rows except the end structure. 

 
Figure 1: RADIA model of magnet structure for a Knot 
undulator. 

As is seen in Figure 1, there is an empty space between 
segments in the horizontal structure in order to create the 
zero-field region. With this structure, the period length of 
horizontal field is one and a half of vertical field. Figure 2 
shows the magnetic field distribution of Knot undulator 
having the structure of Figure 1. 

 
Figure 2: Field distribution of Knot undulator. 

In Figure 2, blue line represents the vertical field and 
red line represents the horizontal field. The period lengths 
are 220 mm and 330 mm for vertical and horizontal, 
respectively. The magnet gap to generate the field in this 
figure is 40 mm.  

Figure 3 shows the kick-angle map in an undulator 
having the field shown in Figure 2 for an electron beam 
with the energy of 3.5 GeV. ___________ 
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Figure 3: Kick map of Knot undulator. 

The on-axis angular flux density spectrum is shown in 
Figure 4. At 6.2 eV peak position, the horizontal linear 
polarization with PL > 99 % is achieved. For the 
calculation, parameters of the storage ring at Shanghai 
Synchrotron Radiation Facility (SSRF) are used which are 
E=3.5 GeV, I=200 mA, and 0=11.2 nmrad. 

 
Figure 4: On-axis spatial flux density of the horizontal 
polarization mode. 

KNOT-APPLE UNDULATOR 
The Knot-APPLE undulator can be made by dividing 

central magnet rows into two parts in the same manner for 
creating the APPLE device. To create a magnet row in 
one quadrant, one has to combine the vertical row and 
horizontal row in a fixed position in the same magnet 
holder. Then, one has to introduce the same motion 
mechanism with that of APPLE undulator. 

Vertical Polarization Mode 
To reach to the vertical polarization mode, the magnet 

row phase has to be moved 110 mm in anti-
parallel direction. The antiparallel motion causes tilt of 
linear polarization which is different form the parallel 
motion that generates elliptical polarization. 

Figure 5 shows the magnet row positions for the 
vertical polarization mode. 

 
Figure 5: Magnet Structure of Knot-APPLE undulator in 
the vertical polarization mode. 

Figure 6 shows the magnetic field distribution and 
Figure 7 shows the kick-angle map for vertical 
polarization mode. As it is obvious by comparing the field 
distribution for the horizontal polarization mode in Figure 
2, the period length of vertical field component is one and 
a half larger than that of horizontal polarization. 

 
Figure 6: Field distribution of Knot-APPLE undulator in 
the vertical polarization mode. 

 
Figure 7: Kick map in the vertical polarization mode. 

The on-axis flux density spectrum for the vertical 
polarization mode is shown in Figure 8. For the 
calculation, the ring parameters are assumed to be the 
same with those of horizontal polarization mode. The 
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degree of vertical linear polarization in this mode is above 
97 % at the fundamental (17.4 eV) peak position. 

 
Figure 8: On-axis spatial flux density of the vertical 
polarization mode. 

Elliptical Polarization Mode 
To realize the elliptical polarization, different form the 

antiparallel motion for tilting linear polarization, the 
parallel motion is required.  Figure 9 shows the magnet 
structure for the elliptical mode. 

 
Figure 9: Magnet Structure of Knot-APPLE undulator in 
the elliptical polarization mode. 

Figure 10 shows the magnetic field distribution for the 
elliptical polarization mode at the magnet row phase of 65 
mm, and Figure 11 shows the kick-angle map of this 
mode. 

 
Figure 10: Field distribution of the elliptical mode at 
magnet row phase D = 65 mm. 

 
Figure 11: Kick map in the elliptical mode. 

The on-axis flux density spectrum of elliptical 
polarization mode is shown in Figure 12. For the 
calculation, the ring parameters and the undulator gap 
were assumed to be the same with previous two cases. 
The degree of circular polarization in this mode is above 
90 % at 9.8 eV peak position. 

 
Figure 12: On-axis spatial flux density of elliptical 
polarization mode. 

SUMMARY 
In this paper, the Knot-APPLE undulator that is capable 

to vary polarization states with low on-axis power density 
at every polarization mode is proposed. This new device 
can be useful for synchrotron radiation users who use 
relatively low photon energies at medium/high energy 
ring facilities.  
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CONCEPTS FOR SHORT PERIOD RF UNDULATORS 

S.V. Kuzikov#, A.V. Savilov, A.A. Vikharev, IAP RAS, Nizhny Novgorod, Russia

Abstract 
Two concepts for room-temperature RF undulators, fed 

by cm- or mm- wavelength radiation and aimed to 
produce ~1 nm wavelength radiation using relatively low 
energy electron beams, are considered. In accordance 
with the first considered concept each undulator segment 
introduces a high-Q cavity fed by its own multi-megawatt 
RF source. The 30 GHz pulsed gyroklystron or gyrotrons 
at 30 - 300 GHz, already elaborated and tested in IAP 
RAS, are appealing candidates. These sources can provide 
the effective undulator period of 0.5 - 0.05 cm, the 
undulator parameter up to 1, and the effective field length 
of 50 cm for each segment. The second concept implies 
using high-power short pulse propagating in a long 
helically corrugated waveguide where the -1st field 
harmonic is responsible for particle wiggling. High group 
velocity of this pulse allows providing long interaction of 
particles with RF fields. 

RF UNDULATORS BASED ON HIGH-
QUALITY CAVITIES 

RF undulator in comparison with traditional undulator, 
consisting of DC magnets, introduces a strong appeal to 
use less energetic electron beam, in order to produce the 
same wavelength of Compton’s scattered radiation [1-3]. 
For example, in order to achieve radiation of nanometer 
wavelength instead of 1-2 GeV beam in conventional 
undulator with several centimeters period, one can use 
several hundreds of MeV beam in RF undulator with 
period ~1 cm [4]. The inevitable payment for this evident 
advantage is a necessity to provide high power level of 
microwaves, in order to have acceptable undulator 
parameter to be competitive with conventional undulators. 
In Ka-band the necessary power of the wave (to be 
counter-propagating to electrons) in waveguide of ~1 cm 
size reaches GW level. That is why, the modern projects 
of RF undulators assume cavities of high Q-factors to be 
powered by existing RF sources (klystrons, gyroklystrons, 
magnikons) which itself are able to provide tens of 
megawatts. According to such a concept full RF undulator 
consists of many relatively short sections to be mutually 
phased ones. At centimeter wavelength range the bimodal 
TE01-TE02 resonator looks promising [4], at millimeter or 
sub-millimeter range a multi-mirror Gaussian beam 
resonator is preferable. 

High-Q cavities bring a threat of destroying phenomena 
like RF breakdown and pulsed heating [5-6]. In order to 
avoid these undesirable phenomena, a short-pulse RF 
radiation of GW power level is appealing. In particular, 
experiments carried out with particle accelerators show 
that nanosecond RF pulses of GW level can travel 
through electrodynamic structure without breakdown [7].  
 

There are necessary RF sources of GW power level 
based on relativistic BWOs [8]. Such sources can deliver 
more than 1 GW power in X-band and about 1 GW in Ka-
band in pulses of 0.1-20 ns duration with repetition rate as 
high as several kHz. It was proven in experiments that 
phases of separate sources might be mutually locked [9]. 

SHORT-PULSE, TRAVELING WAVE RF 
UNDULATOR BASED ON HELICAL 

CORRUGATED WAVEGUIDE 
A short RF pulse of duration , propagating in a smooth 

waveguide with group velocity closed to light velocity c 
and directed toward an ultrarelativistic electron bunch, 

causes wiggling of particles at length 2/cLcount
eff  . If 

one takes 10 ns RF pulse, the interaction length does not 
exceed 2 m. Interaction distance can be much longer, if 
RF pulse is co-propagating with electrons. In this case the 
effective interaction length is: 

 
cv

v
L

gr

grco
eff /1




, (1) 

where vgr – is a group velocity along electron beam. 

 
Figure 1: Mirror transfer line employing the “flying” RF 
undulator. 

Of course, the co-propagating RF pulse in a smooth 
waveguide does not promise considerable Doppler’s 
frequency up-shift. This problem is solved by using a so-
called “flying” RF undulator, where a wavebeam spends a 
part of time moving toward electrons (Fig. 1).  

RF

e-beam

L

l

Figure 2: Equivalent scheme of “flying” RF undulator. 

The simplified equivalent scheme of the “flying” 
undulator in Fig. 2 allows writing group velocity along 
beam in the mirror line: 

 
Ll

cvgr /21
 . (2) 
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Figure 3: “Flying” RF undulator in form of helical corrugated waveguide section. 

 
Any undulator can be described by dimensionless 

undulator parameter K, which is proportional to deflecting 
field amplitude. In an undulator with parameter K the 
optical radiation (in small signal approach) grows along 

electron path on z coordinate as )exp(~ 3/2 zK  [4]. Let us 

introduce gain parameter as effLK  3/2 , which can be 

used, in order to compare the “flying” RF undulator with 
the undulator, where RF pulse is counter-propagating. 
Ratio of gain parameters F (for the co-propagating 
‘flying’ RF pulse) and 0 (for the counter propagating RF 
pulse) is given using equations (1) and (2): 

 
l
LF 

0


. (3) 

If the condition l=L is satisfied, then the “flying” RF 
undulator does not have advantages in comparison with 
smooth undulator with counter-propagating wave. 
Maximum of the ratio (4) is achievable, if l goes to zero. 
In this case the effective interaction length goes to 
infinity. However, there are big gaps where the 
interaction is absent at all. Such klystron-type 
configuration is more sensible to energy spread and beam 
emittance than configuration with simple counter-
propagating wave [10]. 

In Fig. 3 the improved concept of the “flying” RF 
undulator, based on helical corrugated waveguide, is 
shown. Here bunch has continuous interaction with RF 
fields. In comparison with undulator based on counter-
propagating wave in smooth waveguide (with parameter 
K0), undulator parameter K in the corrugated waveguide is 
less, so let us take K=K0. Nevertheless, the effective 
interaction is longer so that normalized gain parameter: 

 
cv

cv

gr

grF
/1

/
2 3/2

0 
 




, (4) 

is more than unity, if group velocity is high enough: 

 
3/221

1




c
vgr . (5) 

In a corrugated waveguide of the fundamental period D 
there is an infinite number of the spatial harmonics those 
phase velocities could be either positive or negative 
relative to sign of electron velocity. Let us consider the 
“flying” RF undulator where co-propagating 0-th 
harmonic has the positive propagation constant h0 and 
phase velocity, but -1-st harmonic has the negative 
propagation constant h-1 and negative phase velocity. The 
group velocity is less than c, positive and constant for all 
spatial harmonics. Particles oscillate in the transverse 
fields of the -1-st harmonic with equivalent undulator 
period: 

 ,
2

1 khu 




 . (6) 

where Dhh /201  , k=/c – is a vacuum 

wavenumber. 
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Figure 4: Dispersion characteristic of normal TM01-TM11 
wave in helical waveguide (red curve). 

As it was proven in the paper [3], the co-propagating 
wave causes large-scale particle motion and dramatically 
spoils radiation spectra in RF undulator. In the proposed 
RF undulator the 0-th harmonic always exists and cannot 
be avoided. Nevertheless, in a helical corrugated 
waveguide the 0-th and -1-st harmonics can be 
represented by modes of different transverse structures. 
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The 0-th harmonic should be chosen so that it does not 
possess transverse fields in the center where the thin 
electron beam travels. We suggest RF undulator based on 
TM01 (0th harmonic) – TM11 (-1st harmonic) in the one-
thread helical waveguide. Dispersion curve of this 
operating normal wave, i.e. eigen frequency Vs phase h0D 
in degrees, is shown in Fig. 4 for parameters: the average 
radius is R0=6.1 mm, the period is D=6 mm, and the 
amplitude of corrugation is a=3 mm. The dashed curves 
correspond to partial modes in the smooth circular 
waveguide. The light cone is shown by black solid curve. 

175 180 185 190 195 200 205 210 215
phase, degrees

0

0,5

1

1,5

2

2,5

0
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0,4
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1

 

Figure 5: Normalized characteristics of TM01-TM11 wave. 
The blue curve is undulator parameter. The red curve 
describes group velocity. The black curve is gain factor. 

 

 

Figure 6: Instantaneous field structure of TM01-TM11 
operating wave at phase 190 degrees. 

In Fig. 5 K-parameter is plotted for the mentioned 
waveguide parameters and 1 GW RF power in 
dependence on the phase. In the same figure one can see 
group velocity and gain parameter also plotted in 
dependence on the phase. The highest value of parameter 
 (near 190 degrees in Fig. 5) corresponds to moderate 
fields, u=5.4 mm, and group velocity about 0.7c. So we 
suggest to choose the point 190 as operating one. Such 
“flying” undulator is the equivalent of 10 m of usual 
undulator. Field structure of the operating TM01-TM11 
mode is shown in Fig. 6. Note that at the operating 
frequency partial TM11 mode is evanescent in the smooth 
circular waveguide. 

The surface fields near phase 190 are 2.5 times higher 
than fields at axis so that Ohmic losses are not negligible. 
At phase=190 the power loss corresponds to factor 
=610-2 m-1 at room temperature. This loss is as high as 
about 60% of the incident RF power in 10 m helical 
waveguide. That is why, the pulse shape with the higher 
amplitude in front in comparison with the rear part of the 
pulse is desirable (Fig. 3). This pulse shape might provide 
constant acting fields for the electron bunch at whole 
undulator. 

Schemes TE21-TM11 and TM01-TE11 are also possible. 

CONCLUSION 
The proposed concept, based on using GW level, 10-

20 ns pulses in Ka-band, makes possible to use alone or a 
few number of RF sources in long enough “flying” 
undulator in order to create effective SASE XFEL. 

REFERENCES 
[1] T.Shintake et al. Development of microwave undulator. 

Japanese J. of Appl. Phys. 22, 844 (1983). 
[2] V.L. Bratman et al. Stimulated scattering of waves in 

microwave generators with high-current relativisticelectron 
beams: simulation of two-stage free-electron lasers. Int. J. 
Electronics, Vol. 59, No. 3, pp. 247-289 (1985). 

[3] S.G. Tantawi, CLIC Workshop 2013, High Gradient 
Session, CERN, January 31, 2013 
(https://indico.cern.ch/contributionDisplay.py?contribId=4
1&sessionId=10&confId=204269) 

[4] S.V. Kuzikov et al. Configurations for short period rf 
undulators, Phys. Rev. ST AB 16, Issue 7, 070701 (2013). 

[5] V. Dolgashev et al. Geometric dependence of radio-
frequency breakdown in normal conducting accelerating 
structures, Appl. Phys. Lett. 97, 171501 (2010). 

[6] L. Laurent et al. Experimental study of rf pulsed heating, 
Physical Review Special Topics - AB 14, 041001 (2011). 

[7] Thompson M.C. et al. Breakdown limits on Gigavolt-per-
Meter Dielectric Wakefields, Phys. Rev. Lett. 2008. V. 
100. p. 21. 

[8] S.D. Korovin et al. Generation of Cherenkov superradiance 
pulses with a peak power exceeding the power of the 
driving short electron beam, Phys. Rev. E 74, 016501 
(2006). 

[9] V.V. Rostov et al. High Power Nanosecond Microwave 
Oscillators with Phase Synchronization. Strong 
Microwaves and Terahertz Waves: Source and 
Applications. Proceeding of 8th International Workshop, 
Russia. July 9–16, 2011. pp. 63–64. 

[10] P. Elleaume et al. Design Considerations for a 1 Angstrom 
SASE Undulator, Nuclear Instruments and Methods in 
Physics Research. Section A, Vol. 455, No. 3, 2000, pp. 
503-523. 

WEPSM02 Proceedings of PAC2013, Pasadena, CA USA

1048C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

02 Light Sources

T15 - Undulators and Wigglers



HELICAL SELF FOCUSING AND COOLING ACCELERATING 

STRUCTURE 

S.V. Kuzikov
#
, S.V. Mishakin, A.A. Vikharev, IAP RAS, Nizhny Novgorod, Russia

Abstract 
A new helical RF accelerating structure, which can 

provide emittance control of the electron beam, is 

proposed. This structure combines properties of a linear 

accelerator and a damping ring simultaneously. It makes 

acceleration of straight on-axis beam as well as beam 

cooling due to the synchrotron radiation of particles. 

These properties are provided by specific slow eigen 

mode which consists of two partial waves, TM01 and 

TM11 (near to cut off). The longitudinal field of the first 

wave is synchronous with electrons, the transverse fields 

of the second wave are far from synchronous condition 

and they cause electron wiggling like it occurs in RF 

undulator. As a result the emittance control might be 

employed at linear trajectory of the high-energy beam 

without decrease of the average gradient. Calculations 

show that surface electric field at level ~0,31 (relative to 

accelerating field) and shunt impedance ~20 MOhm/m at 

30 GHz are achievable. Cooling rate at gradient 

100 MV/m corresponds to the equivalent magnetic field 

~0,75 T. 

INTRODUCTION 

High luminosity of colliding particles in meeting point 

is achievable for compact, well focused bunches. Such 

bunches are achievable using systems of particle’s 
cooling. At energies up to several GeV dampling rings 

provides effective cooling [1]. In these rings particles 

move in spatially-periodic fields of DC magnets. There is 

cooling effect due to synchrotron radiation of particles 

[2]. In order to reach TeV level of energy, behind a 

cooling ring particles are directed in main linac. 

Unfortunately emittances of bunches propagating in high-

gradient accelerator have tendency to increase, because 

long trains of particles inevitably excite wakefields which 

spoil beam quality. 

At high energies (more than 10 GeV) rings cannot be 

used, because too high level of energy dissipation caused 

by radiation, and too big radius of a ring would be 

necessary. That is why, cooling undulator can be installed 

at the linear trajectory only. However, DC magnets 

around the accelerating structure would conflict with 

feeding, focusing, and diagnostic systems, and inevitably 

large period does not allow reaching small emittances, 

because the smallest achievable emittance is proportional 

to squared wiggler period [3]. Suggested in the paper [3] 

accelerator with alternating accelerating sections and 

wigglers would reduce effective gradient. 

An accelerating RF structure, which also plays a role of 

RF undulator, does not reduce gradient. Such structure 

might be based on helical corrugated waveguide, where 

the operating normal mode consists of the 0
th

 spatial 

harmonic (with positive phase velocity), which is actually 

the accelerating mode, and the -1
st
 harmonic (with 

negative phase velocity) which is responsible for particle 

wiggling. The transverse non-synchronous field 

components can provide emittance control and beam 

focusing due to ponderomotive force which depends on 

transverse electric field gradient of the -1
st
 harmonic 

wave. 

The enumerated properties allow to distinguish our new 

helical self focusing and cooling structure (HSFC) [4] 

among other helical structures investigated earlier [5, 6]. 

Nevertheless, there are important properties to be 

common for all helical structures. For example, like other 

helical structure a new structure has smooth shape of the 

constant circular cross-section (no expansions or 

narrowings) and big aperture (no small irises). A new 

technology of the mass production, based on a 

“corkscrew” in a copper mandrel, seems also possible 

which allows avoiding junctions inside sections. 

TM01-TM11 HELICAL ACCELERATING 

STRUCTURE 

Let us consider the accelerating structure based on 

helical waveguide described in cylindrical system of 

coordinates (r, z, ) by equation: 

 )
2

sin(),(  m
L

z
aRzr  . (1) 

where R – is a waveguide radius, a  and L – are amplitude 

and period of the corrugation. Period of the corrugation is 

close to 2/hTM01, where hTM01 – is a propagation constant 

of the partial TM01 mode in smooth circular waveguide of 

the radius R. If index m equals 1, such helical structure 

couples partial waves TM01 and rotating on azimuth 

TM11. The TM01 does not perturb transverse movement of 

on-axis electrons, the TM11 does not have longitudinal Ez 

component on axis. 

Table 1: Parameters of TM -TM  HSFC Structure 01 11

Radius, R 6.09 mm 

Period, L 8 mm 

Corrugation amplitude, a  1.25 mm 

Azimuth index, m 1 

Frequency, f 28.2 GHz 

Phase advance, h0L 4.727 

Q-factor (copper) 10800 

Norm. accelerating field, max/
sa

EE  0.307 

Shunt impedance, Rsh/L 18.9 MOhm/m 
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Parameters of helical structure TM01-TM11 was 

optimized to reach maximum of the accelerating field 

relative to maximum of the arisen surface field max/ sa EE , 

maximum of shunt impedance Rsh was also necessary. 

Results of optimization for geometry at frequency 28GHz 

are shown in the Table 1. At acceleration gradient 100 

MV/m the equivalent magnetic field is as high as 0.75 T. 

Dispersion relation for the optimized structure in a form 

of dependence of the eigen frequency f on phase advance 

h0L (h0 – is a Floquet propagation constant) is plotted in 

Figure 1. The line 1 in Fig. 1 is actually light cone which 

corresponds to the condition h0= k. The operating mode 

(curve 2) has low group velocity (several per cents of 

light velocity). Of course, the operating point is the cross 

point of the curves 1 and 2. 

 

Figure 1: Dispersion characteristics: 1 – light cone line,

 2

 

– dispersion curve of TM01-TM11 wave in HSFC 

structure. 

Field structure of the operating mode is shown in Fig. 2 

(at middle plane) and in Fig. 3 (at two cross-sections). 

Accelerating field magnitude is uniform at beam line 

(Fig. 2). 

 

Figure 2: Module of electric field in middle plane. 

but phase velocities of longitudinal component and both 

transverse components have opposite signs (Fig. 4). Phase 

velocities of the transverse magnetic components are 

directed like phase velocities of transverse electric field 

components. 

 
Figure 3: Module of electric field in two sequent cross-

sections. 

 

 

Figure 4: Phases of Ez (longitudinal) field component 

(curve 1) and phases of Ex (curve 2) and Ey (curve 3) field 

components. 

The helpful feature of TM01-TM11 HSFC structure is a 

flexible focusing of electrons. Physically the reason is that 

electric field of the -1
st
 spatial harmonic has non-uniform 

distribution with minimum at axis of the structure. In such 

system moving electrons “sees” focusing ponderomotive 

(Miller) force: 

 
2

22
1

2

)(4
E

vhm

e
F

e

   . (2) 

where e and m – are charge and mass of an electron 
respectively, cve   - is a velocity of electrons,  - 
Lorentz’s factor, Lhh /201   - is a propagation 

constant of the -1
st
 spatial harmonic. 

Transverse field components are also uniform (Fig. 3),
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Near cut off condition the TM11 mode has field maxima 

determined by Ez components which are far from axis. 

That is why, there is the focusing force. In the rotating 

TM11 mode Ez component is distributed uniformly on 

azimuth, but the superposition of TM11 and TM01 

produces field distribution with maxima rotating on 

azimuth and moving along z coordinate (Fig. 3). The 

average value of this force does not depend neither on 

azimuth nor distance. 

In order to show focusing effect in TM01-TM11 HSFC 

structure, we calculated by CST Microwave Studio 

100 MV/m accelerating section consisted of ten periods. 

Initial energy of electrons at entrance of the structure was 

10 GeV, bunch length was 1 ps, bunch diameter was taken 

as 3 mm, full charge was as high as 100 nc. In Fig. 5a one 

can see input transverse bunch population, in Fig. 5b 

output bunch population is shown. One can see that 

particles near the centre of the bunch are not perturbed by 

RF fields, but bunches at bunch periphery are shifted in 

direction to the origin. This shift is caused by the 

mentioned action of the ponderomotive force. 

 
Figure 5: Bunch population at entrance of structure (a) 

and bunch population at output of structure (b). 

Calculations of long HSFC structure, aimed to provide 

gradient as high as 100 MV/m, show that at distance 3 km 

energy spread is reduced by factor 40%, transverse 

emittance becomes less by factor 50%, full energy is less 

in comparison with classical structure without cooling by 

factor 17%. 

 

Vph
(0)

Vph
(-1)

EZ

E┴,H┴

Ve

 

Figure 6: RF undulator excited by bunches itself. 

Note that HSFC structure can be used as RF undulator 

only. In this case there are several appealing features. In 

particular, the same bunches (if its quality is high enough) 

could be used, in order to excite the operating mode, and 

in order to produce undulator radiation. The second 

reason to use HSFC structure as RF undulator could be 

important for sources of THz radiation where low-energy 

(MeV) electrons are used. These bunches experience an 

influence of Coulomb force, so longitudinal bunch size 

grows very fast on length. The longitudinal size could be 

controlled by Ez wave component in the helical structure, 

if one synchronizes bunches with RF field, like it is 

shown in the Fig. 6. 

OTHER SCHEMES 

Schemes, where only properties of RF undulator or 

only properties of acceleration occur, are also possible. 

In particular, helical accelerating structures TM01-TM21 

or TM01-TE21 of elliptic cross-sections do not have on-

axis transverse fields. Nevertheless, properties of beam 

focusing in these structures still exist. The first mentioned 

structure has 3.0/ max sa EE , but the shunt impedance is 

less than in the considered TM01-TM11 structure. 

In the structure TE11 – TM01, where the 0
th

 harmonic is 

TE11, and the -1
st
 harmonic is TM01, the shunt impedance 

is high enough, but the parameter max/ sa EE is less than in 

the TM01-TM11 structure. 

CONCLUSION 

Helical waveguides might be used as accelerating 

structures. These waveguides allows to accelerate 

electrons (or positrons), to control beam emittances and 

energy spread due to cooling, to provide self focusing due 

to transverse ponderomotive force or to combine all the 

mentioned effects simultaneously. 
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PROGRESS ON PULSED MULTIPOLE INJECTION FOR THE

MAX IV STORAGE RINGS

S.C. Leemann∗, MAX IV Laboratory, Lund University, SE-22100 Lund, Sweden

L.O. Dallin, Canadian Light Source, Saskatoon, Saskatchewan, S7N 2V3, Canada

Abstract

Injection into the MAX IV storage rings will not make

use of a conventional local injection bump with four dipole

kickers. Instead, pulsed multipole injection will be applied.

Previously, it was foreseen to use a pulsed sextupole mag-

net similar to what KEK had originally designed for the PF

ring. But after seeing encouraging results with a prototype

nonlinear kicker magnet developed for BESSY II, pulsed

multipole injection for the MAX IV storage rings was re-

visited. A nonlinear kicker magnet similar to the BESSY-

type can be realized for both MAX IV storage rings. Such

a nonlinear kicker offers a broad zero-field region around

the center which does not perturb the stored beam, while

offering a high-field region around the location of the in-

jected beam making it ideal for top-up injection. This paper

summarizes the proposed kicker magnet design and shows

beam dynamics results from multi-particle tracking stud-

ies. A comparison with the previous PSM design is also

included.

INTRODUCTION

Early in the design process of the MAX IV storage rings

it was considered that injection into the rings could be per-

formed using a single dipole kicker installed downstream

of the DC Lambertson septum. In the meantime, detailed

studies have demonstrated feasibility [1] and fabrication of

these dipole kickers is well underway. However, a single

dipole kicker is not suitable for top-up injection because

injection and capture cannot be made transparent to users.

Therefore, injection with a pulsed sextupole magnet (PSM)

was studied as a means to perform fully transparent top-up

injection. This avoids having to balance the four dipole

kickers and pulsers required to cleanly open and close a

local injection bump over prolonged periods of time. De-

tailed analysis [2] revealed the great potential of PSM in-

jection and a reference design for the magnet was initiated

following the experience gained at KEK in the design of

the PSM for the PF ring [3].

The MAX IV storage rings require roughly the same

kick from the PSM as the PSM in the KEK PF. However,

the position of the injected beam in the MAX IV PSM’s is

only a third of that in the PF and therefore the required

sextupole gradient in the MAX IV PSM is considerably

higher. On the other hand, the aperture requirements in the

MAX IV storage rings are significantly lower, thus allow-

ing a reduction of magnet aperture and an increase in field

strength. An initial reference design for a 300 mm long

∗ simon.leemann@maxlab.lu.se

solid iron magnet (cf. Fig. 1) supplied roughly 1.2 mrad

kick (at 3 GeV) at −4.7 mm from the center. The bore

is 32 mm leading to a pole-tip field roughly 0.5 T. A sin-

Figure 1: Pulsed sextupole magnet reference design for the

MAX IV 3 GeV storage ring. One quarter of the magnet is

shown. Scales are in cm. The magnet bore is 32 mm.

gle coil per yoke called for 2125 A current. With a stored

energy of 20.6 J, the required pulser voltage was 19.3 kV

for single-turn injection into the MAX IV 3 GeV storage

ring. For the MAX IV 1.5 GeV storage ring a similar mag-

net was designed which relies on 1527 A current at 400 mm

length. Here, however, single-turn injection calls for 640 ns

pulse length which increases the required pulser voltage

to 92.9 kV. Although two-turn injection is possible and re-

duces the voltage requirement by 50%, it remains desir-

able to further reduce this voltage, i.e. lower the inductance

of the PSM. However, since the magnet bore already lies

within only several mm of the beam-stay-clear area, a sig-

nificant reduction of the inductance could not be expected

for this type of magnet.

NONLINEAR INJECTION KICKER

Around the same time, first reports appeared of a

novel nonlinear injection kicker (NLK) developed for

BESSY II [4]. This kicker design expands on the original

PSM idea to have a high field at the injected beam while

keeping the field at the stored beam close to zero. It makes

use of a stripline-like design with a geometry intended to

create a high-field area strongly localized around the in-

jected beam while suppressing the field at the stored beam

through symmetry. Figure 2 shows an initial reference de-

sign for the MAX IV 3 GeV storage ring along with the

WEPSM05 Proceedings of PAC2013, Pasadena, CA USA

1052C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

02 Light Sources

T12 - Beam Injection/Extraction and Transport



generated field profile in the midplane compared to that of

the PSM and a pure octupole.
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Figure 2: Upper half geometry (top) and resulting field pro-

file in the midplane (bottom) of the reference design for a

nonlinear injection kicker for the MAX IV storage rings

calculated in POISSON. The design is adapted from the

NLK developed for BESSY II.

Such a NLK has several distinct advantages over a PSM.

Around the center the field is zero and flat. Between the

center and the high-field area the profile is octupole-like

(cf. Fig. 2, bottom). This leads to very small perturbations

of the stored beam which is crucial given the very tight

stability tolerances in MAX IV [2]. While imperfections

in the PSM can lead to residual dipole kicks to the stored

beam [5, 6], the field in the NLK always has a zero-crossing

and therefore offers a field-free area for the stored beam.

This area can be found with stored beam via orbit bumps

thus enabling beam-based re-alignment of the magnet.

In principle, another advantage of the NLK is the flat

area around the field maximum. Ideally the injected beam

passes the NLK at this location thus enabling good capture

efficiency even for injection of high-emittance bunches. In

MAX IV, however, this NLK property cannot be exploited

as there is an inherent trade-off between vertical position

of the inner rods (in Fig. 2 they are 6 mm from the mid-

plane) and the horizontal position of the field maximum (in

Fig. 2 at 10 mm from the center). Since the injected beam

in the MAX IV storage rings lies at roughly 5 mm from

the stored beam, the inner rods would have to be brought

so close to the midplane that the kicker would encroach

into the vertical acceptance. On the other hand, as previous

studies had demonstrated [2], with the low-emittance beam

injected into the MAX IV storage rings1, capture does not

suffer from the gradient sampled in the PSM. Therefore, it

was expected that the injected beam can sample the gradi-

ent of the NLK field, despite its steeper slope, without suf-

fering significant smearing. This is confirmed by the com-

parison shown in Fig. 3: although NLK injection increases

smearing compared to the PSM, the effective emittance of

the injected bunch is still dominated by the large injection

amplitudes. The gradient of the NLK at the injected beam

does not lead to decreased capture efficiency.
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Figure 3: Tracking of the injected bunch with DIMAD dur-

ing the first five turns in the MAX IV 3 GeV storage ring

using single-turn injection. Injection with the NLK (blue)

is compared to the PSM (red). For reference, a pure dipole

kick (green) has been included. The latter is has no gradi-

ent, but it does not allow for transparent top-up injection.

The NLK can therefore be operated in the MAX IV

storage rings with the injected beam on the slope. Al-

though such application of the NLK does not exploit the

elegant BESSY concept to full extent, it allows using the

low-inductance NLK design for pulsed multipole injec-

tion (PMI) in MAX IV. The reference design for a NLK

adapted to the MAX IV 3 GeV storage ring (cf. Fig. 2)

calls for 2855 A and has a stored energy four times lower

than the solid iron PSM. The pulser voltage2 is estimated

to be 5.7 kV. In the MAX IV 1.5 GeV storage ring the

required current reduces to 1790 A and, with a required

pulser voltage of 19.5 kV, single-turn injection becomes

feasible. With the NLK two-turn injection is no longer

feasible in the MAX IV 3 GeV storage ring as originally

designed [2] because the kick of the NLK on the second

turn has the wrong sign. However, with the relaxed volt-

age requirements, this is not considered a problem. For the

MAX IV 1.5 GeV storage ring two-turn injection remains

feasible as it relies on negligible amplitude of the injected

bunch at the kicker during the second passage.

1A benefit of using the MAX IV 3 GeV linac as a full-energy injector

into both MAX IV storage rings.
2This result relies on preliminary assumptions for the inductance of

the circuit which is non-negligible compared to the low inductance of the

magnet.
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DETAILED DESIGN PROGRESS

Because of the minimized perturbation of the stored

beam as well as the low magnet inductance, it has been

decided to use a BESSY-type NLK for injection into the

MAX IV storage rings rather than the originally foreseen

PSM. For this purpose MAX IV and SOLEIL have initi-

ated a collaboration with the goal to design and build injec-

tion kickers for the SOLEIL storage ring as well as the two

MAX IV storage rings based on further development of the

BESSY-type NLK. The SOLEIL requirements for PMI are

similar to those for MAX IV. While PMI in SOLEIL calls

for a stronger kick than in MAX IV, the injected beam is

farther away from the magnet center. Vertical beam-stay-

clear requirements are comparable. In fact, it has been re-

alized that the same magnet can be used for both MAX

IV storage rings if the vertical beam-stay-clear aperture is

set to 8 mm as a compromise between bringing the maxi-

mum kicker field closer to the injected beam and maintain-

ing sufficient vertical acceptance in the MAX IV 1.5 GeV

storage ring. Therefore, the only difference between the in-

jection kickers in the two MAX IV storage rings will be the

pulsers.

In comparison to the BESSY NLK, the SOLEIL Mul-

tipole Injection Kicker (MIK) design [7] foresees a pulser

with a single transducer and all four loops connected in se-

ries. The parallel connections in the BESSY NLK were

suspected of creating a field imbalance leading to residual

kicks to the stored beam [8]. Furthermore, the SOLEIL

MIK design does not include metallic walls and uses the ce-

ramic chamber as a vacuum vessel allowing for better cool-

ing and access. A large horizontal aperture (45 mm) pre-

vents synchrotron radiation heating of the chamber without

increasing the inductance of the magnet. The minimum ce-

ramic thickness is presently being studied as it limits the

vertical separation between the inner rods. Any increase of

this separation has to be analyzed carefully as it leads to a

significant growth of required current.

The ceramic chamber needs a conductive coating. Dif-

ferent coating thicknesses have been studied in terms of

heating from ohmic losses, image currents, and Eddy cur-

rents. Furthermore the effect of the coating on the field

and therefore on the stored beam have been investigated.

Presently 5µm Ti appears to be a suitable choice for the

MAX IV 3 GeV storage ring. With such a coating a minor

increase in current compensates for field attenuation, but a

small quadrupole gradient at the stored beam remains. If

any residual kick, φres(at 1σx), is to be limited in terms

of divergence spread, 10% × σx′ , it can be shown that the

maximum tolerable residual quadrupole gradient is inde-

pendent of the stored beam emittance: (∂By/∂x)res <
10%×Bρ/(βxL). The SOLEIL MIK with 5µm Ti coating

gives a residual gradient of 0.18 T/m, significantly below

the 0.36 T/m [0.28 T/m] acceptable in the MAX IV 3 GeV

[1.5 GeV] storage ring. This is corroborated by tracking

studies where the effect of such a residual quadrupole gra-

dient on the stored beam has been analyzed (cf. Fig. 4) and

shown to be negligible. Another study has indicated that
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Figure 4: Tracking of the stored beam with DIMAD in

the MAX IV 3 GeV storage ring through the SOLEIL MIK

in single-turn injection mode. The residual gradient of the

MIK leads to negligible perturbation of the stored beam.

the end geometry of the rods and terminals leads to pertur-

bations on an even lower level.
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Abstract 

The first test superconducting undulator (SCU0) was 

successfully installed and commissioned at the Advanced 

Photon Source (APS) and is delivering 80- to 100-keV 

photons for user science. The cryosystem was designed to 

handle a beam-induced heat load of 40 W. Prior to 

operations, detailed predictions of this heat load were 

made, including that produced by resistive wall heating 

by the image current, geometric wakefields, synchrotron 

radiation, electron cloud, and beam losses. The dominant 

continuous wave (cw) source is the resistive wall heat 

load. The heat load predictions for standard 100-mA user 

operation were benchmarked using thermal sensors that 

measure temperatures along the SCU0 beam chamber. 

Analysis using the predicted heat loads from the electron 

beam agrees well with the observed measurements. 

INTRODUCTION 

A test superconducting undulator (SCU0) has been 

developed at APS [1] and was recently installed in the 

storage ring. A key design criterion was a vacuum and 

cooling system that keeps the NbTi coils cooled to 4 K in 

the presence of heating caused by the electron beam 

passing through the undulator beam chamber. The SCU0 

beam chamber cooling system was designed for 40 W (at 

20 K) of cooling capacity based on preliminary calc-

ulations of the beam-induced heat load [2]. In this paper, 

updated predicted heat loads are compared with measure-

ments carried out during SCU0 commissioning [3]. 

Sources of beam-induced heat load on the SCU0 beam 

chamber include resistive-wall heating due to beam-

induced image currents, synchrotron radiation generated 

in upstream dipole magnets, wakefield effects, direct 

beam interception and, potentially, electron cloud-induced 

multipacting effects. Under nominal operating conditions 

cw heat loads are present, while specific machine fault 

conditions may occur that give rise to individual transient 

heat loads. 

Estimates of the various contributions to the heat load 

due to the beam are shown in Tables 1 and 2 for cw and 

transient sources, respectively, assuming 24-bunch 

operation. The central part of the chamber is nominally 20 

K and is thermally isolated from the 4-K magnetic 

structure. The chamber transitions are in the 60- to 300-K 

cold-to-warm transition region. Where appropriate, the 

heat loads at 20 K and 60/300 K are given separately. 

Table 1: Estimated cw  Beam-induced   Heat   Loads   on   the 
SCU0 -mA User Operations. 

Heat Source  Value at 20 K (60/300 K) 

Resistive wall 4.7 W (11.3 W) 

Wakefields < 0.5 W (0.8 W) 

Injection losses 2 W (non-top-up mode) 

0.1 W (top-up mode) 

Synchrotron radiation 0.2 W 

Beam lifetime losses << 1 W 

Electron cloud < 2 W 

Total heat load 10 W (12 W) 

 
Table 2: Estimated                            Max.  Transient                        Beam-induced                     Heat             Loads

Heat Source Value 

Injected beam loss 13 W 

Corrector failure 20 W 

Synchrotron radiation with 

steering errors 

25 W 

Electron beam steering errors 20 W 

Max. transient heat load 25 W 

MEASUREMENTS 

The beam-induced heating on the SCU0 beam chamber 

was measured using nine Cernox cryogenic thermal 

sensors mounted on the beam chamber, shown in Fig. 1 

(Temp0-8). Sensors Temp2-6 are mounted on the 

outboard side of the aluminum section of the chamber, 

and Temp0,1,7,8 are mounted on the top side of the 

stainless steel (SS) cold-to-warm transition. The chamber 

heater is connected to a copper block mounted adjacent to 

sensor Temp5. A calibrated heat load was applied to the 

heater using a variable power supply. The chamber heater 

was used to calibrate the thermal sensors, allowing 

determination of the heat load from the temperature 

measurements. This calibration was used to both predict 

and benchmark the chamber temperatures for storage ring 

beam operation. 

Chamber Heater Calibration 

To simulate SCU0 operating conditions, the main coil 

current was set to 500 A, but there was no stored beam. 

An external supply current was used to vary the chamber 

heater power based on the known heater resistance. The 

chamber temperatures were recorded for P=0, 5, 10, 20, 

and 30 W, waiting 10-20 min per step. The equilibrium 

chamber temperatures were determined by fitting the 

measurements to an exponential function. The zero-power
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Figure 1: Thermal sensor (TEMP 0-8) locations are noted on a SCU0 beam chamber schematic, top view. The chamber 

heater is adjacent to TEMP5. Copper thermal links, shown in brown, connect the chamber to the cryocoolers via a 

common Cu bar. The Al section of the chamber is shown in grey and the stainless steel (SS) section in yellow. 

temperature was averaged over 15 min prior to the start of 

the heater studies.  

The temperature gains vs. chamber heater power for 

sensors 1-7 are shown in Fig. 2 as a function of their 

positions, s. Sensor 5 shows the largest temperature gain, 

as expected. The adjacent sensors 4 and 6 show a much 

smaller temperature gain; heat is extracted between these 

points by thermal links to the cryocoolers. Ideally, the 

heater on the Cu bar connecting all the thermal links 

could have been used, but the heat transfer is not known 

between the Cu bar and the chamber. The chamber heater 

calibration is also not exact, but was implemented 

knowing these limitations. 

Because the chamber heater and sensor 5 are collocated 

between the same thermal links, sensor 5 is used to 

calibrate the temperature response to a known heat load. 

A polynomial fit for the temperature gain ΔT as a function 

of calibrated power P gives: 

 ∆� = 1.974� − 0.0667�2 + 0.00119�3  (1) 

 

Figure 2: Chamber heater results for sensors 1-7, shown 

as a function of their positions, s. 

Results 

The chamber temperatures under stable cw conditions 

(no beam injection) were predicted using the dominant 

resistive-wall heat load only. In Table 1, the heat load at 

20 K was obtained by multiplying the linear power 

density over the entire Al chamber length of 1.62 m. The 

power density varies with the number of bunches; for 24 

bunches, it is 2.88 W/m [4,5]. However, the heater 

calibration should only be valid in the segments within 

the thermal links, a total length of 1.33 m. Therefore, this 

shorter length was used to estimate P, and the expected 

temperature gain was computed using Eq. (1). Also, the 

calibration was only applied to the central sensors 3-5, 

since these three sensors are located between thermal 

links. The baseline, no-beam temperature of the Al 

chamber central region is 7 K. The predicted power and 

expected final temperatures (7 K + ΔT) are given in Table 

3 for the three standard bunch patterns at 100 mA 

(nominal user operations), and for 324 bunches at 150 

mA (special operations). These predictions were available 

prior to SCU0 commissioning. The measured temperature 

(averaged at sensors 3-5) is also shown in the table, and 

the agreement with the expectations is very good. Finally, 

the power inferred from the measured temperatures was 

determined using Eq. (1) and is listed in the table.  

Table 3: Comparison of Predicted and Measured SCU0 

Beam 

cur-

rent 

(mA) 

No. 

bun-

ches 

 

Pre-

dicted 

power 

(W) 

Ex-

pected 

T   

(K) 

Msrd 

T   

(K) 

In-

ferred 

power 

(W) 

100 24 3.8 13.6 12.8 3.3 

100 1+56 2.7 11.8 11.9 2.7 

100 324 0.5 7.9 8.2 0.6 

150 324 1.2 9.3 9.5 1.3 

DISCUSSION 

The SCU0 cryogenic system performed very well in the 

presence of the beam, with the magnet temperatures being 

maintained near 4 K while the beam chamber center 

temperature reached ~13 K. The 20-K cooling system for 

the beam chamber, with its 40-W capacity, provides a 

comfortable margin for normal user operation.  

The predicted cw heat load, using only the resistive-

wall heating, agrees remarkably well with the 

measurements using the chamber heater calibration. An 

independent thermal modeling using finite-element 

analysis also gives very good agreement with the 

measured temperatures over the entire length of the 

chamber [6]. The resistive-wall heating calculation for the 

Al section includes the anomalous skin effect, where the 

skin depth is small compared to the electron mean-free 

path. In this regime, only a fraction of the conduction 

electrons carry the current, which effectively decreases 

the wall conductivity [7]. The anomalous skin effect 

begins to show a difference for a resistivity ratio (RR) > 9 

[5]; at 20 K, RR = 11 for 6063-T5 Al. The surface 

Chamber Heat Load and Temperatures at Sensors 3-5. 
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resistance also increases with surface roughness, and the 

effect can be computed using an empirical formula. For 

the SCU0 chamber, a surface roughness of 0.2 μm rms 

would increase the power loss by as much as 15% [4]. 

The SCU0 Al chamber was processed using an abrasive-

flow polishing technique [8], and the measured surface 

roughness is on the order of 0.1 μm rms [9]; therefore, the 

surface roughness effect could be neglected. 

All other contributions to the heat load are inferred to 

be small. The predicted synchrotron radiation heat load of 

0.2 W in Table 1 [10-12] is small compared to the 

resistive-wall heat load for all bunch patterns except for 

the 324-bunch mode, where the predicted temperatures 

are underestimated. If the electron beam was mis-steered 

in the upstream dipole or corrector magnets and/or the 

chamber was not well-aligned, the synchrotron radiation 

heat load could be much higher, up to 25 W [13]. The 

results suggest that both the beam steering and the 

chamber alignment are within tolerance. The surface 

roughness of the SCU0 beam chamber has another effect: 

it can increase the synchrotron radiation absorption in the 

SCU0 chamber, which can increase the heat load. While 

this effect has not yet been analyzed, the results in Table 

3 suggest that if it exists, the effect is very small. 

Wakefields are predominantly in the chamber 

transitions outside the SCU0 cryostat, and the heat load 

was predicted to be dissipated primarily in the cooled Cu 

tapered transition upstream of the SCU0 [14]. The results 

in Table 3 are consistent with the absence of significant 

wakefield heating in the center of the chamber. Any 

potential heat load from beam lifetime losses is also 

inferred to be negligible, as predicted in Table 1. 

So far, there is no evidence of anomalous heat loads on 

the SCU0 chamber. This is noteworthy, since measured 

beam-induced heat loads that are 2-10 times greater than 

what was expected have been reported for in-vacuum 

superconducting wigglers [15] and in-vacuum cryocooled 

permanent magnet undulators [16]. In the case of MAX 

[15], the discrepancy is assumed to depend on the fact 

that the Cu plating of the inner surfaces of the cold bore 

has a lower electrical conductivity than foreseen. The 

SCU0 is an out-of-vacuum device designed with a solid 

Al chamber wall for which resistive-wall heating is well 

understood. Calculations predict that high-current closely 

spaced bunches (such as in the case of 324 bunches) are 

more likely to drive an electron-cloud-induced 

multipacting resonance in the APS [2]. In SCU0 so far, 

there is no evidence of multipacting. Multipacting is 

believed to be responsible for an anomalous beam heat 

load and pressure rise at the ANKA in-vacuum 

superconducting undulator [17]. 

TRANSIENT HEAT LOADS 

Transient heat load predictions in Table 2 assumed that 

the power is incident on the beam chamber. The 

maximum transient heat load of 25 W is within the SCU0 

cooling capacity. The device was found to quench during 

unintentional beam dumps that have occurred during user 

operation due to fault conditions unrelated to SCU0. A 

beam loss in the magnet coils of ~1 nC (< 0.3% of the full 

store) could potentially cause a quench [18]. Procedures 

to mitigate these quenches are under investigation. With 

the exception of beam dumps, the device has quenched 

only twice in eight months of user operations, operating 

above its 500-A design current. The SCU0 magnet current 

is switched off prior to intentional beam dumps and 

during machine studies to avoid quenching.  

SUMMARY 

  The cw beam-induced heat load predictions for the 

SCU0 beam chamber in standard APS user operation 

were compared with measurements using a simple 

chamber heater calibration. The expected chamber 

temperatures were used as a guide during SCU0 

commissioning. The agreement between the expected and 

measured temperatures was very good, within 10%. The 

resistive-wall heat load is the dominant source, and all 

other contributions are inferred to be small, as predicted. 

There were no anomalous heat load sources detected. The 

SCU0 cryogenic system performed very well in the 

presence of the beam, as designed. 
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Katherine C. Harkay
#
, Laura Boon, Michael Borland, Louis Emery,  

Robert L. Kustom, Vadim Sajaev, Yuko Shiroyanagi, Aimin Xiao  
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Abstract 

The first test superconducting undulator (SCU0) was 

successfully installed and commissioned at the Advanced 

Photon Source (APS) and is delivering 80- to 100-keV 

photons for user science. The magnet cores are mounted 

on but thermally isolated from the beam vacuum 

chamber. Protecting the SCU0 from high beam-induced 

heat loads was an important requirement before operating 

the SCU0 in the storage ring. Precise alignment of the 

beam vacuum chamber with respect to both the electron 

beam orbit as well as the synchrotron radiation generated 

in the upstream dipole magnet was therefore extremely 

important. The beam vacuum chamber was instrumented 

with nine thermal sensors. Using the sensors, the chamber 

alignment was determined with 100-micron accuracy. 

This accuracy is 10 times higher than in a standard 

aperture scan. Other advantages of the thermal sensor-

based alignment method include isolating the SCU0 

alignment from other components in the orbit bump and 

providing good longitudinal spatial resolution. The 

chamber temperatures agreed well with the predicted heat 

load and dependence on steering. This novel beam-based 

alignment method and results will be presented. 

INTRODUCTION 

One of the many challenges of operating a small-gap 

superconducting undulator in a high-energy synchrotron 

light source is protection from excessive beam-induced 

heat loads [1]. For the test superconducting undulator 

(SCU0) recently installed in the APS [2], this is 

accomplished through several key features, including an 

out-of-vacuum design, thermal isolation of the beam 

chamber from the magnet coils, 40-W cooling capacity on 

the beam chamber, and a photon absorber to shield the 

SCU0 from synchrotron radiation from the upstream 

bending magnet (BM). Precise alignment of the magnet 

structure and beam vacuum chamber is also essential for 

proper heat-load protection, as is a well-controlled beam 

orbit while the device is in operation.  Prior to installation 

in the APS, the SCU0 beam vacuum chamber and 

magnetic structure were transversely aligned to within ±150 μm relative to fiducials mounted on the vacuum 

vessel. Correction values were determined for a “cold 

fiducialization,” based on measurements before and after 

cooldown on the test stand [3]. After installation and 

cooldown in situ, beam-based alignment was used to 

confirm that the SCU0 chamber position was reproduced 

and that it remained stable during operation. A standard 

aperture scan was performed first, followed by beam-

based alignment using thermal sensors. The results are 

described below. 

APERTURE SCAN 

A standard aperture scan involves steering the electron 

beam vertically through the chamber until the edge of the 

beam scrapes the walls and the beam lifetime decays to a 

small value (typically < 10 min). The extreme values of 

the vertical beam position monitors (BPMs) are recorded 

to give a measure of the aperture. With a standard 5-m-

long ID chamber, a combination of parallel- and angle-

bumps can be used to determine the chamber alignment. 

However, the SCU0 was installed in sector 6 (ID6) 

downstream of a half-length ID chamber. Sector 6 thus 

has two small-aperture chambers and several transitions. 

Therefore, only parallel orbit bumps were implemented to 

confirm the overall chamber alignment. 

The full vertical aperture of the SCU0 chamber is 

nominally 7.2 mm and the ID chamber is 7.5 mm. The 

aperture scan was performed using 2 mA in a single 

bunch, chosen low to protect the SCU0 but with sufficient 

BPM response. For comparison, the same measurement 

was repeated in ID21, a 5-m-long, 7.5-mm, full-height ID 

chamber known to be well aligned. A model four-

corrector parallel bump was used to change the correctors, 

and a special global orbit configuration closes the bump, 

with the P1 BPM readings allowed to vary. P0 BPMs are 

located at the ends of the insertion device (ID) chamber, 

but they have inaccurate response at large orbit values 

(> 1 mm). P1 BPMs have a better response at large orbit 

values but there is a defocusing quadrupole between the 

P1s and the ID chamber ends. Because a model orbit 

bump produces a parallel orbit shift in the ID, it can be 

assumed that the orbit at P1 is nearly the same as P0.  The 

aperture was determined from the P1 readings. 

The results are given in Table 1. The ID6 results are 

very good in terms of symmetry, and the full range is 

comparable to ID21. The accuracy of this method in 

determining the chamber center is estimated to be about ±1 mm, given that the full range determined from the scan 

is ~3 mm smaller than the nominal chamber aperture.  

 

Table 1: Aperture Scan Results for ID6/SCU0 and ID21 

Sector 
Steer up 

(mm) 

Steer down 

(mm) 

Full range 

(mm) 

ID6 2.2 -2.2 4.4 

ID21 2.2 -1.8 4.0 

 

 ___________________________________________  

* Work supported by U. S. Department of Energy, Office of Science, 

under Contract No. DE-AC02-06CH11357. 

#harkay@aps.anl.gov 
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ID STEERING 

The SCU0 chamber is instrumented with nine thermal 

sensors mounted along its length; the locations are shown 

schematically in Fig. 1. The thermal sensors were used in 

a novel method of determining the chamber alignment, 

which is to steer the electron beam in the chamber and 

observe the temperature response of the thermal sensors. 

The beam steering was performed by changing the P1 set 

points and using a global orbit configuration to close the 

bump, keeping the P1 errors close to zero. The model 

orbit bump method (as used in the aperture scan) would 

be preferred since BPMs are not as accurate as correctors. 

However, the set point method was more straightforward 

given that it permitted a more complex orbit bump that 

did not also steer the beam in the BM (see next section). 

In this case, the image-current resistive-wall heat load 

dominates. The net resistive-wall heat load increases 

when the chamber is not centered in the chamber. 

Therefore, the sensor temperature variation can be used to 

determine the center of the chamber with respect to the 

user beam orbit. To maximize the effect, a relatively high 

image-current heat load is preferred (high bunch current). 

At the same time, to minimize the risk of accidentally 

steering high total bending-magnet radiation heat load 

into the chamber, low current, 25 mA, was used in 24 

bunches. Figure 2 shows a typical measurement at sensor 

3. The equilibrium temperatures for different vertical 

orbit offsets were fit to a parabolas to find the minima. 

The effect of moving the beam vertically off the 

median plane was analyzed using the method of images in 

a planar geometry [4]. The surface current density 

variation was computed as a function of beam offset. The 

total power in both walls was then computed and 

normalized to the total power at zero beam offset. To 

compare with the data, the measured sensor temperature 

rise was converted to power using the chamber heater 

calibration [5]. The agreement is very good (see Fig. 3). 

The SCU0 chamber vertical alignment as measured by 

the chamber thermal sensor minima is shown in Fig. 4. 

The accuracy is about ±100 μm. The original alignment 
(black) revealed an offset of 0.3-0.5 mm with respect to 

the user beam orbit. Partial in-tunnel realignment (red) 

reduced the offset to < 0.3 mm. Measurements after six 

months of operation (blue) show that the chamber 

position remains stable. In addition to the high accuracy, 

this method isolates the SCU0 alignment from other 

vacuum components and provides longitudinal spatial 

resolution limited only by the sensor spacing. 

 

 

Figure 2: Temperature variation at sensor 3 with vertical 

beam steering in SCU0. 

 

 

Figure 3: Normalized heat load using calibrated chamber 

temperatures (sensors 3-5) as a function of the vertical 

beam offset in the SCU0. The red line shows the 

theoretical normalized total power (offset by -0.3 mm). 

 

 
Figure 4: SCU0 chamber vertical alignment history. 

 

 

 
 

Figure 1: Thermal sensor locations, SCU0 beam chamber (top view). The chamber is stainless steel at sensors 0, 1, 7, 

and 8 and aluminium at sensors 2-6. The chamber is 2.06 m and the undulator core is 0.34 m in length. 

2                                          3                          4                                5                                          6 

sensor 0 1 8 7 core 
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BM STEERING 

The availability of thermal sensors on the SCU0 

chamber allows a measurement that is rather unique. With 

perfect alignment and vertical beam steering exactly at 

the midplane in the main bending magnet (BM), the out-

of-plane BM radiation power on the SCU0 chamber is 

only ~0.2 W. However, vertical ray tracing [6] and 

photon beam power calculations [7, 8] show that 

significant synchrotron radiation power (10s of W) can 

intercept the chamber when the beam is steered in the 

bending magnet, which steers the photon beam. Studies of 

BM steering serve two purposes: to measure the relative 

alignment between the BM and the SCU0, and to 

establish allowable limits on the photon beam steering. 

In order to minimize the image-current heating of the 

SCU0 chamber by the beam, low bunch current was used 

(324 bunches). The global orbit configuration was set up 

to steer the BM exit source point while keeping the 

ID/SCU0 source point fixed. To limit the maximum BM 

power to below ~30 W, the beam current was limited to 

20 mA. Figure 5 shows a typical measurement at sensor 

6. The data show a vertical chamber displacement 

consistent with ID beam steering (see Fig. 2). The data 

also show that vertical beam offsets of less than ±1 mm at 

the BM exit give relatively small temperature increases. 

Larger steering can potentially steer x-rays in the BM 

radiation centroid into the SCU0 undulator core, which 

should be avoided. 

 

 

Figure 5: Temperature at sensor 6 with vertical beam 

steering in the BM. 

SUMMARY 

The beam was used to measure the alignment of the 

beam vacuum chamber of the test superconducting 

undulator (SCU0) at APS using two different methods. A 

conventional aperture scan confirmed that the overall 

alignment of ID6/SCU0 was consistent with a well-

aligned ID chamber. Beam-based alignment was also 

carried out using thermal sensors mounted on the SCU0 

chamber. The thermal sensor method allowed the vertical 

chamber alignment to be measured with 100-μm 

accuracy, which is 10 times higher than the aperture scan. 

After partial in-tunnel realignment, the SCU0 chamber 

was confirmed to be aligned to within 0.3 mm, and its 

position has remained stable over six months of operation. 

Steering the beam in the BM gives vertical chamber 

offsets that are consistent with steering in the SCU0, and 

confirms good relative alignment between the SCU0 

chamber and the BM source. Standard beam orbit control 

and a beam position limiting detector interlock are 

implemented during SCU0 operation.  
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FAST-SWITCHING VARIABLY POLARIZING UNDULATOR* 
M. Jaski, R. Dejus, B. Deriy, E. Moog, I. Vasserman, J. Wang, A. Xiao, E. Gluskin 

Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA

Abstract 
Development of a new fast-switching electromagnetic 

variably polarizing undulator (EMVPU) is underway at 
the Advanced Photon Source (APS).  The EMVPU can 
produce x-rays with left- and right-handed circular 
polarizations and horizontal and vertical linear 
polarizations in the energy range 400-2000 eV.  The 
undulator will be able to switch between left- and right-
handed circular polarizations at 10 Hz, fast enough to 
allow for magnetic circular dichroism studies that rely on 
lock-in amplifier techniques.  The handedness switch will 
be accomplished by switching only the vertical 
component of the field while the horizontal component 
stays constant.  Details of the EMVPU and its initial 
experimental test models are presented. 

INTRODUCTION 
The new EMVPU will join other all-electromagnetic 

undulators that are presently in use at APS—the CPU 
(circularly polarizing undulator) [1], with Eγ ≥ 500 eV 
and 1-Hz switching, that has been in operation since 2001; 
and the recently installed IEX undulator, a quasi-periodic 
variably polarizing undulator (Eγ ≥ 250 eV) that was 
designed and built at the APS [2] and commissioned 
successfully in 2012 [3].  The EMVPU, like those 
devices, will provide linear polarization (horizontal and 
vertical) and circular polarization (right- and left-handed) 
capabilities, but adds the capability of switching the 
circular polarization handedness at 10 Hz (with an 80% 
duty cycle), faster than previously available at APS. Fast-
switching undulators are also in operation at ESRF [4] 
and SOLEIL [5] using a combination of electromagnets 
and permanent magnets. 

The requirement for rapid handedness switching of the 
circular polarization is driven by the users’ need to use 
lock-in detection for their magnetic scattering 
experiments. They require ample time between 
handedness switches—time when the photons produced 
are of the desired energy and polarization and when 
measurements can be made with a stable photon beam.  
Not only must the current in the coil stabilize to its new 
value rapidly, but any eddy currents and associated stray 
fields induced by the switching must be minimized. 

In order to achieve fast switching in the EMVPU, the 
vertical (By) field coils are single-turn coils machined 
from a solid piece of copper. This minimizes the coil 
inductance to allow for the fastest possible switching 
speed. One-turn coils also provide right/left symmetry 
near the pole tips, reducing undesirable magnetic 
multipoles. Transient fields during the switching must 
also be minimized. Laminated cores minimize eddy 
currents in the By poles. Eddy currents in the vacuum 

chamber can significantly slow the switching speed so a 
vacuum chamber material with low electrical conductivity 
must be used. Any residual e-beam steering or multipole 
transients will be compensated during switching using 
corrector magnets on each end of the device. 

PARAMETERS 
Table 1 lists selected parameters for the EMVPU. 

Table 1: Selected Parameters 

Parameter Value Unit 
Period 12.5 cm 
Gap 8.5 mm 
Maximum effective field for linear 
polarization (horizontal or vertical) 3491 Gauss 
Maximum effective field for circular 
polarization 2469 Gauss 
Switching speed between right- and 
left-handed circular polarization 10 Hz 

ONE-PERIOD TEST MODEL 

General Concept 
 Figure 1 shows the general layout of the Bx and By 

coils, poles, and core for the lower jaw of the one-period 
test model. The upper jaw has similar geometry. The By 
coils are single-turn coils machined from oxygen-free 
copper. The By core is made from 0.64-mm-thick M-22 
silicon steel laminations with a C5 coating. The 
laminations are laser-cut and epoxied together. The 
epoxy-impregnated Bx coils have 46 turns of square 
copper solid wire [6]. The Bx poles are made of heat-
treated vanadium permendur, chosen because it gives 5% 
higher field than low-carbon steel. The Bx core is low-
carbon steel with slots for stainless steel cooling-water 
tubes. These cooling-water tubes cool the Bx core, which 
cools the Bx poles; both in turn cool the Bx coils. 

Figure 1: A 3-D CAD model of the one-period test model 
lower jaw (one Bx coil/pole assembly is hidden to show 
the By core). 

Figure 2 shows a close-up of the one-period test model.  
The By coils are soldered to bus bars, after being tin 
plated to ease the soldering. The bus bars are water cooled 

______________________ 

*Work supported by U.S. Department of Energy, Office of Science,
under Contract No. DE-AC02-06CH11357. 
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with deionized cooling water and in turn cool the By 
coils.  

Figure 2: One-period test model. 
Thorough testing of the switching speed of the one-

period test model requires that the vacuum chamber be 
present so the eddy currents in the vacuum chamber can 
be properly taken into account. The final vacuum chamber 
will be made of stainless steel with a copper coating on 
the inside. For these tests, a surrogate vacuum chamber 
was used that would allow side insertion of a Hall probe 
for magnetic field measurement. The surrogate chamber, 
seen in Figure 2, is made from two pieces of 1.5-mm-
thick 316 stainless separated by a 5-mm gap. The stainless 
steel pieces are plated with a 75-micron-thick copper strip 
on the inside. 

Measured Field 
The final power supply for the EMVPU is not yet 

available, so the original CPU power supply [7] was used 
for the testing. Switching rates as high as 10 Hz at 1400 
amperes were achieved with the test model, as shown by 
the measured vertical peak field in Figure 3. The Hall 
probe was positioned inside the surrogate vacuum 
chamber. The rise time of the current was 16 ms; the rise 
time of the field was also 16 ms, showing that the 
limitation on rise time comes from this power supply 
rather than the device. 

Figure 3: Time-dependence measurement of a one-period 
test model. The vertical field was ±3500 Gauss, switched 
at 10 Hz. 

Solder Joint 
The bus-bar solder joints are produced with a 50-

micron-thick Sn60Pb40 (60/40) solder sheet, chosen 
because it has a melting temperature of 220°C as 
compared to over 500°C for silver solders. Because 
soldering needs to be done while the bus bars are 
assembled on the core, the lower temperature reduces the 
possibility of the core warping. All solder joints are 
assembled with a screw and spring washers. The spring 
washers take up the excess space produced as the solder 
melts. The joint screws are re-torqued after soldering to 
provide a full-contact solid joint. Figure 4 shows the 
solder joints of the By coils to the bus bars. The air gaps 
are filled with Nema Grade G-10 sheets after soldering. 

Figure 4: Solder joints of the By coils to the bus bars. 
Simulated forces on the By coils and solder joints 

during switching are less than 1.8-kg force. A stress test 
was performed on the one-period test model to show how 
the coil supports and solder joints hold up. A nine-hour 
run with a current of 1400 amperes at 6 Hz was 
completed. There appeared to be no effect at all from the 
test. 

FOUR-PERIOD TEST MODEL 
A four-period test model is now under development at 

the APS. Figure 5 shows the model used for magnetic 
field analysis [8]. A new power supply is also under 
development at the APS. The new power supply will 
switch the current from -1400 to 1400 amperes within  
 

 

Figure 5: Magnetic field analysis model of the four-period 
test model.  
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6 ms. This will allow the field to fully switch within 10 
ms (determined from simulations), giving the user 40 ms 
to take data between each switching event (80% duty 
cycle). 

The two By end poles on each end are shortened 
vertically to produce the ¼-¾ full-field configuration on 
each end that minimizes the first and second integrals 
(i.e., keeps the horizontal beam steering straight and on 
axis). Simulations guided the addition of flux bridges and 
2-mm-wide gaps in the core near the ends to reduce the 
large horizontal missteering during switching of the By 
field. An initial missteering of up to 180 micro-radians 
was reduced to less than 75 micro-radians. Fast end 
corrector magnets will correct the remaining missteering. 

The ¼-¾ full-field configuration is achieved for the Bx 
field at each end by reducing the number of turns on the 
end Bx coils and also by shortening the Bx pole tips 
horizontally. Any further correction will be done with the 
end corrector magnets. 

Figure 6 shows a 3-D CAD model of the four-period 
test model without the support frames. Corrector magnets 
with six laminated poles and separate power supplies for 
each coil are included at the upstream and downstream 
ends of the device. Table 2 gives the maximum integrated 
multipoles that each corrector magnet can produce. The 
horizontal dipole also comes with a skew sextupole 
component (66 G/cm). This additional skew sextupole 
component is used to correct the integrated skew 
sextupole component through the whole device, as was 
done for the electromagnetic variably polarizing quasi-
periodic (IEX) undulator [2, 3]. 

 

Figure 6: A 3-D CAD model of the four-period test 
model. 

 

Table 2: Corrector Magnet Maximum Integrated 
Multipoles 

Multipole Value Unit 
Vertical dipole 958 G-cm 
Normal quadrupole 469 G 
Normal sextupole 569 G/cm 
Horizontal dipole 653 G-cm 
Skew quadrupole 69 G 
Skew octupole 27 G/cm2 

VACUUM CHAMBER 
APS typically uses aluminum insertion device vacuum 

chambers, but simulations show that the fastest possible 
switching through an aluminum vacuum chamber is 30 
ms, due to the high electrical conductivity and resulting 
eddy currents in the Al. Figure 7 shows the simulated 
eddy currents in an aluminum vacuum chamber 130 
microseconds after the start of switching. 

Figure 7: Simulated eddy currents in an aluminum 
vacuum chamber. 

Stainless steel is much less electrically conductive than 
aluminum, reducing the switching time to 10 ms. The 
inside wall of the chamber must retain high conductivity, 
however, to minimize the resistive-wall impedance seen 
by the electron beam. Therefore, the inside wall will be 
coated with 75 microns of copper. Simulations show that 
a 75-micron Cu coating has a negligible effect on the 
switching speed. Further investigation into a stainless 
steel copper-coated insertion device vacuum chamber is 
ongoing at the APS. 
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AN ELECTROMAGNETIC VARIABLY POLARIZING QUASI-PERIODIC 
UNDULATOR* 

M. Jaski, M. Abliz, R. Dejus, B. Deriy, E. Moog, I. Vasserman, A. Xiao, E. Gluskin  
Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA 

Abstract 
An electromagnetic variably polarizing quasi-periodic 

undulator was installed in the Advanced Photon Source 
(APS) storage ring in April 2012 and has been 
successfully commissioned with stored beam. This device 
is identified as the Intermediate Energy X-ray (IEX) 
undulator. The IEX undulator takes its name from the IEX 
beamline where it is installed. The IEX undulator is able 
to produce a variety of polarizations: linear vertical, linear 
horizontal, and right- or left-handed elliptical or circular. 
Ten pairs of poles, distributed quasi-periodically along the 
undulator length, are powered separately, allowing the 
field strength of the quasi-periodic poles to be adjusted. 
This adjustability allows the user to seek a balance 
between the suppression of the higher harmonics and the 
loss of flux in the fundamental that best suits the 
measurement being made. The IEX undulator has a 12.5-
cm period and can achieve photon energies as low as 250 
eV in horizontal polarization and 440 eV in vertical 
polarization. A description of the IEX undulator will be 
presented. 

INTRODUCTION 
The IEX beamline team, consisting of APS staff 

members along with researchers from the Universities of 
Illinois at Chicago and at Urbana-Champaign, is 
commissioning a new dual beamline with one leg 
dedicated to angle-resolved photoemission spectroscopy 
(ARPES) measurements and the other dedicated to 
resonant soft x-ray scattering (RSXS) [1]. The undulator 
needs to provide photons ranging from 250 to 2500 eV, 
with horizontal and vertical linear, and left- and right-
circular and elliptical polarizations. (Vertical linear 
polarization only goes as low as 440 eV.)  The presence of 
high harmonics in the spectrum degrades the signal-to-
noise ratio in both techniques, so a quasiperiodic 
undulator is sought for its ability to shift the high 
harmonics in energy so they are eliminated by the 
beamline optics. 

Several possible variably polarizing undulator designs 
were considered, including an Apple II (all permanent 
magnet), an electromagnetic/permanent magnet, and an 
all-electromagnetic design similar to the circularly 
polarizing undulator (CPU) [2] presently installed at the 
APS. The all-electromagnetic design was chosen, largely 
because of its ability to vary the magnetic strength 
reduction in the quasiperiodic poles so trade-offs could be 
made between additional high-harmonic reductions at the 
expense of a loss in photon beam intensity. Magnetic field 

simulation and optimization [3] were done, and 
prototypes were built and tested before building the full-
length device. The full-length device was successfully 
commissioned at the APS in 2012 [4]. 

PARAMETERS 
Table 1 lists selected parameters for the IEX undulator. 

Table 1: IEX Undulator Selected Parameters 

Title Description Value Unit 

General 

Period 12.5 cm 

Gap 10.5 mm 
Periods per device 
(including end poles) 

38 periods 

Horizontal 
Linear 

Polarization

Minimum photon energy 240 eV 
Measured maximum 
vertical effective field 

4614 Gauss 

Vertical 
Linear 

Polarization

Minimum photon energy 440 eV 
Measured maximum 
horizontal effective field 

3312 Gauss 

Circular 
Polarization

Minimum photon energy 234 eV 
horizontal and vertical 
effective field 

3312 Gauss 

DESIGN AND ASSEMBLY 
Figure 1 shows the IEX undulator at the magnetic 

measurement bench. The device is 958 mm wide × 2118 
mm tall × 5044 mm long (37.7” × 83.4” × 198.6”) and 
weighs 6350 kg (14,000 lbs). Casters attached to the base 
allow it to be manually rolled across a flat concrete floor 
by six people. The undulator is installed onto floor bases 
that are grouted to the floor. The undulator gap is fixed at 
10.5 mm. The jaw assembly is mounted to high-precision 
linear roller bearings and can manually be moved 
 

Figure 1: The IEX undulator at the magnet measurement 
bench.  ____________________________________________  

*Work supported by U.S. Department of Energy, Office of Science,
under Contract No. DE-AC02-06CH11357. 
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horizontally in and out of operating position, allowing for 
well-controlled alignment of the fixed gap around the 
vacuum chamber during installation. There are fine 
adjustments for longitudinal, vertical, and horizontal 
positions as well as roll, pitch, and yaw. The undulator is 
designed with a calculated mechanical fundamental 
natural frequency of 34 Hz. 

Figure 2 shows the coil and pole arrangement for a 
single jaw. There are a total of 304 Bx (horizontal field) 
poles and 152 By (vertical field) poles. The coils are 
vacuum impregnated with epoxy [5]. 

Figure 2: Top jaw coil and pole configuration. The 
centered vertical field poles alternate with pairs of 
horizontal poles along the undulator axis.  The bottom 
jaw configuration mirrors this arrangement. 

CORRECTOR COILS 

End Coils 
To minimize the first and second field integrals through 

the ends of the undulator, fewer turns are used in the 
endmost coils at both ends. The strength of the last pole is 
¼ and the next-to-last pole is ¾ of full field. This leaves 
room around the end poles to add corrector windings. Six 
corrector coils are supplied on both the upstream and 
downstream ends of the undulator to provide a means for 
electron beam steering and multipole control. Figure 3 
shows the configuration of the upstream corrector coils. 
The coils are labeled top (T), bottom (B), and quadrants 
Q1, Q2, Q3, and Q4. To minimize the imbalance between 
the 25% and 75% end poles that causes flux leakage into 
the full-field poles, a flux bridge is added on each end.  

Each corrector coil has its own power supply. Figure 4 
shows the coil field directions needed to obtain the 
various multipole moments. Table 2 lists the maximum 
achievable integrated multipole corrections, where the 
limit is imposed by the power supply and by the coil 
becoming hot. These corrections are more than was 
needed to meet specifications so the coil currents were 
limited to 20% of the maximum.  

 

 

Figure 4: Coil field directions for the various multipole 
moments. 

Table 2: IEX Undulator Maximum Achievable Integrated 
Multipole Corrections from the Corrector Coils 

Multipole Value Unit 

DS Horizontal Dipole 9021 G-cm 

DS Vertical Dipole 13153 G-cm 

DS Skew Quadrupole 4251 G 

DS Normal Quadrupole 15158 G 

DS Normal Sextupole 10236 G/cm 

DS Skew Octupole 346 G/cm2 

US Horizontal Dipole 8043 G-cm 

US Vertical Dipole 13054 G-cm 

US Skew Quadrupole 4569 G 

US Normal Quadrupole 15144 G 

US Normal Sextupole 10140 G/cm 

US Skew Octupole 375 G/cm2 

 

Figure 3: Configuration of the upstream corrector coils. 
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Figure 5: IEX undulator quasi-periodic pole positions. 

 
Skew Sextupole Correction 

An integrated skew sextupole component that was out 
of specification was discovered during magnetic 
simulations. No combination of end correctors provides a 
correction that is mainly skew sextupole, but the 
horizontal dipole corrector also produces a small skew 
sextupole component. The relative amounts of horizontal 
dipole and skew sextupole were adjusted by shortening 
the tips of the downstream horizontal dipole end poles, 
then increasing the current in those coils. A series of 
simulations was used to minimize the skew sextupole 
component. 

Earth Coil 
An earth coil is provided to compensate for the earth’s 

magnetic field. The earth coil consists of a one-turn coil 
around the By poles on both the top and bottom jaws. The 
top jaw portion of the earth coil can be seen in Figure 2. 
The earth coil can supply an integrated By field up to 
3900 G-cm. This is more than enough to correct the 
earth’s field along with the approximately four-fold 
enhancement by the steel poles. 

THERMAL 
The coils are indirectly water cooled. Water lines 

directly cool the cores. The poles are bolted to the cores, 
and the coils are epoxied to the poles to ensure good 
thermal contact. At full power the device operates at 
12,000 W; 9,500 W is removed by water cooling. The 
remaining 2,500 W is removed by air cooling. Blowers 
and a baffle draw air over the coils and exhaust the warm 
air (2,500 W) directly into the storage ring tunnel air 
handling exhaust. This immediately removes the heat 
from the tunnel so it will not interfere with storage ring 
tunnel temperature control. The heat loads given above 
were empirically obtained by building and testing a four-
period test model. 

QUASI-PERIODICITY 
Quasi-periodicity suppresses the higher-order radiation 

harmonics [6]. The IEX undulator is supplied with quasi-
periodic capabilities in both horizontal and vertical 
polarizations. For a 38-period undulator there are 76 pole 

sets (two pole sets per period). Coils are numbered 1 to 
76. The quasi-periodic coils for the IEX undulator are 7, 
8, 14, 15, 20, 21, 27, 28, 34, 35, 40, 41, 47, 48, 54, 55, 61, 
62, 67, and 68. Figure 5 shows the configuration of the 
quasi-periodic coils. The Bx quasi-periodic coils are 
connected in series and have their own power supply. The 
remaining Bx coils are connected in series and have their 
own separate power supply. Similar connections are done 
for the By coils. The quasi-periodic coils can be operated 
at a reduced current (~85%) that will shift the higher 
spectral harmonics to a lower energy. 

POWER SUPPLIES 
Seventeen power supplies are required to operate the 

IEX undulator: Bx and By main power supplies, Bx and By 
quasi-periodic power supplies, twelve end-coil power 
supplies, and one Earth-coil power supply. Each power 
supply is bi-polar to allow for degaussing. 
 

REFERENCES 
[1] IEX Collaborative Development Team Final Design 

Report, available online at: http://www.aps.anl.gov/ 
Sectors/Sector29/beamline/fdr/index.php 

[2] E. Gluskin et al., AIP Conf. Proc. 521 (2000) 344. 
[3] M. Jaski et al., “Magnetic Simulation of an 

Electromagnetic Variably Polarizing Undulator,” 
PAC’11, New York, TUP244, p. 1289 (2011). 

[4]  A. Xiao et al., “The Intermediate Energy X-Ray 
(IEX)  Undulator  Commissioning  Results,”

 NA-PAC’13.   WEPSM11,  
[5] M. Jaski, “Design and Fabrication of Magnet Coils,” 

Diamond Light Source Proceedings, Volume 1, Issue 
MEDSI-6, p. e7, November 2010. 

[6] R. Dejus et al., “Spectral Performance of Circular 
Polarizing Quasi-Periodic Undulators for Soft X-
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DESIGN OF A 17.2-MM-PERIOD PLANAR UNDULATOR FOR THE APS * 

E.R. Moog#, M. Abliz, R.J. Dejus, J.H. Grimmer, and M. Jaski, ANL, Argonne, IL 60439, USA

Abstract 
The design process for a short-period planar undulator 

is described. This is a conventional planar design based 
on Nd-Fe-B magnets and vanadium permendur poles. The 
period length was driven by the users’ request for a high 
flux of photons at 23.7 keV, with minimal tuning range. A 
shorter period gives higher flux; 17.2 mm was the shortest 
value consistent with the gap limitations of the vacuum 
chamber and with reaching the desired photon energy. 
Details of the design, especially the various chamfers of 
edges of the magnet and pole, were examined more 
closely than has been the standard past practice in order to 
minimize the period length. 

INTRODUCTION 
The majority of the insertion devices at the Advanced 

Photon Source (APS) are of the planar permanent magnet 
hybrid type, and a variety of period lengths have been 
installed. This 17.2-mm-period undulator will have the 
shortest period; it is being designed to meet the specific 
needs of a group of users who want to maximize their 
photon flux at 23.7 keV without any need for a significant 
tuning range. The ideal choice for such a short-period 
undulator would be to use superconducting technology, 
but that technology is only now being commissioned at 
the APS [1]. It will be several years before a customized 
device can be designed and built for these users.  They 
have opted not to wait.  

Keeping the beam impedance from the insertion device 
vacuum chamber walls low results in a minimum gap for 
the undulator of 10.4 mm (with a new ID vacuum 
chamber that is in the design stage; the present typical 
minimum gap is 11.0 mm).  This, combined with the 23.7 
keV desired energy, means that the operating point of the 
undulator is not at the peak in the tuning curve but rather 
on a slope where a small change in undulator period can 
have a noticeable effect on the on-axis flux, as shown in 
Fig. 1 where there is a 15% flux increase between the 17.5 
and 17.2-mm period lengths. Shortening the undulator 
period gives more flux, until the field strength needed to 
reach the desired energy no longer lies within the 
achievable gap range. The steepness of the tuning curve 
for this design project places a high premium on 
achieving the shortest period possible, and the need for a 
single specific photon energy means that the magnetic 
field cannot be lower than expected. To add to the 
challenge, the required undulator field increases as the 
undulator period decreases, while a decrease in period 
generally comes with a decrease in field. 

 

CHOICE OF MAGNET GRADE 
The considerations that drive the choice of a magnet 

grade are the remanent field Br and the coercivity HcJ of 
that grade. Recent magnet grades used for APS undulators 
are Shin-Etsu’s N39UH and N42SH. With Br ≥12.7 kG 
and HcJ ≥21 kOe, N42SH has been used when the highest 
field strength was needed. Otherwise, N39UH with 
Br ≥12.2 kG and HcJ ≥25 kOe has been chosen for its 
higher coercivity. 

The higher coercivity is desirable for two reasons: 1) 
for a particular demagnetizing field in the magnet, the 
higher-coercivity magnet can survive higher temperatures 
without ill effects, and 2) the higher coercivity correlates 
with higher resistance to radiation-induced demagneti-
zation. Magnets of either grade, when installed in an 
undulator whose magnetic design considerations include 
maintaining a moderate demagnetizing field, will survive 
a hot day with broken air conditioning. Radiation 
susceptibility is harder to quantify because of many 
unknowns, including the spectral sensitivity of the 
magnets and the spectral distribution of the radiation at 
the magnets’ locations. At the APS, except for two 
extremely high-dose sectors, the undulators have not been 
affected by radiation enough to affect users’ programs, 
though small effects have been seen. A common 
difference between the maximum demagnetizing field and 
the magnet’s HcJ has been ~4 kOe, so a goal is to keep the 
demagnetizing field at least that far below HcJ. For this 
short a period, a higher HcJ than N42SH is not necessary. 

The magnet grade characteristics given here are from 
the manufacturer’s data sheets and are for 20°C. The 
temperature of the APS storage ring tunnel, however, is 
25°C. Since the on-axis field in the simulations must be 
met in the real device, the reduction in the manufacturer’s 
Br due to the higher temperature must be taken into  
 

 
Figure 1: Tuning curves over a narrow photon energy 
range, for a few period lengths. The solid lines are for a 
minimum gap of 11 mm; the dotted extensions are for a 
reduction to 10.4-mm gap. 

 ____________________________________________  

*Work supported by U.S. Dept. of Energy, Office of Science, under
Contract No. DE-AC02-06CH11357. 
#emoog@aps.anl.gov 
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account. Thus the Br used in magnetic design calculations 
is 12.63 kG, after applying the -0.11%/K thermal 
coefficient correction. 

DESIGN PROCESS 
In order to finalize the period length, a series of quick 

calculations was carried out to determine approximately 
what field strength could be obtained from a variety of 
period lengths. Both 2-D and 3-D modules from the 
Vector Fields suite of magnetic design codes [2] were 
used. The only optimization was to ensure that the relative 
thicknesses of magnet and pole were close to optimal. 
From these results, a period length of 17.2 mm was 
chosen (see Fig. 1). The field requirement would be met 
with the new ID vacuum chamber; it might be met if a 
gap smaller than 11 mm could be achieved with the 
present chamber and if the delivered magnets are stronger 
than the minimum for the magnet grade. 

2-D Design Work 
Some initial magnetic design tasks can be carried out 

using the 2-dimensional codes. The calculations are 
slightly quicker and the optimization of the chamfering 
was found to be somewhat quieter than in 3-D. The results 
were later confirmed in 3-D. 

 The 2-D magnet model is shown in Fig. 2. The entire 
non-air part of the model is shown along with an inset 
showing an enlargement of the gap region. (The entire 
model includes more air on the non-gap side—enough so 
the boundary condition there doesn’t matter.) Symmetry 
conditions allow just the quarter-period section shown, 
with only one jaw, to be calculated. Perpendicular field 
boundary conditions are applied along the beam axis (i.e., 
the undulator midplane) and the top boundary, which is 
the center of the magnet in the beam direction. The lower 
boundary (the center of the pole) has the magnetic field 
parallel to the boundary. The pole protrudes into the gap 
beyond the magnet, leaving a 0.5-mm magnet recess 
space available for shims to be placed during magnetic 
tuning of the completed undulator without affecting the 
minimum undulator gap. This space is needed despite its 
cost in on-axis field. A small air gap of 0.08 mm is 
allowed between the magnet and pole, reflecting the 
 

 

Figure 2: The two-dimensional magnetic model is shown 
at the bottom, with additional air space at the right 
omitted. The top section is an enlargement of the gap 
region, showing the chamfers and the thin air gap between 
magnet and pole. 

tolerance in the magnet and pole dimensions. The 
chamfers on the corners of the magnet and pole can also 
be seen.  

The goal of the magnetic design is to maximize the on-
axis field of the undulator while not allowing the 
demagnetizing field in the magnet (the H component 
parallel to the beam axis, since the magnetization 
direction of the magnet is parallel to the beam axis) to 
become too large compared to the magnet grade’s HcJ.  

The field strength is very sensitive to the thickness (in 
the beam direction) of the magnet and pole, so it is 
optimized first. It is also rechecked last, once everything 
else has been set. Model calculations as a function of 
magnet thickness find an optimum peak field on axis at a 
magnet thickness of 5.67 mm. The peak field changes by 
1 in 1000 at a thickness change of ±0.047 mm, leading to 
a tolerance on magnet thickness of ±0.05 mm. (The final 
recheck of the magnet thickness resulted in an adjustment 
to 5.63 mm. The pole thickness then becomes 2.81 mm.) 

There isn’t an optimum magnet height—a taller magnet 
will always give more field, albeit with diminishing 
returns, as long as the pole height is sensible. Therefore, 
the height chosen for the magnet, 52.5 mm, was the tallest 
that would fit without any redesign of the strongback or 
gap separation mechanism and without reducing the 
maximum achievable gap. 

The pole height was adjusted to maximize on-axis field, 
giving a height of 45 mm. This is a broad maximum—it 
takes a 3-mm change to change the peak by 1 in 1000. 

The remaining parameters to set using the 2-D model 
are the chamfers. There are four parameters to set: the y 
(vertical) and z (beam direction) dimensions on both the 
pole and magnet. An attempt to use the Optimizer module 
from Vector Fields [2] to set all four parameters at once 
was unsuccessful, but showed that the largest on-axis field 
was for the least pole material removed by the 
chamfering. Following the mechanical engineers’ advice 
that the edges should be broken at least slightly, both pole 
chamfer dimensions are set to 0.15 mm. 

Setting the magnet chamfers involves a trade-off 
between the on-axis field and the demagnetizing field 
inside the magnet. The surface plots in Fig. 3 show the 
behavior of both as a function of the magnet chamfer z 
dimension, Chzz, and the magnet chamfer y dimension, 
Chzy. (The z in the name is a reminder that this is a 
chamfer on the edge at the z end of the magnet. The 
chamfer at the x end will be considered below.) The top 
panel shows the effective field By eff as a function of the 
chamfer dimensions. A ridge of higher field can be seen, 
with a sharper drop-off on the right side in the figure. The 
lower panel shows the worst value of the demagnetizing 
field in the magnet block, with the value closest to zero 
being desirable. It too shows a ridge, but one that runs 
perpendicular to that in the top panel. Originally the red 
point was chosen, where the two ridges cross. A slightly 
higher By eff (by ~1 G) could be reached, but the decision 
was made to save a few kOe instead. Later, concerns were 
raised that the zz chamfer was too long to allow shims to 
be placed stably on the magnet faces, so Chzz was 
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reduced to 0.5 mm. This change reduced the field by 0.9 
G, a negligible amount, and made Hz max worse by 660 Oe. 

 

Figure 3: Surface plots showing the dependence of the 
effective field By eff (top) and the strongest demagnetizing 
field in the magnet block Hz max (bottom) on the chamfer 
dimensions in z, Chzz, and in y, Chzy. The red point, at 
(Chzz, Chzy) = (0.73, 0.26) mm was initially selected. 
Undulator tuning considerations prompted a change to the 
orange point at (Chzz, Chzy) = (0.5, 0.2) mm. 

3-D Design Work 
The aspects of the design that must be done using 3-D 

codes are those that involve the roll-off of the on-axis 
field in the lateral (x) direction, the widths of the magnet 
and pole in x, and the chamfers at the x end of the magnet 
and pole. 

The ‘good-field’ region in the undulator is ±5 mm in x 
to allow for steering of the beam through the undulator 
and for beam displacements during injection. The roll-off 
is the peak-to-peak change of field over the range from -5 
to +5 mm in the x direction, at the center of the pole in z. 
The limit on the field roll-off is set by requiring that the 
photon energies from electrons traveling within the ‘good-
field’ region are the same as far as the user can tell, or 
specifically, to within 10% of the intrinsic width of the 3rd 
harmonic. (The roll-off is not used to limit the integrated 
multipole moments; those are separate requirements.) The 
full width at half maximum of the 3rd harmonic for a 4.8-
m-long undulator is ΔEγ/Eγ = 5.54*10-3, and for a 2.4-m-
long undulator it is 7.10*10-3. These translate to ΔB/B = 
0.0019 or 0.0024. For B ~3460 G, the roll-off limit 
becomes 6.6 to 8.3 G. 

The width of the pole is limited by the need to fit 
around the vacuum chamber, with some allowance for 
clamping, so 44 mm is chosen, the same as many of the 
recent APS undulators. As with the magnet height, the on-

axis field keeps growing the wider the magnet. The limit 
on the width then becomes what fits with the existing 
vacuum chamber. Sixty-seven mm is chosen; at that width 
any gain from a wider magnet is diminishing anyway. The 
chamfers at the x edge of the magnet are entirely 
determined by engineering requirements for the clamping 
scheme and fitting around the vacuum chamber. 

The chamfer on the x edge of the pole remains to be set. 
The surface plots in Fig. 4 show the effects of the x and y 
dimensions of the chamfer (Chxx and Chxy, respectively) 
on the effective undulator field (top) and on the field roll-
off (bottom). As the x chamfer dimension becomes larger, 
the pole is effectively narrowed and the on-axis field 
grows. As the pole narrows, there is initially no effect on 
the roll-off, but then the roll-off begins to grow rapidly. 
The red dot marks the selected pole x chamfer dimensions 
(Chxx, Chxy) of (7, 4) mm. There is noise on the right 
side of the roll-off plot, probably due to a meshing issue, 
but since its level is ~1 G it was not pursued. 

The production of the 17.2-mm-period undulator is now 
underway. 

 

Figure 4: Surface plots showing the dependence of the 
effective field (top) and the field roll-off (bottom) on the 
chamfer dimensions in x, Chxx, and in y, Chxy. The red 
point, at (Chxx, Chxy) = (7, 4) mm is the selected value.  
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THE INTERMEDIATE-ENERGY X-RAY (IEX) UNDULATOR

COMMISSIONING RESULTS ∗

A. Xiao, M. Abliz, B. Deriy, M. Jaski, M. Smith, I. Vasserman, J. Xu

Argonne National Laboratory, Argonne, IL 60439, USA

Abstract

Strong beam perturbation from the intermediate-energy

x-ray (IEX) undulator operation has been expected from

the beginning. This paper describes our efforts including

the initial magnet design, field measurements and compen-

sation, special considerations of power supplies and the

control system, and the final commissioning results with

beam. Perturbations are well within the specified limits,

and the IEX was made ready for user operation in less than

six months.

INTRODUCTION

A 4.8-m electromagnetic undulator was designed, built,

and installed at the APS to provide the Intermediate-Energy

X-ray (IEX) beamline with variably polarized radiation.

Details on the device itself are presented separately [1].

The main parameters of this device are listed in Table 1.

Simulation results show that strong nonlinear fields are

Table 1: IEX Main Parameters

Title Description Value Unit

General
Length 4.8 m

Period length 12.5 cm

Horizontal Linear
Energy 0.25-3 keV

K Value 5.271-0.694

Vertical Linear
Energy 0.44-3 keV

K Value 3.863-0.694

Circular Mode
Energy 0.44-3 keV

K Value 3.863-0.694

present in this device. To eliminate beam perturbations, 13

correction coils are included, which correct stray fields, or-

bit, tune, coupling, and some high-order perturbations. To-

gether with four main coils (By, By-Quasi, Bx, Bx-Quasi),

there are 17 power supplies for this single device. Besides

the complexity of the device itself, special requirements

from user operations are:

• Generates four polarization modes. Horizontal- and

vertical-linear modes [H/V], clockwise and counter-

clockwise circular modes [CW/CCW].

• In each mode, the quasi-periodic property can be

switched on and off [1].

• Precise photon energy reproducibility.

• Polarization refinement at the sample location.

∗Work supported by the U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357.

To satisfy requirements on energy reproducibility, the de-

vice is required to operate on a hysteresis loop. A special

magnet degaussing and conditioning procedure also needs

to be followed. The device provides radiation to two beam-

line branches in which, due to different properties of optical

elements, different IEX settings are required for different

branches to reach > 99% polarization purity at the sample

location.

All facts added up together made IEX commissioning a

difficult task. Commissioning started on May 2012 and by

November 2012 all operational modes had been success-

fully commissioned with beam. This paper describes de-

tails of the commissioning efforts leading to eventual suc-

cess.

MAGNET DESIGN AND MEASUREMENT

The magnet design and measurement were done in close

coordination with simulation work. Simulation results [2]

showed this device would be the strongest nonlinear pertur-

bation source among all IDs that have been installed in the

APS storage ring. Special measures were taken during the

magnet design phase, including 2×6 correction coils added

to each side of the device for making further corrections.

After magnet assembly, the field was measured over the

entire excitation curve for each operational mode. Unlike

other ID measurements, which measure By only in the xz

plane (y=0) — i.e., 2D measurement—both Bx and By

fields were measured in a 3D volume. One assembly fault

(a magnet block was inadvertently made from a prototype

part) was found through fitting the measured field map to

the design model, and corrected. After fixing the fault, the

IEX was re-measured and a full set of simulation work was

done using the measured field map. For these simulations

[3], field data were fitted to the wiggler field expansions

while measured field error was represented by a kickmap

element; other machine errors were also included. Simu-

lation results showed that the magnet quality met our ex-

pections. The simulated dynamic aperture (see Figure 1)

was only slightly reduced due to the strong nonlinear field

errors. This reduction was expected based on design simu-

lations and can be mitigated using the local correction coils

based on later beam test.

POWER SUPPLY

As described in the previous section, the IEX has 17 indi-

vidual power supplies (PSs) to provide field excitation and

local beam perturbation corrections, making it one of the

single most complicated powered elements in the ring. To

reduce beam perturbations, all PSs are synchronized, and
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Figure 1: Dynamic aperture with machine errors. Black

— field map from magnet measurement (fitted model); red

— fitted model + measured field errors; blue — field map

from IEX design.

a smooth linear ramp is made in between for each current

change. This feature is built into the PSs local control sys-

tem. Also, to simplify and standardize the required magnet

conditioning and degaussing, these features are also built

into the PSs local control system. Results are shown in

Figure 2.

(a) Synchronized ramp (b) Synchronized shutdown on

interlock event

(c) Conditioning curve (d) Degaussing curve

Figure 2: Waveform of PSs on different events.

CONTROLS

As described in the introduction, the IEX can be oper-

ated in many ways. The total operational states comprise

3 (modes, combined CW/CCW to C mode) × 2 (quasi) ×

2 (direction) × 2 (beamline) = 24. Each state could gen-

erate different beam perturbations and thus needs a sepa-

rate correction table. We have used a 24-page SDDS file

to include all the correction tables, where each page cor-

responds to one operational state. In each table, there are

columns containing photon energies, plus main [H/V] and

Earth coil settings. These values are from magnet mea-

surements. There are another 12 columns—6 for upstream

(US) and 6 for downstream (DS)—including correctors for

horizontal and vertical dipole, normal and skew quad, nor-

mal sextupole, and skew octupole. These corrector settings

are beam-based and tuned to remove orbit, tune, and cou-

pling variations from IEX operation and restore injection

efficiency using higher-order correctors. The IEX local

correctors are made from different combinations of the ex-

tra windings on the end poles [1]. The correction moments

contained in the correction table need to be converted in-

side the control system before being sent to the PSs.

In summary, besides many general control tasks, the IEX

control system needs to accomplish many special require-

ments. They are contained in the state program code, as

illustrated in Figure 3, and include:

• Determine current and future IEX status.

• Choose the proper correction table.

• Convert correction moments to power supply settings

and send to power supply.

• Choose the proper way to do mode switch.

• Perform magnet conditioning and degaussing.

Figure 3: Diagram of IEX control state program.

COMMISSIONING WITH BEAM

The IEX was installed in the APS storage ring during

the May 2012 shutdown. Thanks to thorough and careful

work at every step (some of which is mentioned in the pre-

vious sections), in its first test with beam it was turned on

and ramped to full strength step by step without beam loss.

In this first beam test, there was no local correction—only

regular APS orbit correction and feedback systems were

employed. This clearly indicated that the device was work-

ing properly and that our assumptions and simulations had

validity. Then we measured the tune shift and the disper-

sion perturbations with IEX on, and compared the results

to our previous simulations, see Figure 4. We found very

good agreement, which shows that the device is very close

Proceedings of PAC2013, Pasadena, CA USA WEPSM11

02 Light Sources

T15 - Undulators and Wigglers 1071 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



to the model and that various field errors were well con-

trolled. After confirming that the device is well within our

Figure 4: Dispersion error from IEX (quad ring): black/red

- measurements made at CW and CCW mode; blue - simu-

lation result.

expections and working properly, we started to debug our

entire control program, simulate all possible user operation

scenarios, and test the protection features with various sim-

ulated faults. At the same time, we started to build the local

correction table (the 24-page SDDS file) for each opera-

tional state.

Techniques used for correction of similar APS devices

[4, 5] have been adopted here with some adjustments. First,

we measured beam response to the IEX local correction

coils individually with IEX off. Then we measured beam

perturbations while turning on the IEX. All corrector set-

tings are then determined by multiplying beam perturba-

tions with the inverse of the measured correction coil re-

sponse. Normally, the tune and coupling variation is less

sensitive to beam orbit going through the IEX magnet

and had been corrected first, then the orbit perturbations

are corrected. After several iterations (generally two is

enough), most perturbations have been removed by the lo-

cal correction coils. Some of the correction coil settings

vs. the IEX main coil current and resulting orbit, tune,

coupling variation with and without correction are shown

in Figure 5 and 6. After about six months commissioning,

the IEX was turned over for full user operation.

(a) x-orbit (b) y-orbit

(c) Coupling (d) Tune

Figure 5: Beam perturbations before (red) and after (black)

local correction.

(a) Upstream correctors (b) Downstream correctors

Figure 6: IEX corrector settings (example of one page).

SUMMARY

IEX is the second circular polarized undulator to be in-

stalled in the APS. It has the strongest nonlinear field ow-

ing to its complex structure and high field. To eliminate its

perturbation to the beam, we took great care in each step

to ensure the device properties were within specifications

and satisfied all user requirements. The device was able to

run at full strength without losing beam immediately upon

being turned on. Full correction table generation and de-

bugging/troubleshooting of the control program took about

six months (including a one-month shutdown in between).

The device is now fully available for user operation with no

restrictions.
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NON-LINEAR EFFECTS OF INSERTION DEVICES: SIMULATION AND

EXPERIMENT RESULTS ∗

A. Xiao, M. Borland, L. Emery, V. Sajaev

Argonne National Laboratory, Argonne, IL 60439, USA

Abstract

The Advanced Photon Source (APS) Upgrade includes

adding more insertion devices (IDs) to the storage ring.

Perturbations from IDs have been reviewed, with the most

significant sources coming from IDs that generate circular

polarized light. To address this, we measured non-linear ef-

fects from the existing circular polarized undulator (CPU)

and intermediate-energy x-ray (IEX) undulator. Measure-

ment results were compared with simulation results. Pro-

posed correction schemes were tested experimentally.

INTRODUCTION

The ongoing APS Upgrade (APS-U) project includes in-

stalling IDs in unused straights and replacing some IDs

with devices better-optimized for user requirements. ID

perturbations to the beam can be qualitatively expressed by

[1]

∆x′(x) ∝
Lw

E2
K2

d

dx
F 2(x), (1)

where Lw is the length of the wiggler, E is the beam en-

ergy,K is the wiggler strength, andF (x) = By(x)/By(0).
Non-linear effects come from the roll-off in F (x).

For planar IDs, only one on-axis field (typically By)

needs to be non-zero. Thus a generally wider ID pole and

flatter F (x) is possible, which reduces non-linearities. For

IDs that generate elliptical radiation, both Bx and By are

necessarily non-zero on axis. The required magnet struc-

ture is much more complicated, with narrower poles and,

as a consequence, larger variation of F (x). Figure 1 illus-

trates this difference for some of the typical and planned

APS IDs. ID parameters are listed in Table 1.

To better understand the beam dynamics effects of ID

field non-linearity, several simulation methods have been

implemented in elegant [2]. Some of the methods require

an analytical wiggler field expansion, which can be ob-

tained through fitting a 3D magnetic field map to a model.

In this paper, we first describe these simulation tools, fit-

ting methods, and methods to reduce artificial errors from

fitting. Then, using IEX as an example, we show simula-

tion results from a measured field map. Finally, we present

some experimental results from CPU and IEX operations.

SIMULATION TOOLS AND FITTING

METHOD

There are four elements in elegant that simulate IDs:

CWIGGLER, GFWIGGLER, UKICKMAP, and FTABLE.

∗Work supported by the U. S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357.

Figure 1: Comparison of simulated in-plane kick map (y =
0) for different types of IDs.

Table 1: Typical ID Parameters

ID Type Length K max+ By Pole Width

(m) (mm)

U33 * 2.4 2.75 51

U36 * 2.1 3.31 39.5

CPU* 1.8

2.77(H)

242.77(V)

2.5(C)

IEX* 4.75

5.27(H)

18.23.86(V)

3.86(C)

APPLE# 2.1

3.57(H)

35×352.7(V)

3.03(C)

+ H/V/C are different polarization mode for elliptical ID.
* Currently operated at APS.
# ID is under development, parameters are under consideration.

UKICKMAP uses kick maps [3] obtained from magnet

design directly or from tracking results of the other three

methods. All other methods use 3D field maps from

ID design or field measurement. FTABLE uses the field

map directly and is non-canonical, while CWIGGLER and

GFWIGGLER require an analytical wiggler field expan-

sion (from the 3D field map fitting) and are canonical. Our

typical procedure for simulating nonlinear ID effects is: fit

the 3D field map to a field expansion; using CWIGGLER

or GFWIGGLER, track a bunch of particles through the

element in a “grid” distribution on the x − y plane with

x′ = y′ = 0, and determine the kick map at the exit; use

the kick map as input to UKICKMAP to perform various
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simulations. The key to the entire procedure is fitting a field

map to the field expansion. The general field expansion of

an elliptical undulator is written as [4]:

BH
x = BH

0

∑

m,n
AH

mn

kHx,mn

kHy,mn

sin(kHx,mnx)

· sinh(kHy,mny) · cos(kznz),

BH
y = −BH

0

∑

m,n
AH

mn cos(k
H
x,mnx)

· cosh(kHy,mny) · cos(kznz),

(2)

with (kHy,mn)
2 = (kHx,mn)

2+(kzn)
2 for the field generated

from the two middle poles, and

BV
x = BV

0

∑

m,n
AV

mn cos(k
V
x,mnx)

· cosh(kVy,mny) · cos(kznz +
π
2
),

BV
y = BV

0

∑

m,n
AV

mn

kVy,mn

kVx,mn

sin(kVx,mnx)

· sinh(kVy,mny) · cos(kznz +
π
2
),

(3)

with (kVy,mn)
2 = (kVx,mn)

2+(kzn)
2 for the field generated

from the four side poles. Here, kzn = 2πn/λu, λu is the

period, and BH
0

and BV
0

are the maximum on-axis horizon-

tal and vertical fields, respectively. The total field is given

by

BC
y = BH

y +BV
y

BC
x = BH

x +BV
x .

(4)

ID field profiles greatly differ from a pure sinusoidal shape

and have high harmonic components, making direct fitting

very difficult. We thus developed a linear fit method. First,

the field data are fit to longitudinal harmonics:

BC
x =

∑

n
GH,n · cos(kznz) +

∑

n
GV,n · cos(kznz),

BC
y =

∑

n
FH,n · cos(kznz) +

∑

n
FV,n · cos(kznz),

(5)

where cos(kznz) are known values at each data point, and

FH/V,n and GH/V,n are fit parameters. These F and G pa-

rameters are in turn decomposed into transverse harmonics

following

FH,n =
∑

m

[

−BH
0
AH

mn · cosh(kHy,mny)
]

· cos(kHx,mnx)

=
∑

m
fH,n,m · cos(kHx,mnx).

(6)

Note that kHy,mn and kHx,mn are still related. Both kHx,mn and

AH
mn are unknown parameters to be fitted. In order to turn

this into a linear fit, we give an initial value to kHx,mn, then

fit fH,n,m. The proper kHx,mn value is obtained by scanning

kHx,mn over a suitable range and choosing the value that

gives the smallest residuals. The same technique is applied

to the other F and G parameters.

Depending on the original field data errors and the avail-

able field map region, the fit results may be invalid. The

F and G coefficients are interrelated via Maxwell’s equa-

tions, so fitting one will give the other. Usually we fit FH

and GV as they give the non-zero on-axis field. In the case

of large (measured or modeled) field errors, this results in

large field errors at the boundary of the available field map.

Fitting F and G parameters together will eliminate such

errors (see Figure 2). For best results, the field map region

Figure 2: Fitted field profile at different y positions (legend

value in mm). Red — fit FH and GV only; black — fit all

F and G. Large fitting errors appears near the field map

boundary.

should extend well beyond the expected dynamic aperture

(DA). If an adequate field map region is unavailable, which

we encountered in our EMVPU [5] simulation, we must

use fewer small transverse harmonics (m) or manually set

up boundary conditions that will help constrain the fitting

results (see Figure 3).

SIMULATION RESULTS AND BEAM

TEST

Figure 1 shows that IEX presents the strongest non-

linearity among all IDs that have been installed in the APS.

Thus, detailed simulations were made with both designed

and measured field maps. Due to large errors represented

in the measured field data, the measured field map was fit-

ted to its design model by adjusting its alignment (x, y, z),

peak field (B0), and roll-off parameter Kx slightly away

from the value of the model simulation. Fitting results

show that Kx,meas ≈ 0.96Kx,design. A slightly larger

magnet field roll-off appears in the real device (see Figure

4). To include field errors, the IEX was sliced into several

segments, each segment containing several periods. The

error field was represented by a kick map at the end of each

segment, calculated using the first field integral of the same
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1074C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

02 Light Sources

D06 - Code Development and Simulation Techniques



Figure 3: Fitted field profile at several y positions (legend

value in mm). Black — harmonic m up to 30; red — har-

monic m up to 50.

Figure 4: Peak Bx filed profile vs. x. Black — designed

model; red — measured data; blue — fitted model.

segment. Simulated DA results for various conditions are

shown in Figure 5. The simulation results predicted that

the APS DA would be reduced slightly by IEX operation.

This was confirmed by our beam-based measurements, as

seen in Figure 6.

Another device with strong non-linearity is the Circu-

larly Polarizing Undulator (CPU), for which we have a

model field map, but no measured one. The non-linearity of

the ideal CPU model is weaker than IEX, but the measured

beam perturbations, such as orbit, tune, and coupling vari-

ations, indicate some larger field errors. The measured DA

reduction from the CPU is also more severe than the IEX

(see Figure 6). Unfortunately, we cannot simulate these

field errors as we have no measured field map.

SUMMARY

Simulation of ID nonlinear effects can be accomplished

in several ways. This paper explains how a field map can be

fit to a field expansion used by elegant and what precau-

tions are required for a valid result. Using the IEX device as

an example, we illustrated how a measured field map was

used to check the field quality and for DA simulation. Ex-

Figure 5: Dynamic aperture with machine errors. Black

— field map from magnet measurement (fitted model); red

— fitted model + measured field errors; blue — field map

from IEX design.

(a) IEX—DA is decreased at large

kick strength

(b) CPU—DA is decreased from

small kick strength

Figure 6: A fraction of beam survived after a kicker pulse

vs kicker strength (DA) for the APS baseline (APS0 —

CPU and IEX are off), and CPU or IEX running at different

polarization modes (H/V/C).

perimental results from both CPU and IEX operation show

the importance of such simulation work.
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ON-AXIS INJECTION SCHEME FOR ULTRA-LOW-EMITTANCE LIGHT

SOURCES ∗

A. Xiao† , M. Borland, C. Yao, ANL, Argonne, IL 60439, USA

Abstract

Injection design for an ultra-low-emittance light source

is mainly limited by two effects. Due to intrabeam scat-

tering and beam instabilities, multiple bunches with tight

bunch spacing are injected into the ring to reach high av-

erage beam current, which limits the choices of injection

technology. Strong non-linear effects due to the signifi-

cant focusing force applied and the resultant strong sex-

tupoles make the dynamic aperture very small, so that only

on-axis “swap-out” beam injection is workable. Using a

seven-bend-achromat (7BA) lattice designed for the Ad-

vanced Photon Source (APS) storage ring as an example,

this paper presents an on-axis injection scheme based on

the fast stripline technique together with discussions of the

different configuration choices.

INTRODUCTION

When pushing a storage-ring-based light source emit-

tance close to very low emittance, two primary con-

sequences emerge: insufficient dynamic aperture for

accumulation-based injection, so that only on-axis “swap-

out” injection is workable [1]; and the maximum single-

bunch intensity is significantly reduced due to the intra-

beam scattering (IBS) and beam instabilities, so a signif-

icant fraction of the ring may need to be filled with beam to

reach the required average beam current. Both factors put

strict restrictions on the choice of injection technology and

optics design.

In the scheme envisioned here, a single “swap-out” beam

injection only replaces a portion of the stored beam, see

Figure 1. The target bunches must be extracted and in-

jected without affecting the emittance and stability of the

remaining stored beam. For this to be the case, the kicker

field must be negligible at the next upstream or down-

stream bunches, which requires kicker rise- and fall-times

less than the spacing between bunches—usually one to a

few rf buckets depending on the specific design, e.g., 10 rf

buckets @500 MHz implies 20 ns. Commonly used fer-

rite kicker magnets cannot meet such requirements, but the

stripline kicker technology proposed for the ILC damping

ring [2] seems promising and is adopted in this paper.

A series of 40-sector, 6-GeV seven-bend achromat

(7BA) lattices [3] have been studied for the future APS

Upgrade. The lattice used is shown in Figure 2. In this pa-

per, we will present an injection and extraction design for

the 7BA lattice, with discussion of the different injection

schemes.

∗Work supported by the U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357.
† xiaoam@aps.anl.gov

Figure 1: Sketch of on-axis “swap-out” injection (red: ex-

traction bunches; green: injection bunches).

Figure 2: Single-cell optical functions of a 7BA lattice.

MAIN PARAMETERS

The kick angle from a stripline of length L with gap d

between the electrodes is given by

∆θ = 2g
eV

E

L

d
, (1)

where V is the voltage applied to the two electrodes, E is

the beam energy, g ≤ 1 is the geometry factor, and the

factor 2 includes the force from both electric and magnetic

fields. Using the stripline tested at ATF [4] (60 cm long, 10

mm gap, with ±10 kV pulsers), the kick angle is 0.4 mrad.

The maximum achievable kick angle depends on two

major factors: the available pulser strength V and the size

of the stripline. Unlike the ILC damping ring, the required

injection frequency is much lower, so a pulser with much

higher output voltage [5] is available; V is then limited

by the detailed design of the stripline (feed through). A

smaller gap d increases ∆θ for the same gap voltage V ,

while the maximum achievable V is also reduced due to

reduction in the stripline size. As there is yet no detailed

stripline design, we assume V = 30 kV at d = 10-mm

gap compared with V = 20 kV at the same gap for the

ILC damping ring. Larger L will make more efficient use

of the limited space, but the maximum L is limited by the

required rise/fall time. We choose L = 0.6 m, so that the

rise/fall time is less than 5 ns. Altogether, the kick strength

from a single stripline is 0.6 mrad. To accomplish the in-

jection task, multiple striplines are needed.

Unlike other storage ring designs, an ultra-low-
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emittance light source like the 7BA discussed here usually

has no more free drift space left inside the arc. The only

space available is in the straight sections, which are mainly

preserved for insertion devices. Assuming a single straight

injection, the separation ∆x between injected and stored

beam center at the edge of the septum is given by

∆x ≈ N∆θ
NL

2
=

∆θ

L

(NL)2

2
, (2)

where N is the total number of striplines and ∆θ
L

is the

normalized kick strength in mrad/m.

The minimum separation ∆xmin is given by

∆xmin = xinj + xerr + sa + sd, (3)

where xinj is the injected beam size, xerr is the allowed or-

bit error from all sources, sa is the minimum septum aper-

ture determined by other factors (for example, impedance),

and sd is the septum thickness.

Similar to the current APS design, two septums are used.

We have set sa = 3 mm and sd = 1 mm for the thin septum

in our simulation. The fully coupled injected beam emit-

tance is assumed to be 30 nm. xinj and xerr are related to

the local beta function at the edge of the thin septum and

will be discussed in later sections. All main parameters are

listed in Table 1.

Table 1: Main Parameters for Injection

Title Description Value Unit

General

Energy 6 GeV

Stored Beam Emit. 81 pm

Inj. Beam Emit. 30 nm

Beta function at Inj. ≈3 m

Orbit error (xerr) 0.4 mm

Stripline

Length 0.6 m

Gap 10 mm

Gap Voltage 30 kV

Thin Septum

Length 0.25 m

Thickness 1 mm

Field Strength 0.7 T

Inner Aperture 3 mm

Thick Septum

Length 1.5 m

Thickness 2 mm

Field Strength 1 T

BETA FUNCTION AT SEPTUM

A high-beta insertion is often used for the injection sec-

tion design of a storage ring. Two pairs of kicks with phase

advance close to π are located at either side of the septum,

while the septum is located at the place of a high-beta func-

tion. The advantages of such a design are to minimize the

kicker strength and reduce residual betatron oscillation of

injected beam.

This kind of injection scheme is not applicable to the

ultra-low-emittance light source (USR) for the following

reasons:

• Phase advance. Since a light source tends to have a

very crowded arc cell, there is insufficient space for

multiple stripline kickers. Most likely, the stripline

kickers will be placed in the same section as the sep-

tum.

• Optics perturbation. A specially designed high-

beta injection section will break the lattice symme-

try, which will typically reduce the dynamic aper-

ture (DA) and momentum aperture (MA) significantly.

Having sufficient DA/MA is already a big challenge

for a USR lattice design.

• Impedance issues. Injection/extraction regions con-

tribute a large portion to the entire ring’s impedance

budget. High-beta function makes the problem even

more severe.

• Stripline aperture. High-beta function means larger

beam size. Accommodation of the injection beam re-

quires larger stripline gap, which reduces the stripline

strength.

Due to the above reasons, a high-beta injection scheme was

evaluated and abandoned. Those simulation results are not

shown here. Note that if striplines and septum need to be

put in the same section, then the beam separation is given

by Eq. (2). From Eq. (3), a low-beta function at the thin

septum, which minimizes xinj and xerr , is preferable.

SINGLE STRAIGHT INJECTION AND

EXTRACTION

If possible, putting injection and extraction to the same

straight section is preferable. The minimum separation for

beam extraction xmin,ext is also given by Eq. (3) with re-

placing of xinj to xsto (beam size of stored beam). Using

the parameters listed in Table 1, xmin,inj = 5.3 mm and

xmin,ext = 4.5 mm. From Eq. (2), the minimum total

stripline length for injection is 3.25 m, while the minimum

total stripline length for extraction is 3 m. To accommodate

the thin septum and including space between each element,

∼ 1 m of extra space is needed. Thus a minimum 7.5-

m-long straight section is required to accommodate both

on-axis injection/extraction in one straight section for a 6-

GeV ring. Since the straight section length of our design

is 5.8 m, injection and extraction require separate straight

sections. In our design, sector 38 is used for beam extrac-

tion and sector 39 is used for beam injection.

SEPARATED INJECTION AND

EXTRACTION

As just discussed, injection and extraction need to be

separated into two sectors. The difference between injec-

tion and extraction is that the required minimum separa-

tion at the thin septum is slightly different. For simulation
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convenience, we illustrate here the extraction line using pa-

rameters of beam injection as listed in Table 1.

To allow a 3-mm inner aperture for the thin septum, a

minimum 5.3-mm beam separation must be provided by

the stripline kickers. This number assumes 1-mm septum

thickness, 3 sigma of injected beam size (σ = 0.9 mm at

βx = 3 m), and 0.4-mm orbit error from various sources.

Using a normalized kick strength of 1 mrad/m, the total

stripline length is 3.25 m from Eq. (2), requiring five 0.6-

m-long striplines. Figure 3 shows the extraction line con-

figuration (injected beam is from right to left), the enve-

lope of injected beam (red line), and the envelope of the

first turn of injected beam. This plot also shows why high-

beta injection is not preferable, because in that scheme the

stripline gap has to be increased to accommodate the en-

tire injected beam envelope, which becomes much wider

when using high-beta injection. Since now the minimum

aperture limitation around the ring is the thin septum (3

mm), some stripline apertures (for example, 1 and 2) could

be reduced to increase the normalized kick strength. The

potential benefit from reducing stripline aperture is lim-

ited by the feedthrough, so this must be evaluated when

we have a detailed stripline design. The separation at the

first quadruople is 0.1 m and needs to be considered in the

magnet design.

(a) Inj. layout (b) Zoom In

Figure 3: Injection configuration: black - first turn injected

beam, red - injected beam, green - stripline, and yellow -

septum.

OTHER CHOICES

Besides putting all injection elements into the same

straight section, other injection schemes have been stud-

ied. For example, we looked at putting striplines in the arc

where sufficient drifts are present or using the straight sec-
tion in the next sector. Results are shown in Figure 4.

The effectiveness of these choices strongly depends on

the detailed optical design, i.e., the phase advance between
the thin septum and an available space for installing an ex-

tra stripline. One could make this a special requirement to

the optical design, or modify the existing optical design to

make a special section to suit the required phase advance.

Other issues make such choices unwelcome, including:

• Broken symmetry. It makes the already challenging

nonlinear effects correction even more difficult.

• Less flexibility. A modification of the optical design

will require a re-design of the injection line. It be-

comes more difficult due to the strong nonlinear ef-

fects.

• Large orbit oscillation inside arc, see Figure 4. This

also causes nonlinear effects and may harm injection

efficiency.

These effects can be seen from Figure 4. The additional

stripline inside arc (inj2) doesn’t increase beam separation

at the septum due to the wrong phase advance. The addi-

tional stripline installed in other sectors (inj3) does increase

beam separation at the septum at the expense of large or-

bit oscillation inside the arc, which means every change of

the chromaticity configuration could result in rematching

of the injection line. We have abandoned such options due

to unclear benefits and these potential problems.

(a) Overview of different injection

schemes

(b) Zoom in of different injection

schemes

Figure 4: Comparison of different injection schemes: inj0

- first turn injected beam, inj1 - all stripline in one straight,

inj2 - one stripline in arc, inj3 - one stripline from the next

sector. See how beam orbit varies inside the arc (a) and

beam separation at the thin septum (b).

CONCLUSION

Using an APS 7BA lattice design as an example, sev-

eral on-axis injection schemes have been studied. Re-

sults reveal the possible choice of injection technology, the

main parameters determining the injection design (injec-

tion beam size, minimum septum aperture, etc.), and as a

consequence, the requirements on the optics design (drift

space, beta function, etc.). Our results show that on-axis in-

jection into the 7BA lattice can be achieved. We attempted

to make our discussions here as general as possible, so re-

sults can be used for other USR designs.
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ADVANCED X-RAY BEAM POSITION MONITOR SYSTEM DESIGN  

AT THE APS* 
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Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA

Abstract 

As part of the Advanced Photon Source (APS) 

Upgrade, new x-ray beamline front ends are planned that 

include extensive integrated x-ray diagnostic capability.  

The high-heat-load front-end (HHLFE) design includes a 

grazing-incidence insertion device x-ray beam position 

monitor (GRID-XBPM) utilizing Cu K-edge x-ray 

fluorescence from x-rays striking a pair of copper 

absorbers.  At a 1.0˚ grazing incidence angle, the XBPM 

assembly is designed to withstand 17 kW power from two 

inline Undulator A devices at 150-mA stored beam.  A 

second XBPM located outside of the accelerator enclosure 

monitors fluorescence from the beamline exit mask, 

which is a critical beamline-defining aperture.  In 

addition, an intensity monitor is used to detect x-ray flux 

passing through a front-end mask inside the enclosure, 

while a second intensity monitor is located immediately 

downstream of the exit mask.  Details of these designs 

and expected performance will be presented. 

INTRODUCTION 

The ongoing Advanced Photon Source Upgrade (APS-

U) requires major improvements in x-ray beam stability. 

The stability goals are to be achieved on multiple 

beamlines with two inline Undulators A’s delivering 

beam power up to 17 kW at 150-mA stored current. Since 

the modern storage ring orbit feedback systems have 

demonstrated submicron stabilities, the actual x-ray beam 

stability delivered to the user is determined by the 

accuracy of the beam position monitors. In the past 

several years, the APS has made a major effort in 

developing a hard x-ray BPM. The new device uses the 8-

keV Cu K-edge x-ray fluorescence (XRF) from the front-

end limiting apertures to infer the undulator beam’s core 

position [1,2]. An experimental test with two inline 

undulators showed that the XBPM has nearly 70-fold 

improvement in rejection of bend magnet radiation 

background and a gap-independent calibration in one of 

the two dimensions [3]. Based on this successful 

demonstration, the GRID-XBPM was included as a 

standard device for the new HHLFEs being developed for 

the APS-U. In this paper, we report the engineering 

design of the new XBPM system, including a GRID-

XBPM, the second XBPM at the end of the front end, and 

the two intensity monitors to assist for beam-based 

alignment of front end apertures. We will also report on 

the latest design development of a new XBPM based on 

Compton scattering. 

 

THE FIRST XBPM 

Figure 1 shows the first XBPM. It is a GRID-XBPM 

consisting of two GlidCop absorbers, positioned on the 

left and right sides of the undulator beam axis. At 1.0˚ 
grazing incidence angle, they intercept up to 11.5 kW of 

undulator power during user operations and are able to 

withstand the full beam in case of mis-steering. The 

XBPM reads out vertical positions using x-ray pinhole 

camera optics, with a calibration independent of undulator 

gaps. It derives horizontal beam position from the 

difference/sum of the x-ray detector signals from the left 

and right absorbers. Hence the horizontal position 

calibration depends on the beam sizes, or undulator gaps. 

To meet the stringent stability requirements, the pinhole 

camera and detectors are mechanically isolated from the 

absorbers, and its height above the floor is monitored in 

real time by a mechanical motion sensor mounted on an 

Invar rod. External perturbations to the XBPM include: 

(1) the annual air pressure variation of 0.6% [4], which 

distorts the XBPM support plate; and (2) the thermal load 

of the x-ray beam on the XBPM assembly. Table 1 

summarizes the ANSYS analyses for the impacts of these 

external perturbations. We can see that most distortions 

are within specifications. The thermal-distortion-induced 

vertical detector position change will be monitored and 

corrected in real time with the mechanical motion sensor 

or treated as gap-dependent XBPM offset. 

    

Figure 1: The GRID-XBPM for the APS-U high-heat-

load front end. 
_________________ 
*Work supported by the U.S. Department of Energy, Office of Science, 

under Contract No. DE-AC02-06CH11357.  
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Table 1: Externally Induced XBPM Position Change 

 Angular Vertical 

Barometric Pressure (0.6% rms) ±0.4 µrad 0.04 µm 

Beam Load ±0.4 µrad 7 µm 

Specifications 2 µrad 3 µm 

THE SECOND XBPM 

The exit mask of the HHLFE is a critical component of 

the beamline. It defines the exit aperture of the front end 

and protects the downstream bremsstrahlung shield from 

radiation damage. During normal beam operations, it 

intercepts up to 3.5 kW x-ray power. The fluorescence 

photons generated by the intercepted beam will be used by 

the second XBPM to infer the core beam position utilizing 

yet another set of pinhole camera optics. Figure 2 shows 

the arrangement of the XBPM2 components. Four silicon 

photodiodes are used to read out the horizontal and 

vertical positions of the x-ray footprint on the exit mask. 

This XBPM will not be linked to the orbit feedback 

system, but its information will be recorded and logged 

during user operations. 

Figure 2: XBPM 2 design.  A pair of apertures and four Si 

PIN diodes form a pinhole camera to read out the position 

of the x-ray footprint on the exit mask. 

THE INTENSITY MONITORS 

Two beam intensity monitors, IM1 and IM2, are 

planned for the new front ends. During normal operations, 

up to 100-W x-ray photons will be removed from the 

beam by the front-end beryllium windows, including 30-

W x-rays by Rayleigh and Compton scatterings. These 

scattered photons can be detected using metallic 

photocathodes or silicon photodiodes, and the signal can 

be used to center the undulator beam on the exit mask by 

scanning the electron beam. The symmetry points of the 

scanning curve serve as the fiducial marks of the XBPM, 

allowing the operator to put the XBPM back to its 

standard state after each shutdown, or after the XBPM and 

its electronics are repaired or serviced. Figure 3 shows the 

design of the IM2: A large-area gold-coated photocathode 

is used to capture the scattered radiation from the Be 

window. The inset shows the estimate photocurrent as a 

function of undulator K-value, using known x-ray 

scattering cross sections [5]. For the operating range of 

Undulator A, the signal current remains in microampere 

range within a dynamic range of 1:7. 

The first intensity monitor (IM1) uses the x-ray 

fluorescence from the photon shutter to measure the beam 

intensity passing through the upstream apertures inside the 

front end. By design, it will be used to fiducialize the 

GRID-XBPM during machine studies before user 

operations. Since it is a retrofit to existing photon shutters, 

the challenging part is to make the signal proportional to 

the total beam intensity but independent of the beam 

position on the grazing incidence shutter. Figure 4 shows 

the arrangement of IM1 components: a combination of an 

aperture edge and an EDM’d detector mask is used to 

minimize the signal’s beam position dependence. 

Figure 3: IM2 uses Rayleigh- and Compton-scattered x-

rays from the Be window to monitor the x-ray beam 

intensity.  Inset: A photodiode is used to detect x-rays. 

 

Figure 4: IM1 uses Cu K-edge XRF to measure the x-ray 

beam intensity when the photon shutter is closed. 

SYSTEM DESIGN 

Figure 5 shows the schematic of the new XBPM system 

inside the new orbit feedback system for the APS-U. With 

a reference from a common hydrostatic leveling system, 

real-time motion sensors will be used to monitor the 

positions of the RFBPM and the XBPM to compensate for 

the thermal expansion/distortion of the vacuum chamber 

supports. The RFBPM and GRID-XBPM will be used to 

monitor beam position and angle changes, and to provide 

information for orbit corrections.  

For the x-ray beam exiting the front end, IM2 and 

XBPM2 will record its intensity and position information 

in real time and serve as independent validation of the x-

ray beam stability achieved by the entire system.  
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Figure 5: In the APS-U orbit feedback system, the XBPM system is responsible for measuring the x-ray beam angle 

and monitoring the x-ray beam intensity and position outside of the feedback loop. 

SUMMARY AND DEVELOPMENTS 

The engineering designs of the x-ray beam position 

monitor system for the APS high-heat-load front ends are 

complete. The components are being procured and 

manufactured. Installation of the first complete set is 

planned for early 2014.  

The grazing-incidence design has demonstrated that a 

reliable XBPM can be built wherever a beam aperture can 

survive the beam, and the combination of beam apertures 

with position measurements simplifies operations of the 

beam-based alignment and improves its accuracy. 

However, the design also carries higher cost and requires 

longer beamline space. 

For canted undulator front ends, where two undulator 

beams are separated by 1 mrad, with each carrying only 

8.5-kW power, we are currently developing a different 

design based on Compton scattering from low-Z materials. 

Figure 6 shows a prototype: two grazing-incidence 

diamond blades are inserted from the top and bottom of 

the beam. At ~ 1.75 mm from the axis, they intercept 

~ 500 W from each undulator. A set of pinhole optics and 

diamond detectors are mounted below and above the 

diamond blades to read out the horizontal beam position; 

the vertical beam position is derived from the difference/ 

sum of the signals from the two blades. Initial ANSYS 

analysis shows that the diamond blades will survive a 

direct hit by the undulator beam during mis-steering if an 

appropriate heat spreader material, e.g., Mo-Cu, is used. A 

preliminary x-ray simulation shows that the signal current 

will be in the range of tens of μA for closed undulator gap 

(10.5 mm), and hundreds of nA for open gap (30 mm). 

This is welcome news for the data acquisition system 

since the dynamic range requirement is less stringent than 

that for the HHLFE GRID-XBPM with vertical absorbers. 

Optimization of the design is still in progress and 

experimental tests are planned for the near future. 

 

Figure 6: Compton-scattering XBPM conceptual design 

for the APS canted undulator front end. 
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Abstract 

For a free-electron laser (FEL) to work effectively the 
electron beam quality must meet exceptional standards. In 
the case of an FEL operating at infrared wavelengths the 
critical phase space tends to be in the longitudinal 
direction. Achieving high enough longitudinal phase 
space density directly from the electron injector system in 
an FEL is difficult due to space charge effects, thus one 
needs to manipulate the longitudinal phase space once the 
beam energy reaches a sufficiently high value. However, 
this is fraught with problems. Longitudinal space charge 
and coherent synchrotron radiation can both disrupt the 
overall phase space, furthermore, the phase space 
disruption is exacerbated by the longitudinal phase space 
manipulation process required to achieve high peak 
current. To achieve and maintain good FEL performance 
one needs to investigate the longitudinal emittance and be 
able to measure it during operation preferably in a non-
invasive manner. Using electro-optical (EO) methods, we 
plan to measure the bunch longitudinal profile of an 
energy (~120-MeV), high-power (~10kW or more 
average FEL output power) beam. Such a diagnostic 
could be critical in efforts to diagnose and help mitigate 
deleterious beam effects for high output power FELs. 

INTRODUCTION 
In order to operate an FEL of high quality, an electron 

beam with high-peak current, low transverse emittance 
and low energy spread is required. An operational 
understanding of electron bunch parameters through 
diagnostics is needed if one wishes to achieve the optimal 
desired beam qualities. There are a number of diagnostics 
of both invasive and non-invasive genres used to 
determine electron bunch parameters. Invasive 
diagnostics such as transition radiation (CTR) screens 
placed directly into the beam of electrons are great if one 
has a low power beam and does not care if operation is 
momentarily interrupted. Such diagnostics are not suitable 
for high power operation as they will be destroyed by the 
beam, or operational monitoring as they severly disrupt 
the beam properties upon impact with the diagnostic. As 
an FEL requires high longitudinal phase space density for 
optimal output, the required manipulations of the electron 
bunches can lend to undesirable additional effects which 
need to be monitored in-situ, and, if possible, avoided. 
One needs a non-invasive longitudinal phase space 
diagnostic to allow for the achievement and maintenance 
of the beam properties. 

A method to sample the bunch’s electric field without 
prohibitively disrupting the beam is to utilize a crystal 
with a birefringent property influenced by an electric 
field, known as the electro-optical (EO) method. This 
property is caused by the Pockel’s effect and the crystal 
acts as a Pockel’s Cell driven by the electric fields of the 
electron bunches. The different polarizations of light 
within a pulse traversing the crystal will have altered path 
lengths created by the birefringence. The altered pulse 
becomes elliptically polarized in a manner proportional to 
the influence of induced birefringence. Equation (1) 
(derived in Jamison, et al. [1]), gives the resultant Fourier 
transform of the electron beam's Coulomb field with a 
probing optical pulse, and the resultant inverse transform 
in Equation (2). The functions R(t) and R( ) are the 
response of the crystal due its nonlinearity and phase 
matching.  

 (1) 

   (2) 

The Coulomb field becomes encoded in the optical 
pulse to later be processed in order to determine the 
longitudinal bunch profile. 

For a relativistic electron, the radial Coulomb field is 
oriented perpendicular to propagation with an opening 
angle , where  is the relativistic Lorentz factor. 
The strength of the field is a function of electron bunch 
distance, b, from the crystal as found in Eqn (3) below. 
This field is found to have an effect similar to radiation in 
the Terahertz region of the electromagnetic spectrum 
(~100-900 m wavelengths) [2]. Placing the desired (EO) 
crystal near the longitudinally propagating bunch charge 
encodes the electric field information in the crystal 
without directly altering the bunch. The induced 
birefringence is probed and encoded within an optical 
pulse incident normally on the crystal.   

                       (3) 

The facilities where EO diagnostics have been 
implemented are in contrast to the CSU and JLab 
accelerators, typically feature beamline parameters with 
short bunches, low average power and high electron beam 
energies. As an example, one facility that has employed 
an EOS diagnostic is FERMI@Elettra [3], which features 
a bunch length of ~.54 ps FWHM, operational beam 

,

.
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energy of 1.2 GeV, but at a much lower average power 
(10s of Watts). These differences in parameters, 
particularly the electron beam energy and average beam 
power, lead to modification of previous designs to suit 
our conditions. 

METHODS 
There are a variety of EO techniques utilized by 

different accelerator facilities, chosen based on their 
intrinsic strengths and weaknesses. It was shown at 
FELIX [4] that a scanning-delay method employed was 
capable of sub-picosecond measurements of longitudinal 
beam profile. In this diagnostic an initially linearly 
polarized 12-fs, 800-nm Ti:sapphire laser incident upon a 
ZnTe EO crystal placed near (6 mm from the bunch 
center) an electron pulse train is induced to elliptical 
polarization. The signal is further refined via use of a 
quarter wave plate and subsequent Wollaston prism to 
separate the polarization affected beam and the reference 
beam through a balance detector. Because the delay 
between the laser and the bunch train is scanned, this 
technique is subject to the natural laser pulse train jitter 
with respect to the beam and asmearing of the resultant 
profile limiting the resolution further due to averaging of 
the signal over many pules. 

Another technique, known as spectral decoding, uses a 
chirped laser pulse to create a time-frequency relationship 
between the laser spectrum and the traversing electron 
bunch. This technique has been demonstrated at a number 
of facilities (FELIX, NSLS and FLASH [5-7]);  however, 
there is a bunch length resolution limit, , created by 
temporal distortion of the chirped pulse given by 

 [1], where  is the duration of the pulse 
generated by the electron beam and  is that of the 
optical pulse length. A bunch length shorter than the 
resolution limit will distort the pulse signal due to Fourier 
transform artifacts [8]. An advantage of this method is 
that it is a single shot and so timing jitters and averaging 
of the signal do not affect resolution.  

Similar to the previous method, another technique 
decodes the temporal profile of the electron bunch 
electrical field and is aptly known as temporal decoding. 
Using cross-correlation through second harmonic 
generation of the probe pulse that has been modified by 
the beam’s electric field within the EO crystal, with a 
reference pulse (both split from a single pulse prior to 
probing of the crystal), a spatial mapping of the temporal 
intensity is created. This measurement is done in a single 
shot giving rise to individual bunch measurements. The 
FELIX facility has used this method to measure pulses 
with sub picosecond resolution [2,9]. A schematic of this 
method is given in Figure 1. 

A fourth EO technique that differs in the manner of EO 
crystal probing is known as spatial encoding. Rather than 
probe the crystal with a laser pulse normal to the surface, 
a pulse broadened by a cylindrical telescope travels at an 
angle such that an encoding of the temporal profile of the 
Coulomb field is achieved across the transverse direction 

of the pulse. The spatial signal is now a measure of the 
temporal changes of the Coulomb field. As seen in Figure 
2, the electron beam still propagates normal to the EO 
crystal. Because the probe is broadened, any anisotropy of 
the birefringence may lead to signal errors and quality 
measurements rely on ideal EO crystals. Employed at 
SLAC [10,11] and DESY, this single-shot measurement is 
shown to be capable of <300 fs FWHM bunch length 
measurements. 

Figure 1: Electro-optical temporal decoding: A pulse is 
split such that a reference pulse travels through a fixed 
delay to be later combined the EO probe pulse in a non-
linear crystal to create a pulse shape through Second 
Harmonic Generation (SHG). 

 
Figure 2: Diagram of electro-optical spatial encoding 
technique. Electron bunch still passes normal of the 
crystal, however, the probe pulse is incident obliquely. A 
cylindrical telescope is used to increase optical pulse 
transverse dimensions. 

When designing the appropriate diagnostic to be 
implemented at CSU and Jefferson Lab, considerations of 
accuracy and effective measurement led us to choose the 
latter two introduced methods: EO temporal decoding and 
EO spatial encoding. Both of these are carried out in 
single-shot measurements allowing for single bunch 
signal probing. The spatial encoding method was found to 
be a relatively cheap option with a simple design. Where 
spatial encoding is limited in temporal resolution and 
noise susceptibility, temporal decoding compensates for 
these problems by providing excellent temporal resolution 
and low noise susceptibility due to the more complex 
cross-correlation design.  

The beam energy for application at CSU, as well as the 
injection energy for the JLab accelerator, are both around 
6 MeV. The beam energy for the second desired 
diagnostic location at Jefferson Lab is over 100 MeV and 
has a sub-picosecond bunch length. Based on Equation 3, 
there is a definite Coulomb field signal strength relation 
to distance from the beamline (b) which will have to be 
considered for our various applications. Clearly, placing 
an EO material further from the beamline is acceptable 
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for higher energies and desirable to mitigate crystal 
damage, and therefore the crystal holder will be designed 
accordingly. 

Prior to beam line implementation, a THz generation 
kit from Newport [12] will be used to simulate the desired 
diagnostic situation. The kit produces a THz wave 
through AC-biased plasma collapse, which is made to co-
propagate with a reference pulse through a ZnTe crystal. 
Emulation of a real electron beam will be enhanced in the 
future to more accurately recreate the perpendicularly 
propagating Coulomb field of an electron bunch passing 
near the crystal. 

ELECTRO-OPTICAL CRYSTAL 
DEPENDENCE 

In order to determine the ideal EO crystal to be used for 
an actual diagnostic, considerations of crystal damage 
threshold, resonance and effective radiation birefringence 
will be made pertinent to our beam conditions. Figures 3 
and 4 show the expected electric field intensity and 
resolution limits for energies around 6 MeV, which is our 
design beam energy. It is clear that the longitudinal 
resolution time will be limited to picoseconds 
measurements, and the low expected intensity may 
require us to place the crystal in close proximity to the 
passing bunch( <5mm), possibly subjecting the crystal to 
heavy radiation and beam halo damage. 

DEVELOPMENT AND 
IMPLEMENTATION 

Prior to implementation of an EO system within the 
CSU and JLab beamlines, several steps must be taken. 
Initially, we must study how our high average power 
beams will affect various EO crystals. 

After deciding on the optimal crystal, the EO 
techniques must be developed on a setup that is a physical 
realization of the apparatus to be installed on the 
beamline. Currently the THz kit is being assembled. This 
kit will be bench tested to confirm functionality of the 
parts and then it will be modified for single shot 
capability so that a single bunch measurement can be 
made. Additional modifications will be made to 
accommodate radiation pulses similar to those generated 
by the CSU electron beam. 

 

 
Figure 3: This figure shows the relative intensity of 
electron bunch electric field as a function of beam energy 
and position. 

 
Figure 4: The time resolution of electron bunch EO signal 
is shown for various crystal distances and beam energies. 
The vertical bars mark the energies to be explored at CSU 
and JLab.  
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INVESTIGATION OF UPSTREAM TRANSIENT WAKEFIELDS DUE TO
COHERENT SYNCHROTRON RADIATION IN BUNCH COMPRESSION

CHICANES
Chad Mitchell∗ and Ji Qiang, LBNL, Berkeley, CA 94720, USA

Abstract
The longitudinal wakefield due to coherent synchrotron

radiation (CSR) in the bending magnets of bunch com-
pression chicanes can significantly impact the beam qual-
ity in high-brightness FEL light-sources. In addition to
single-bend CSR effects, transient radiation that is gener-
ated within a bend can follow the electron bunch down-
stream through one or more lattice elements before inter-
acting with the bunch. An analytical 1-D model is used to
estimate the size of these upstream wakefields in the ab-
sence of vacuum chamber shielding, and an FFT-based, in-
tegrated Green function method for computing these wake-
fields has been implemented in the code IMPACT to inves-
tigate their dynamical effects in the second bunch compres-
sor of a Next Generation Light Source.

INTRODUCTION
The bend-induced collective interaction due to CSR in

bunch compression chicanes can pose a significant chal-
lenge in the design of FEL light sources, producing trans-
verse emittance growth and increased energy spread in the
beam delivery system that can result in decreased quality
of the resulting FEL radiation. A variety of 1-D wakefield
models of CSR have been developed to study these effects
[1]-[3], and the primary difference between these models
lies in the approximations made regarding the history of
the particles over the transit time of the radiation.

The model described in [2] includes transient radiation
due to bend entry and exit by assuming that all particles that
lie upstream of the nearest dipole at their retarded times lie
within an infinitely long drift space. By contrast, the model
described in [3] makes use of more detailed information
about the upstream lattice. As a result, it also includes ra-
diation that has been emitted within upstream bending el-
ements. This paper investigates the size of these upstream
transient effects for chicanes of practical interest.

ANALYTICAL AND NUMERICAL
MODELS

For a bunch with a longitudinal density profile λ, the
longitudinal CSR wakefield in units of energy loss per unit
length takes the form:

W (z, s) =

∫ z

−∞
λ(z′)KCSR(z + s, z′ + s)dz′, (1)

where KCSR is determined from the Liénard-Wiechert
electric field of a point charge and the layout of the lat-
tice [3], z is the longitudinal bunch coordinate, and s is a

∗ChadMitchell@lbl.gov

parameter that specifies the location of the bunch centroid
within the lattice. The function KCSR varies on a scale
∼ R/γ3 that can be many orders of magnitude shorter than
the bunch length. One method for evaluating the integral
(1) numerically given the density λ(zj) at a collection of
longitudinal locations zj = z0 + jh, (j = 0, . . . , n) is to
represent the density by an interpolating polynomial and
to evaluate the integral analytically over each subinterval
[4, 5]. For the case of piecewise constant interpolation, the
result can be written in the form:

W (zk, s) =

k∑
j=0

λ(zj)w
k,j
igf (s), (2)

where for terms with 0 < j < k,

wk,jigf (s) = (3)

ICSR

(
zk + s, zj −

h

2
+ s

)
− ICSR

(
zk, zj +

h

2
+ s

)
,

and

ICSR(s, s′) = −
∫ s′

−∞
KCSR(s, s′′)ds′′. (4)

An explicit expression for ICSR in the case of small bend-
ing angles and high energy for an arbitrary lattice consist-
ing of circular arcs (bends) and drifts can be found in [3].

Implementation in IMPACT
The IMPACT code is a parallel particle-in-cell code suite

for modeling high intensity, high brightness beams in rf
proton linacs, electron linacs and photoinjectors [6]. The
model for upstream radiation in equations (2-4) was im-
plemented in IMPACT-Z using an FFT-based, integrated
Green function algorithm [4, 5]. This feature provides a
fast capability for computing the free-space 1D wakefield
due to CSR in an arbitrary lattice consisting of bends and
drifts.

To use this feature, an additional input parameter is re-
quired for the specification of each dipole and drift element
in the IMPACT-Z input file. This parameter specifies the
number of upstream elements whose CSR contribution is
to be included in the wakefield calculation within that el-
ement. In order to provide consistency with the model of
[2], it is assumed that the farthest upstream element used in
the CSR calculation is an infinitely long drift space.

Upstream Radiation Effects
Consider a 4-bend magnetic chicane whose bends will

be denoted as Bend 1, . . . , 4, moving downstream from the
chicane entry. In this section, we will examine the CSR
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Figure 1: Approximate expression (8) for the difference in
mean energy loss with and without the effect of upstream
bends for a linearly compressing Gaussian bunch propagat-
ing through Bend 3 of the chicane of Table 1. The result is
shown for various values of the central drift length.

wakefield when the bunch centroid lies within Bend 3. A
portion of the particles within the bunch will lie within
Bend 2 at their retarded times. Following a procedure sim-
ilar to [7], one can use the results of [3] to show that in the
limit γ →∞, the contribution of these particles to the total
wakefield in Bend 3 takes the approximate form:

WL(z, s) = κFLλ(z − ζL), (5)

where
κ = Nrcmc

2/R (6)

and

FL =
4ψ(φ+ ψ + 2L)

φ{(φ+ ψ)2 + 2Lψ}
,

ζL
R

=
φ3

24

φ+ 4L

φ+ L
. (7)

Here ψ is the total bending angle of Bend 2, L is the ratio
of the central drift length to the bending radius, and φ is the
angle of the bunch centroid from the entry to Bend 3. By
contrast, if we suppose that these particles at their retarded
times lie within an infinitely long drift, then we recover
Case A of [2]. In the limit γ →∞, it follows that (5) holds
with L→∞ [7].

A convenient measure for the size of the upstream effects
is the mean and rms value of the difference ∆W between
the wakefields predicted from the two models. Making use
of (5) in the case of a Gaussian bunch gives:

〈∆W 〉 ≈ κ√
4πσ

[
FLe

−ζ2L/4σ
2

− F∞e−ζ
2
∞/4σ2

]
. (8)

Consider a Gaussian bunch undergoing compression in
a chicane described by the parameters of Table 1. Figure
1 shows the quantity (8) as a function of the entry angle φ
into Bend 3 for various values of the central drift length Lc.
In computing these curves, the compression of the bunch is
modeled by taking σz = σz0/[1 + (C − 1)φ/|θ|] where
|θ| = 87 mrad and C ≈ 5 is the compression factor at the
chicane exit.
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Figure 2: Current profile at the exit of BC2. The head of
the bunch appears on the left (z < 0). (Inset) Longitudinal
phase space at the exit of BC2 with (blue) and without (red)
the effects of longitudinal CSR included.
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Figure 3: The cumulative loss in the mean energy of the
bunch along the length of the chicane is shown for the val-
ues Lc = 2.64 m, 1.32 m, 0.66 m, 0.33 m, and 0.165 m.

APPLICATION TO A NEXT GENERATION
LIGHT SOURCE

This algorithm was used to investigate CSR-induced dy-
namical effects in the second bunch compressor of a previ-
ously proposed Next Generation Light Source X-ray FEL
being studied at Lawrence Berkeley National Laboratory
[8]. Basic parameters for the chicane are provided in Table
1. Figure 2 shows the compressed current profile at the exit
of BC2, together with the longitudinal phase space at the
same location, both with and without the effect of the lon-
gitudinal CSR wakefield. The CSR interaction throughout
the chicane induces a growth in the rms horizontal emit-
tance of 23% relative to the initial value of 0.65 µm.

We study the effect of varying the length of the cen-
tral drift Lc, leaving the compression factor of the chi-
cane unaffected while controlling the strength of the up-
stream wakefield within Bend 3. Figure 3 illustrates the
CSR-induced loss in the mean energy of the bunch along
the length of the chicane for several values of the central
drift length Lc. In order to illustrate the contribution of up-
stream radiation, Fig. 4 illustrates the difference between
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Figure 4: Difference between the longitudinal CSR wake-
field in Bend 3 of BC2 as computed using the model of [2]
(without upstream transient effects) and [3] (with upstream
transient effects) during IMPACT-Z simulation. The aver-
age of this quantity over the length of the bunch is shown
as a function of bend entry angle. Compare Fig. 1.

the mean CSR-induced energy loss as computed using the
two wakefield models [2] and [3] along the length of Bend
3 for the same values of Lc. This difference attains a max-
imum at 40-50 mrad into the bend and changes sign 10-20
mrad upstream of the bend exit, similar to the curves shown
in Fig. 1. The choice of model has a very weak (∼ 10−3)
relative effect on the final transverse emittance and the sec-
ond beam moments for all values of Lc considered. The
dominant effect of the upstream transient radiation is to in-
troduce a displacement of the bunch centroid in both the
horizontal coordinate and momentum, and these quantities
are shown in Fig. 5 as a function of the central drift length.

Table 1: Parameters for NGLS BC2 (Factor of 5 Compres-
sion). The Initial Beam Distribution is Taken from IM-
PACT Simulation of the NGLS Design from the Cathode
to the Chicane Entrance.

Chicane parameters symbol value

Bend magnet length (projected) LB 0.25 m
Drift length (B1→B2, B3→B4) ∆L 4.5 m
Drift length (B2→B3) Lc 2.64 m
Bend angle |θ| 87 mrad
Bend radius |R| 2.88 m
Momentum compaction factor R56 -70.6 mm
Electron beam parameters symbol value
Nominal energy E0 717 MeV
Bunch charge Q0 300 pC
Uncorr. initial rms energy spread σδ0 4.2× 10−5

Linear energy chirp h 11.4 m−1

Init. rms bunch length σz0 373 µm
Init. rms norm. emittance γεx 0.65 µm
Init. horizontal size σx0 0.22 mm
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Figure 5: (Solid) Difference between the mean horizontal
coordinate as computed using the models of [2] and [3] at
the exit of BC2. (Dashed) Difference between the mean
horizontal divergence in the two models.

DISCUSSION AND CONCLUSIONS
A one-dimensional free-space wakefield model of CSR

including upstream radiation has been implemented in the
code IMPACT-Z and used to investigate CSR wakefield ef-
fects in the second bunch compressor chicane of a Next
Generation Light Source. The difference in mean energy
loss due to the coupling with upstream radiation introduces
a steering error of 1-3% in the transverse phase plane at the
chicane exit. A previous study has investigated upstream
radiation effects on the CSR-induced microbunching gain
for this system [9], and future work will investigate the ef-
fects of vacuum chamber shielding.
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HIGH-GRADIENT METALLIC PHOTONIC BAND-GAP (PBG)
STRUCTURE BREAKDOWN TESTING AT 17 GHz∗

B.J. Munroe† , M.A. Shapiro, R.J. Temkin, MIT PSFC, Cambridge, MA 02139, USA

Abstract
Photonic Band-gap (PBG) structures continue to be a

promising area of research for future accelerator struc-
tures. Previous experiments at X-Band have demonstrated
that PBG structures can operate at high gradient and low
breakdown probability, provided that pulsed heating is con-
trolled. A metallic single-cell standing-wave structure has
been constructed at MIT to investigate breakdown perfor-
mance of PBG structures with very high surface tempera-
ture rise. The MIT standing-wave structure test stand has
an available power of 4 MW for a maximum gradient of
130 MV/m; the actual realized gradient may be lower due
to breakdown limitations. The MIT test stand will also uti-
lize novel diagnostics, including fast camera imaging and
optical spectroscopy of breakdowns.

INTRODUCTION
Photonic band-gap (PBG) structures, which use a lattice

of metallic or dielectric rods to confine an accelerator mode
while damping higher-order modes (HOMs), are a topic of
ongoing experimental and theoretical work [1, 2, 3, 4]. Pre-
vious experimental work has demonstrated successful ac-
celeration using a traveling-wave PBG structure [1] as well
as suppression of wakefields [4, 5]. More recent work by
MIT and SLAC National Accelerator Lab has shown that
metallic PBG structures can operate at high gradient and
low breakdown probability, achieving gradients of greater
than 100 MV/m with a breakdown probability of less than
10
−3 per pulse per meter of structure [6]. To expand on

this X-band (11.4GHz) testing a metallic PBG structure
has been designed for testing at Ku-band (17.1GHz). This
metallic structure will be used to further investigate the role
of pulsed heating on breakdown probability.

STRUCTURE DESIGN
The metallic PBG structure designed for high-gradient

testing at MIT is designed as a scaled version of the round-
rod PBG structure previously tested at SLAC and reported
in [3]. The structure is axially powered via a scaled ver-
sion of the SLAC TM0,1 mode launcher. The PBG lattice
has a filling factor, i.e. the ratio between the rod radius to
the rod spacing, of a/b = 0.18, the same as the X-band
structure. The high-field irises on either side of the PBG
cell have an aperture of 0.216λ and a thickness of 0.176λ,
again in agreement with the X-band structure. The main
variation in structure design is that the Ku-band PBG cell
has three rows of round rods, as opposed to the X-band

∗This work supported by Department of Energy High Energy Physics,
Grant No. DE-SC0010075

† bmunroe@mit.edu

Figure 1: Metallic PBG structure and TM0,1 mode launcher
at MIT prior to structure brazing. Note the open outer wall
of the PBG cell.

structure’s two, which is required by the Ku-band struc-
ture’s open outer wall, as seen in Fig. 1. This open wall
allows a direct line of sight to the high-field surface of the
inner rods, allowing significantly greater diagnostic access
to the structure during testing.

This structure will investigate the frequency scaling of
breakdown behavior first observed in the testing of the PBG
structure at X-band at SLAC, namely the effect of high
surface magnetic fields on breakdown probability. To pro-
vide an accurate comparison the structure needs to be ex-
posed, as limited by the breakdown probability, to gradients
greater than 100 MV/m. The metallic PBG structure is ex-
pected to achieve 100 MV/m gradient at 2.4 MW of input rf
power, as shown in Table 1. Note that the pulsed heating for
this structure is higher than the X-band structure because of
the increase in both the surface resistivity of copper and the
power density with frequency. This power level is well be-
low the approximately 4 MW of rf power available at the
MIT test stand. The advanced optical diagnostics available
at MIT combined with testing the structure at very high gra-
dient should provide insight into how the structure fails and
criteria for evaluating structure condition during testing.

THOBA1 Proceedings of PAC2013, Pasadena, CA USA

1088C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Accelerator Technology

T06 - Room Temperature RF



Table 1: Performance of 17GHz Round-rod PBG Structure
at 100MV/m

Power 2.4MW
Peak Surface Electric Field 200MV/m

Peak Surface Magnetic Field 900 kA/m
Pulsed Heating for 150 ns flat pulse 163K

ing of the structure into cups which are then brazed to-
gether. The structure can be tuned after fabrication by per-
turbing the coupling cells using stainless steel tuning studs.

STRUCTURE COLD TEST

Prior to hot testing the PBG structures are cold tested
using a vector network analyzer (VNA) to confirm that the
quality factor, frequency, and coupling match the design
values, shown in Table 2. This is necessary to ensure proper
operation in hot test, and to properly model the fields in the
structure, as described in [6]. By coupling through the in-
put port of the mode launcher single port measurements of
the coupling and quality factor can be made. Single port
measurement of the field profile can also be measured us-
ing the dielectric perturbation technique described in [6].
The results of this field profile measurement can be seen in
Fig.2. This PBG structure showed an asymmetric field pro-
file, reduced coupling, and reduced quality factor, as seen
in the cold test results. This structure was installed in the
test stand, but sufficient coupling could not be obtained, so
a new structure was fabricated.

Table 2: Design values of 17GHz Round-rod PBG Struc-
ture

Frequency 17.140GHz
Q factor 5600

S11 −46 dB

This new structure was fabricated in the same fashion as
the first structure. Prior to brazing the performance of the
structure was characterized using two coaxial probes sit-
uated on-axis in the structure. The transmission between
these probes allowed a measurement of the quality factor
of the modes independent of coupling through the mode
launcher, which suffers when the structure is press-fit in-
stead of brazed. The results of this measurement can be
seen in Fig. 3. Note that this measurement shows a lower
Q and a shift in frequency relative to the design point; both
these values are expected to be closer to the design values
after brazing. This structure will undergo both single-port
and transmission Q measurements, as well as field profile
measurements using a dielectric perturbation, after brazing
to confirm that Q, frequency, and coupling are all within
acceptable limits of the design values.

Figure 2: Measured field profile of first 17 GHz metallic
PBG structure, obtained via use of a dielectric perturbation
technique.
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Figure 3: Transmission measurement of the second 17 GHz
metallic PBG structure, prior to brazing. The Q of the mode
of interest is found to be 1300 at a frequency of 17.169
GHz.

MIT 17 GHz TEST STAND

The standing wave test stand at MIT will be powered by
the MIT/Haimson Research Corporation (HRC) relativistic
beam klystron operating at 17.1GHz. The klystron output
that can be coupled to the test stand is limited to 12MW to
avoid breakdowns on the microwave window in the trans-
mission line to the test stand. When coupled through a
4.2 dB hybrid (Fig. 4), which is inserted to protect the
klystron from reflected power, the power available at the
test stand is limited to 4MW. Because the power density
increases with frequency, this amount of available power
is more than sufficient to conduct breakdown experiments
similar to those at SLAC, as seen in Table 1.

The MIT standing wave test stand will utilize diagnos-
tics. This is made possible through the use of an exter-
nal vacuum chamber used to contain the device under test.
This allows line of sight diagnostic access to the high-field
regions of the PBG structure through view ports in the vac-

This structure has been fabricated using direct machin-
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Figure 4: 4.2 dB hybrid from Haimson Research Corpora-
tion.

Figure 5: Metallic PBG structure installed in MIT test
stand.

uum chamber. A nanosecond-gated ICCD camera will be
used to observe and locate breakdown events, and a broad-
band optical spectrometer will be used to identify break-
down materials. Optical access to the structure can be seen
in Fig. 5.

STRUCTURE HOT TEST
The operation of the MIT 17 GHz test stand was val-

idated with the use of the first PBG structure described
above. The microwave diagnostics functioned properly,
confirming the cold test results that very little power was
coupled into the design mode for that structure. Optical
diagnostics were not used during this test, but their feasi-
bility was verified as shown in Fig. 5. The second structure
should allow proper testing of the high power test stand.

CONCLUSION
A metallic PBG structure has been designed and un-

dergone preliminary tests at MIT. This structure will fur-
ther investigate the relationship between pulsed heating and
breakdown probability in high-gradient accelerator struc-
tures. The first iteration of the structure showed reduced
coupling and quality factor, likely due to fabrication errors.
This structure was used to validate both the cold and hot
test procedures at MIT. The Q of the design mode was mea-
sured using both single port and transmission techniques,
and a dielectric perturbation was used to determine the field
profile of the design mode. The structure was briefly placed
under hot test. The microwave diagnostics were confirmed
to work properly, and optical access to the structure af-
ter installation was confirmed. A second iteration of the
structure has been constructed and shows improved perfor-
mance in cold tests of the structure prior to brazing. This
structure will undergo further testing after brazing to con-
firm proper fabrication prior to being installed for hot test-
ing.
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FIRST CAVITY RESULTS FROM THE CORNELL SRF GROUP’S
Nb3Sn PROGRAM∗

S. Posen† and M. Liepe
Cornell Laboratory for Accelerator-Based Sciences and Education, Ithaca, NY

Abstract
Breakthrough performance levels were achieved for a

1.3 GHz single cell cavity that was fabricated, coated with
Nb3Sn, and tested at Cornell. Unlike previous Nb3Sn cavi-
ties, this cavity showed minimalRs-increase up to medium
fields. This disproves speculation that the Rs-increase in
previous cavities was caused by vortex dissipation for B >
Bc1, as surface fields far higher than the measured Bc1 for
this cavity were reached. At 2 K, quench occurred at ∼55
mT, apparently due to a defect, so additional treatment may
increase the maximum gradient to even higher fields. At
4.2 K, at ∼12 MV/m, the cavity achievedQ0∼1×1010, ap-
proximately 20 times higher than niobium at this temper-
ature. This makes it the first accelerator cavity made with
an alternative superconductor to far outperform niobium at
useable gradients.

INTRODUCTION
Superconducting Radio-Frequency (SRF) researchers

have been highly effective at finding preparation methods
that suppress performance-limiting effects in niobium par-
ticle accelerator cavities. Now cavities are regularly pro-
duced that operate very close to the fundamental limits of
niobium: they have surface resistancesRs close to the ideal
BCS value at operating temperatures, and they reach maxi-
mum surface magnetic fields close to the superheating field
Bsh. To keep up with continually increasing demands of
future SRF facilities, researchers have begun a significant
effort to develop alternative materials to niobium, materials
with smaller Rs and/or larger predicted Bsh.

Nb3Sn is one of the most promising alternative SRF ma-
terials. Because it has a high critical temperature Tc of ∼18
K, compared to 9.2 K for niobium, itsRBCS at a given tem-
perature is much smaller. This makes the material ideal for
continuous wave (CW) linacs: benefits include a smaller
and simpler cryogenic plant, the possibility of 4.2 K op-
eration (no superfluid; atmospheric operation), and higher
cost-optimum accelerating gradients in CW operation. Its
predicted Bsh is nearly twice that of Nb, up to ∼400 mT
depending on the material parameters used for the calcu-
lation. This makes the material ideal also for high energy
linacs: it would allow Nb3Sn cavities to operate at higher
accelerating gradients than Nb cavities, and therefore fewer
cavities would be required.

In the seventies, Siemens AG developed a method to fab-
ricate Nb3Sn coatings via vapor diffusion, which produced
∗Work supported by NSF Career award PHY-0841213, DOE award

ER41628, and the Alfred P. Sloan Foundation.
† sep93@cornell.edu

Figure 1: Q vsE curves at 2 K and 4.2 K for one of the best
Nb3Sn cavities produced by U. Wuppertal [2]. The approx-
imate values for a Nb cavity are shown for comparison.

excellent RF results [1]. The University of Wuppertal ap-
plied this coating mechanism to particle accelerator cavi-
ties, achieving very small Rs at low fields, but their cav-
ities showed a strong increase in surface resistance with
increasing field (this effect is called Q-slope, for the shape
of the graph of quality factor Q versus accelerating gradi-
ent Eacc). The Q0 vs Eacc curve of one of the best cavities
produced by University of Wuppertal and tested at JLab is
shown in Fig. 1 [2].

Various causes for the Q-slope were suggested, such as
intergrain losses, imperfect stoichiometry [3], and dissipa-
tion due to vortex penetration beginning at the lower criti-
cal fieldBc1 [4]. As a result, it has been unclear whether or
not thisQ-slope behavior is fundamental to Nb3Sn. In a re-
cent historical review, Kneisel called finding the answer to
this question and determining the origin of theQ-slope “the
next important steps” for Nb3Sn [5]. More importantly, if
vortex penetration at Bc1 were unavoidable, then bulk al-
ternative SRF materials in general—which tend to have rel-
atively small Bc1 values—would be severely limited in the
fields they could reach without strong dissipation. There is
an energy barrier to vortex penetration, which for an ideal
surface prevents strong vortex dissipation up to the super-
heating field Bsh [6], but small defects with size on the
order of the coherence length ξ can decrease it. Other al-
ternative materials also tend to have relatively small ξ, so
the possiblity of vortex penetration above Bc1 has been a
serious concern.

Cornell University is now leading the program for new
R&D efforts on Nb3Sn SRF cavities. In 2009, Nb3Sn de-
velopment at Cornell began with the design, fabrication,
and commissioning of a small coating chamber for sam-
ples. After establishing the capability to repeatably pro-
duce Nb3Sn films of sufficiently high quality for cavity
RF surfaces [7], Cornell researchers began work on a large
coating chamber for single cell 1.3 GHz cavities, shown in
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Figure 2: Cross-section of coating chamber (left), coating
chamber being lowered into furnace (center), and UHV fur-
nace with chamber inside (right).

Figure 3: Coated cavity (left); view looking down into cav-
ity before (top right) and after coating (bottom right).

Fig. 2. The first cavity coated showed unusually high Rs

in RF testing, which was attributed to problems with the
niobium cavity substrate. The performance of the second
cavity coated will be presented here.

RF MEASUREMENTS
ERL1-4, a 1.3 GHz Cornell ERL-shaped (similar to

TESLA shape) single cell cavity, was coated with Nb3Sn
via thermal vapor diffusion. Visually, the Nb3Sn surface is
a darker gray than niobium, and it is matte rather than shiny,
as shown in Fig. 3. After the coating process it was treated
with only a high pressure rinse (HPR) before mounting to
a vertical test stand for cryogenic performance test. Be-
fore insertion to the dewar, the outside cavity surface was
covered with an array of temperature sensors (temperature
map) to obtain information about the loss distribution. The
cavity was cooled at a very slow rate, & 6 min/K, as spec-
ified by Wuppertal researchers, to reduce trapped flux due
to thermocurrents [2].

The Q vs E curve of ERL1-4 is shown in Fig. 4, along
with that of the Wuppertal cavity from Fig. 1 for com-
parison. Overall, the performance is excellent. Unlike the
cavities produced by Wuppertal, it does not show a strong
reduction inQ0 above 5 MV/m. At 4.2 K, at medium fields
the Q0 is up to approximately 10 times higher than that of
the Wuppertal cavity, and approximately 20 times higher
than a niobium cavity. At 2 K, the Q0 is only slightly
higher, indicating that residual resitance dominates over

Figure 4: Q vs E curve from the new Cornell Nb3Sn cav-
ity, showing a small residual resistance at low fields and a
large improvement in Q0 at usable gradients over one of
the best U. Wuppertal cavities. Uncertainty in Q and E is
approximately 10%.

Figure 5: Temperature maps (which show the heating of
the outer cavity surface relative to the helium bath) before
quench, close to the quench field (top) and after the first
quench (bottom). The region of strong localized heating is
circled. Notice the difference in scale between the top and
bottom.

BCS, with very low Rres value of ∼9 nΩ, similar to most
Wuppertal cavities [2]. Above 9 MV/m, due to its relatively
flat Q0, ERL1-4 has a higher Q0 than even this exceptional
Wuppertal cavity at 2 K.

Quench occurred at approximately 55 mT at 2 K, which
was preceeded by a sharp drop in Q0 on the order of 10%,
as well as pre-heating on the temperature map. The pre-
heating was highly localized, as shown in Fig. 5. After
quench, the same area showed further increased heating,
consistent with this being the quench location. Our obser-
vations suggest that the limitation is a defect that becomes
normal conducting when the Q0 drop occurs, and triggers
breakdown at higher fields. The dominance of this spot on
the temperature map shows that this is a local problem—a
defect—not a global problem with Nb3Sn.
Q0 was measured as a function of temperature, as shown

in the left side of Fig. 6. There was no sign of Q0 change
near the Tc of niobium, 9.2 K, indicating excellent Nb3Sn
coverage of the surface. The high-temperature range is
highlighted in the inset, from which a Tc of 18.0± 0.1 K is
measured. Q0 was converted to an estimated average sur-
face resistance via Rs = G/Q0, where G is the geometry
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Figure 6: Q vs T measured with phase lock loop (PLL) or
with network analyzer (NA) with weak coupling such that
the Q0∼QL (left); Rs vs T and BCS fit (right).

Table 1: Measured and Calculated Nb3Sn Film Properties

Property Value
Tc [K] 18.0 ± 0.1

∆/kbTc 2.4 ± 0.1
l [nm] 3.7 ± 0.5

Rres [nΩ] 9 ± 2
λeff(0) [nm] 150 ± 20
ξGL(0) [nm] 3.2 ± 0.2

κ 47 ± 6
Bc(0) [T] 0.47 ± 0.6
Bc1(0) [T] 0.027 ± 0.005
Bsh(0) [T] 0.39 ± 0.05

constant of the cavity. The resulting Rs vs T data was fit
using a polymorphic BCS analysis [8]. The fit is shown in
the right side of Fig. 6, and the fit parameters and derived
values are summarized in Table 1. ∆/kBTc and Bc are
in good agreement with literature values.

Table 1 lists the material parameters obtained from the
Rs(T ) fit, together with additional parameters calculated
from the fit parameters using Ginzburg-Landau theory (see
[9] for derivation of each value). The so obtained Bc1

value agrees well with a Bc1 measurement performed with
µ-SR by A. Grassellino et al [10] on a Nb3Sn witness sample
produced by Cornell. Figure 7 compares Bc1 to the Q vs
B data, showing that the cavity far exceeds Bc1 without a
significant increase in surface resistance. This is important,
as it shows that vortex penetration does not occur atBc1 for
bulk films of superconductors with small coherence length.
The energy barrier keeps Meissner state metastable, even
with the small ξ of Nb3Sn. The Q-slope seen in the Wup-
pertal cavities therefore does not represent a fundamental
problem for alternative SRF materials.

CONCLUSIONS
Exceptional SRF performance was observed in tests of

a new Nb3Sn cavity at Cornell. At 2 K, the surface
magnetic field reached 55± 6 mT, far exceeding Bc1 = 27
± 5 mT without any sign of vortex penetration. This dis-

¨

Figure 7: Q vs B curves of the Cornell and Wuppertal cav-
ities. In green is the Cornell cavity’s Bc1 = 27 ± 5 mT,
which is exceeded without indication of vortex dissipation.

proves spectulation that the Q-slope observed in previous
Nb3Sn cavities was an inevitable result of exceeding Bc1.
The gradient was quench limited at a defect, and there is
no indication of any fundamental mechanism that would
prevent future Nb3Sn cavities from reaching even higher
fields. Future research on preparation methods to achieve
better Nb3Sn surfaces can be expected to overcome non-
fundamental limitations as they have in niobium, allow-
ing fields close to Bsh∼400 mT to be reached. Even with
the current performance achieved, Nb3Sn now becomes a
promising alternative material for certain future accelera-
tors, as at usable accelerating fields ∼12 MV/m, we have
shown that at 4.2 K Nb3Sn cavities can achieve a Q0 of
1010, ∼20 times higher than niobium.
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DEVELOPMENT OF Yb LASER FOR HIGH POWER
ULTRA-SHORT PULSE∗

Y. Matsumura† , K. Koyama, M. Uesaka,
The University of Tokyo, Bunkyo-ku, Tokyo, JAPAN

M. Yoshida, X. Zhou,
High Energy Accelerator Research Organization, Tsukuba, Ibaraki, Japan

Abstract
Ytterbium (Yb) lasers have good thermal and optical

properties. The Yb lasers can be pumped by laser diodes.
The oscillation wavelength is near the excitation wave-
length. Yb can be highly doped in YAG crystal, so Yb-
doped crystal has large gain even if the crystal is thin.
These properties are advantages for high power operation.
Additionally, because of broad emission spectrum of Yb,
the passively mode-locked Yb lasers can easily generate
femtosecond pulse at high repetition rate. The Yb lasers
have been applied to many fields such as optical frequency
comb and X-ray generation. Now, femtosecond pulse of
much higher energy at high repetition rate is being required
for dielectric laser accelerator (DLA) and lasertron. We
have developed high power mode-locked Yb laser, and aim
to generate 500 fs pulse of 500 W average power at 50
Hz. In this research, e acheived 20 W mode-locked Yb
fiber laser amplification system at 1MHz. We report this
achievement and the structure of our Yb laser system to
achieve our final goal.

INTRODUCTION
Passively mode-locked lasers can easily generate fem-

tosecond pulse at high repetition rate. The femtosecond
pulses have been used in many scientific fields. In the ac-
celerator field, femtosecond pulse of much higher energy
at high repetition rate is required for new acceleration tech-
nologies such as DLA [1], lasertron [2] and laser wakefield
plasma acceleration.
Yb lasers have many advantages for high power oper-

ation. Yb can be pumped directly by laser diodes (LD),
which can convert electricity into light with as high ef-
ficiency as 60 percent. Since the difference between the
oscillation wavelength and the excitation wavelength is as
low as 90 nm, the quantum efficiency of Yb is very high.
Furthermore, Yb can be doped in YAG crystal with high
concentration, which enables thin disk lasers. The large
surface to volume ratio of the thin disk enables efficient
heat removal from the laser material and decreases the
wavefront distortion due to the thermal lens effect.
Although the Ti:Sapphire lasers excel at less than 100 fs

pulse generation, the Yb lasers have advantages over the
Ti:Sapphire lasers when we need several hundreds fs pulse
generation for high power operation.

∗Work partly supported by KAKENHI, Grants-in-Aid for Scientific
Research(C)24510120

†matsumura@nuclear.jp

In this research, we have developed a high power mode-
locked Yb laser, and are aiming to generate 500 fs pulse
with 500 W average power at 50 Hz for the new accelera-
tion applications.

CPA SYSTEM OF YB LASER
To achieve the generation of 500 fs pulse of 500 W av-

erage power at 50 Hz, CPA was adopted. The schematic
layout of the Yb laser is shown in Fig. 1. For amplifica-
tion, Yb fiber and Yb:YAG lasers were used. The Yb fiber
lasers have higher gain than the Yb solid lasers, and fibers
can be cooled sufficiently by air. However, LDs for fiber
lasers cost more than those for solid lasers, and power scal-
ing cannot be applied for the fiber lasers. Additionally, the
fiber lasers can’t amplify high intensity pulse because of its
damage threshold. For these reasons, the Yb fiber ampli-
fiers were adopted at the first half part, while the Yb:YAG
amplifiers were adopted at the second half part.

Figure 1: Schematic layout of Yb CPA system.

The ultra-short pulse at 62 MHz was emitted from a Yb
fiber oscillator. After that, the pulse was picked up from
the pulse train by an electro-optical (EO) module. The rep-
etition rate was reduced from 62 MHz to 1 MHz. Then,
the pulse was stretched to 800 ps by a fiber Bragg grating
(FBG) stretcher. Through these fiber modules, the power
of the pulse decreased. Therefore, three small Yb fiber pre-
amplifiers were equipped. These pre-amplifications were
needed to suppress amplified spontaneous emission (ASE)
at the next amplifiers. After the three pre-amplifiers, the
pulse was amplified up to several μJ by two Yb fiber am-
plifiers pumped by 10 W and 70 W LDs. Next amplifica-
tions are done by Yb:YAG lasers. A regenerative amplifier
reduces repetition rate from 1 MHz to 50 Hz while ampli-
fying the pulse. Finally, the pulse is amplified up to 10 J by

THOBA4 Proceedings of PAC2013, Pasadena, CA USA

1094C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Accelerator Technology

T25 - Laser Technology



the sequent Yb:YAG amplifiers. A grating pair and double
prism pair are being considered as a compressor candidate.
Whether the compressor is the grating pair or double prism
pair, the pulse is compressed from 800 ps to 500 fs, and
500 fs pulse of 500 W average power at 50 Hz is generated
by this Yb laser system.

PRESENT EXPERIMENTAL RESULTS
In this section, the experimental results and present laser

status are described.

Yb Fiber Oscillator
The Yb fiber oscillator was mode-locked by nonlinear

polarization rotation (NPR). Its structure was almost same
as typical NPR mode-locked Yb fiber lasers [3]. However,
the polarization beam splitter was not used as an output
component because the output from it includes more ASE
than that from other components in principle. In our oscil-
lator, the reflected light from a grating was used for output.
The power of it was 10 mW and the repetition rate was 62
MHz. The central wavelength was 1060 nm, and FWHM
of the spectrum was 49 nm.

EO Fiber Module, FBG Stretcher and Preampli-
fiers
A part of the 62 MHz optical pulse was captured by a

photodiode. The frequency of photodiode signal was re-
duced from 62 MHz to 1 MHz. The delay and voltage of
1 MHz signal was adequately adjusted for the EO module.
Figure 2 describes the result of intensity modulation. The
pulse was picked up from the pulse train as shown in Fig. 2.
The SN ratio after the pre-amplifiers was about 100.

Figure 2: Intensity modulation result. (a) The pulse train
from the oscillator, (b) The electric pulse applied on the
EO module, (c) The pulse picked up by the EO module

A FBG has periodic refractive index in a fiber, and re-
flects light at designed wavelength. A FBG stretcher re-
flected light at different positions according to the wave-
length, and gave the pulse positive dispersion. The pulse
was stretched to 800 ps here.
The pulse was attenuated through the EO module and

at the reflection of the stretcher. In order to suppress
ASE at the Yb fiber amplifiers, one Yb fiber pre-amplifier
was equipped after the EO module and two were after the
stretcher, which were pumped by LDs of 150 mW, 150 mW
and 200 mW respectively. By equipping these preampli-
fiers, the input power to the first Yb fiber amplifier was
improved from 0.1 mW to 137 mW.

Yb Fiber Amplifiers
Two Yb fiber amplifiers amplified the pulse after the pre-

amplification. The first amplifier consists of 10 W LD and
4 m long 10 μm-core Yb double cladding fiber. The second
amplifier consists of 70W LD and 2 m long 25 μm-core Yb
double cladding fiber. The structure of them is described in
Fig. 3. The edges of the fibers were cut at the angle of 8
degrees to reduce Fresnel reflection. The 70 W LD was so
strong that the fiber chuck had heavy thermal load. For this
reason, all-metal chucks were adopted for the both sides of
the second amplifier. Additionally, the fiber chuck mounts
were large, so they acted as good heat sink and reduced the
thermal load of the fiber and fiber chucks.

Figure 3: The structure of the Yb fiber laser amplifier.

Figure 4 shows the amplification result from the second
amplifier. The 70 W LD was cooled by water, but the water
temperature wasn’t controled (was controled at room tem-
perature). The maximum output power was 18.0 W then.

Figure 4: The output power from the second Yb fiber am-
plifier. The 70 W LD was cooled by water, but the water
temperature wasn’t controled.

The central wavelength of the LD was around 976 nm,
but it depended on its temperature. Considering the narrow
FWHM of Yb absobtion cross section around 976 nm, it
was important to adjust the wavelength by controlling the
cooling temperature. The experiment was done by measur-
ing the LD power from the fiber at the seed laser injection
side. The powermeter was set behind the dichroic mirror
in Fig. 3. The measured power means the power not used
for the amplification. Not all the power could be measured
because of small diameter of the lens, but that was enough
because the temperature to minimize the measured power
was only the parameter we needed. From Fig. 5, Cooling
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temperature of 289 K was the best for over 50 W LD oper-
ation. The maximum output power was improved to 20.9
W at 289 K. The SN ratio was measured by a photodiode,
and it was about 100. Additionally, the observation of this
photodiode signal showed ASE was small. Therefore, the
pulse energy could be calculated as 13 μJ when ASE was
ignored.

Figure 5: Power measurement experiment by changing
cooling temperature.

Yb:YAG Solid Amplifiers
The first Yb:YAG amplifier is a regenerative amplifier.

Here, the repetition rate will be reduced from 1 MHz to
50 Hz. The basic experiment was done to check whether a
Pockels cell could pick up and dump the pulse. The result
of this experiment showed the Pockels cell could pick up
and dump it clearly. The SN ratio was over 150.
The final Yb:YAG amplifier is being designed now.

Here, 50 pieces of Yb:YAG crystals are arranged symmet-
rically on the edge of a rotating disk. The seed pulse comes
at 50 Hz, but each pulse injects on the different Yb:YAG
crystals in 1 second. Therefore, the thermal load per one
crystal decreases. The pulse energy will be amplified up to
10 J by 8 modules of 10 kW LD.

Compressor
Two ways to compress the pulse from 800 ps to 500 fs

are now being considered. One is transmission grating pair.
The other is double prism pair. The grating pair is often
used for high intensity lasers. However, its cost is very
high and a large vacuum chamber is required. Although
the double prism pair cannot give large dispersion, its cost
is relatively low and it may not need a vacuum chamber be-
cause the prism surface is very plane. To know the required
distance for double prism compression, the dispersion was
calculated based on Ref. [4]. In this calculation, the laser
diameter was considered. The prism material was F2. The
wavelength was 515 nm to make the dispersion large. The
calculation result are shown in Fig. 6. From this calcula-
tion, it was shown that 32 times round trips between 3 m
prism pair distance are needed to compress 800 ps pulse
when the prism size is 50 mm and the FWHM of spectrum
is 10 nm. Therefore, it will be difficult to cmpress the pulse
by the double prism pair of 50 mm prisms.

Figure 6: Dispesion and required prism size for the prism
pair distance.

CONCLUSION
In this research, we reduced repetition reduction to 1

MHz, amplified the pulse up to 13 W average power with-
out noise pulse, and achieved over 10 μJ pulse energy. The
present laser parameters and the goal parameters are com-
pared in Table 1. We will go to the stage of the Yb:YAG
amplifiers. In the near future, the generation of 500 fs pulse
of 500 W average power at 50 Hz will be achieved.

Table 1: Present Laser Parameters and Goal Parameters

Present Goal

Pulse energy 13 μJ 10 J
Repetition rate 1 MHz 50 Hz
Average power 13 W 500 W
Pulse duration 800 ps 500 fs
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BELLA LASER AND OPERATIONS* 

W.P. Leemans, J. Daniels, A. Deshmukh, A.J. Gonsalves, A. Magana, H.S. Mao, D.E. Mittelberger, 
K. Nakamura, J.R. Riley, D. Syversrud, C. Toth, N. Ybarrolaza, LBNL, Berkeley, CA 94720, USA

Abstract 
The BELLA laser system is the first high repetition rate 

petawatt class laser in the world. The laser was acquired 
from THALES to allow laser plasma acceleration (LPA) 
experiments that aim at exploring the physics of linear 
and non-linear interactions of intense lasers with plasmas 
towards the development of a 10 GeV module. Here we 
present details of the operation of the BELLA laser and 
beam line systems, including the control and data 
acquisition system. 

INTRODUCTION 
Laser plasma accelerators (LPA) [1] have the potential to 
drastically cut the cost of doing science with accelerators 
due to their much reduced size compared to conventional 
accelerators of the same energy. While it could be decades 
before a laser plasma accelerator can match or exceed the 
capabilities of something like the proposed International 
Linear Collider—a 25 miles (40 kilometers) long machine 
that would produce electrons and positrons at extremely 
high energies (0.5 TeV center of mass), straw man 
designs [2] and more detailed physics studies are 
underway to explore the possibility of LPA technology 
towards a linear collider [3,4]. In recent years, LPAs have 
made significant progress towards producing high quality 
beams with ever higher energy. In 2004, three 
independent groups showed the first demonstration of 
relatively narrow energy spread electron beams at the ~ 
100 MeV level from mm-scale devices [5-7].  In 2006 the 
first production was shown of GeV electron beams from a 
3 cm long plasma channel guided LPA at LBNL [8] and 
in 2011 a novel method for controlling injection via 
longitudinal tailored density profiles was demonstrated 
[9].  In the 2006 experiments, the laser peak power was of 
the order of 40 TW and the operating plasma density was 
a factor of ~10 lower but extended over a ~10 times 
longer distance than in the 2004 experiments. Motivated 
by the success of these experiments, designs were 
developed at LBNL to achieve 10 GeV electron beams 
from meter-scale accelerator structures using a PW-class 
laser system, which led to the formal BELLA (BErkeley 
Lab Laser Accelerator) project proposal to the 
Department of Energy, Office of High Energy Physics in 
2007.  BELLA represents an essential step towards 
investigating how more powerful accelerators of the 
future might be more compact. The initial experiments 
with the BELLA laser system and facility are aimed at 
demonstrating that high quality 10 GeV electron beams 
can be generated using a laser powered plasma structure 
that is about 1 meter long.  The research supported by 

BELLA will also investigate fundamental laser-plasma 
interaction physics that aims at optimizing the coupling 
 efficiency of laser to electron beam energy, controlling 
both the energy spread and emittance of the electron 
beams, and staging multiple LPA modules together.  The 
10 GeV beams could also be used to study beam driven 
plasma wakefield acceleration, as well as positron 
production and subsequent acceleration in plasma based 
accelerators. Although its main purpose is accelerator 
research, the development of a compact 10 GeV 
accelerator has several potential applications. BELLA 
could be used to build a free-electron laser (FEL) 
operating in the soft x-ray window that produces few 
femtosecond radiation pulses that are intrinsically 
synchronized to laser pulses, to THz radiation pulses or 
directly to the electron beam.  Such a device could be an 
extraordinarily valuable tool for biologists, chemists, 
materials scientists, and biomedical researchers, allowing 
them to observe ultrashort, nanoscale phenomena. 

We will next discuss the performance of the BELLA 
laser. As the key physics in the LPA studies are primarily 
dependent on laser intensity, the key parameters are laser 
pulse energy, pulse duration, laser beam profile and their 
stability. From an operational point-of-view, pointing 
stability is also essential. We also will introduce the 
BELLA control system, which is used for both control of 
all experimental subsystems and data acquisition. Details 
will be presented elsewhere. 

BELLA PROJECT 
The project phase of BELLA consisted of the construction 
and commissioning of a PW-class laser that supports the 
research aimed at the development of 10 GeV LPA 
modules. The project was formally launched in October 
2007 and funded in 2009. The scope of the BELLA 
project included the design and construction of the 
conventional facilities required to house and safely 
operate the BELLA laser, the acquisition of the BELLA 
laser system itself, design and construction of ancillary 
systems to support the laser operations, site and system 
integration, and performance verification of the BELLA 
laser system. 

The BELLA facility has been fully designed to achieve all 
key performance parameters of the laser system and 
future experimental systems.  This includes clean-room 
(class 10,000 and 1,000) areas for the laser and 
experimental areas, with gowning area, assembly area and 
tightly controlled environmental conditions to minimize 
temperature and humidity effects as well as low vibration 

 ____________________________________________  
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levels; a separate utility room that houses all power 
supplies and other heat producing equipment; a radiation 
shielded target area for all high power laser-plasma 
interaction experiments, including a beam dump to stop 
and absorb 10 GeV class electron beams; a control room 
equipped with computer hardware to allow remote 
operation of the laser system, equipment and personnel 
safety systems as well as experiments. Legacy 
infrastructure demolition in the BELLA building and 
subsequently construction of the new facility took place 
from October 2010 – March 2011 and March 2011-
November 2011, respectively.  

The BELLA laser was constructed by a commercial 
vendor (THALES) [10] and first built at the THALES 
factory from November 2009 through January 2012. 
Following factory acceptance testing in February 2012, 
the laser was shipped to Berkeley in April 2012 and 
installed at LBNL from April 2012 through July 2012.  
More than 80 crates arrived in April 2012 carrying well 
over 40 metric ton in equipment. The laser was first 
operated in July 2012 at which time a new world record 
was set: > 1 PW peak power at a repetition rate of 1 Hz 
[11]. 

Final acceptance testing took place in September 2012.  

BELLA LASER PERFORMANCE 
The overall layout of the BELLA facility is shown in Fig. 
1. The laser system occupies a large optical table located 
in the BELLA laser bay. The power supplies for the laser 
are located in a separate utility room, which is located 
right above the laser bay. Following a sequence of 
amplifiers that increases the energy of initially stretched 
pulses from nanoJoules to tens of Joule, a grating based 
optical compressor generates sub-40 fs pulses with peak 
power up to 1.3 PW at 1 Hz. The beam transport system 
delivers and focuses (with an off-axis parabola) the high 
power laser pulses to a target region where the plasma 
source is located. An achromatic high power laser 
diagnostic telescope images the target region onto a 
dedicated suite of diagnostics system to analyze the laser 
beam properties at all power levels. The first optic in the 
telescope has a hole in the middle to allow the electron 
beam to pass through towards a monitoring phosphor 
screen, an integrating current transformer, the magnetic 
spectrometer system and the electron beam dump. The 
entire system is controlled remotely via a LabVIEW 
based control system. Details on the laser system, laser 
beam transport, laser diagnostics and control system are 
discussed next. Details on the magnetic spectrometer 
design and operation will be published elsewhere. 
 

 
Figure 1: Layout of the BELLA facility. The laser beam is 
generated in the BELLA laser room. The Compressor is a 
grating based system for laser pulse compression. An off-
axis parabola focuses the beam on the plasma source, 
which is located in a radiation shielded experimental area. 
The high power diagnostic is used to image the focused 
laser beam onto a broad suite of diagnostics. The magnet 
and beam dump are used to characterize the electron 
beams and safely stop them. The experiments are run 
remotely from a control room.  

BELLA Laser System 
The BELLA laser system is based on Ti:sapphire as gain 
medium. Pulses from a 75 MHz oscillator are first 
stretched, amplified in a regenerative amplifier, 
compressed and contrast improved in a cross-polarized 
wave (XPW) system. A booster amplifier and pre-
amplifier followed by a first high-energy amplifier 
(AMP1) increase the energy to the 1.2-1.5 J level. A 
second high-energy amplifier (AMP2) brings the energy 
to about 20 J and a final amplifier (AMP3) increases this 
energy to as much as 65 J.   The regenerative and booster 
amplifiers operate at 1 kHz, the preamplifier and AMP1 
operate at up to 10 Hz, and AMP2 and AMP3 are 
operating at 1 Hz. The 1 Hz repetition rate is determined 
by the repetition rate of the twelve large aperture 
frequency doubled Nd:YAG pump lasers (GAIAs) that 
provide 15 J pulse energy each: four of them pump AMP2 
and eight pump AMP3. The ultimate laser pulse energy in 
the main Ti:sapphire laser line can be adjusted with fine 
control from about 25 mJ to more than 40 J on target. The 
commissioned laser system is shown in Fig. 2. 
 

BELLA LaserControl Room Gowning Room

Compressor

Plasma source Off-axis parabolaHigh power diagnostic

Magnet & Dump
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Figure 2: Picture of the BELLA laser system installed at 
LBNL. The green glow is from scattered light at 532 nm 
produced by the pump lasers in the front end of the laser. 
The high energy pump lasers (GAIA) are seen in the 
center part of the picture. 

A plot of energy output vs. time is shown in Fig. 3. The 
best r.m.s. stability that has been obtained so far is of the 
order of 0.3%. The stability is affected by both vibrations 
causing beam motion and the stability of the pump laser 
systems.  

Figure 3: Example of BELLA laser energy stability vs. 
time. 

Following amplification the wavefront of the beam can be 
adjusted and optimized using a commercial deformable 
mirror with 52 pistons. The deformable mirror (DM) has 
allowed focusing of the laser beam at full power onto the 
targets with a Strehl ratio in excess of 0.9. An example of 
the achieved mode profile at 32 J is shown in Fig. 5. Note 
that the mode was measured using an optic with hole in 
the middle (see below). 
 
Following the DM, an all-reflective telescope magnifies 
the laser beam to ensure that the fluence is low enough to 
avoid damage on gratings of a four grating vacuum 
compressor. Pulse duration can be tuned by control of the 
separation of the gratings and pulse shape can be tuned 
using grating angles.  To date, pulses as short as 35 fs 
have been produced at energies in excess of 42 J, i.e., 
providing >1 PW peak optical power in each pulse at a 
repetition rate of 1 Hz.  The flexibility in pulse duration 
and energy tuning enable access to a broad range of pulse 

duration and peak power levels to carry out a large variety 
of studies of LPAs.  

Laser Beam Transport System and Diagnostics 
Following compression, the beam is sent to the target area 
using four routing mirrors, one of which is the final 
focusing off-axis paraboloid with a focal length of 
nominally 13.5 m. Each one of the routing mirrors is 
equipped with a beam pointing monitoring system and 
motorized controls to ensure correct pointing of the beam 
throughout the entire laser transport system. Leakage 
through one of the mirrors in the compressor is sent to a 
dedicated diagnostic bench where experiment relevant 
laser performance parameters are monitored. These 
include laser near- and far-field profiles, laser pulse 
shapes using a Frequency Resolved Optical Gating system 
(FROG/GRENOUILLE), laser pulse energy, laser pulse 
duration and beam wavefront using a Shack-Hartmann 
sensor. The wavefront sensor enables control of the DM 
to ensure high Strehl ratio beams at focus in the target 
chamber. An example of a GRENOUILLE trace and 
retrieved laser pulse shape are shown in Fig. 4. The 
shortest pulse duration obtained at the target location to 
date is about 35 fs (FWHM).  

 
Figure 4: Example of a GRENOUILLE trace and a 
retrieved laser pulse shape obtained at ~ 40 J on target. 

An example of the typical laser mode at medium energy is 
shown in Fig. 5. Similar or better quality modal shapes 
have been obtained at all energy levels. The Strehl ratio is 
typically in the range of 0.85-0.95. 
 

 
 
Figure 5: Example of the laser mode at ~32 J on target. 
The laser beam was imaged onto a 12 bit CCD camera 
using the high power diagnostic, including a wedge with 
hole. The hole contributes to the Airy pattern like fringes 
of the image and the actual focal quality of the beam is 
better as verified in separate measurements using a wedge 
without hole. The typical Strehl ratio of the beam at focus 
is higher than 0.85 and beams with 0.95 Strehl ratio have 
been obtained following extensive optimization with the 
deformable mirror.    
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Significant attention has also been paid in the design 
and implementation of both the laser system and the beam 
line components. Due to the long focal length of the 
focusing system, tight tolerances on pointing stability are 
essential for experiments involving special capillary 
discharges. The floor of the BELLA facility was vibration 
tested and met tight specifications. Mirror mounts and 
supports were designed, constructed and tested/optimized 
to minimize vibrations. As a result, beam pointing 
stability at the focus (i.e., target chamber location) is 
measured to be better than 1.2 micro-rad. A beam 
monitoring system has been implemented to ensure also 
that on a day-to-day basis, the laser beam path is properly 
aligned. 

CONTROL SYSTEM 
The BELLA control system was developed in-house 

and incorporates requirements that had been developed 
during the BELLA project phase and are based on past 
and present experience with the development of laser 
plasma accelerators. The GEECS platform (Generalized 
Equipment and Experiment Control System) monitors and 
controls equipment distributed across a network, performs 
experiments by scanning input variables, and collects and 
stores various types of data synchronously from devices. 
Examples of devices include cameras, motors, and 
pressure gauges. GEECS is based upon LabView 
graphical object oriented programming (GOOP), allowing 
for a modular and scalable framework. Data is published 
for subscription of an arbitrary number of variables over 
TCP. A secondary framework allows easy development of 
graphical user interfaces for a combined control of any 
available devices on the control system without the need 
of programming knowledge. This allows for rapid 
integration of GEECS into a wide variety of systems. A 
database interface provides for device and process 
configuration while allowing the user to save large 
quantities of data to local or network drives.  

 

Figure 6: Graphical User Interfaces (GUI) such as this, 
containing data of different types, can be built in minutes 
with minimal programming knowledge using the GEECS 
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Abstract

SLAC’s new Facility for Advanced Accelerator Exper-

imental Tests (FACET) had its second user run in April–

June, 2013. Several new milestones were reached dur-

ing this run, including the achievement of beam driven

plasma wakefield acceleration of a discrete witness bunch

for the first time, and energy doubling in a noble gas plasma

source. The FACET beam is a 20GeV electron bunch with

a charge of 3.2 nC that can be compressed and focused to

a size of 20µm× 20µm× 20µm rms. To create the two-

bunch, drive/witness beam structure, a chirped and over-

compressed beam was dispersed horizontally in a chicane

and a bite was taken from its middle with a tantalum finger

collimator, corresponding to a longitudinal notching of the

beam due to the head-tail energy correlation. A new 10 ter-

awatt Ti:Sapphire laser was commissioned and used during

this run to pre-ionize the plasma source in order to increase

the efficiency of energy transfer from the beam to the wake.

Ultimately, a witness beam of hundreds of pC in charge

was accelerated by a drive beam of similar charge in a pre-

formed lithium plasma with a density of 5 × 1016 cm−3,

experiencing gradients reaching several GV/m in magni-

tude.

INTRODUCTION

The field of plasma wakefield acceleration (PWFA) has

long been motivated by a need for new technologies that

can provide higher accelerating gradients than conventional

microwave powered metallic structures in order to make

multi-TeV energies and beyond accessible to future gener-

ations of linear colliders. A conceptual design was recently

developed for a plasma wakefield powered linear collider

with a center of mass energy of 1TeV that is extendible to

the multi-TeV regime [1]. The main linac consists of mod-

ular plasma accelerator stages into each of which a fresh

electron beam is injected to drive a wake over a meter-

scale plasma source to provide an energy gain of 25GeV

per stage to the primary collider beam. Besides the high

average gradient of such a collider design, the wall-plug

∗Work supported by DOE contracts DE-AC02-76SF00515, DE-AC02-

7600515, DE-FG02-92-ER40727, and NSF contract PHY-0936266.
† litos@slac.stanford.edu

efficiency is another very attractive feature, estimated to

be well over ten percent. Current research efforts in beam

driven plasma wakefield acceleration are largely devoted

to creating a single plasma accelerator stage akin to what

would be used in a collider, first as a proof-of-concept, and

then as a test bed for studying the complex dynamics in-

volved in the beam-plasma interaction.

In order to achieve accelerating gradients on the order

of 10GV/m with a GeV-scale drive beam, plasma den-

sities on the order of 1017 cm−3 are required. This sets

the plasma wavelength, and thus the scale of the longitu-

dinal spacing between the drive and witness bunch, to dis-

tances on the order of 150µm (=500 fs temporal spacing).

The drive beam must have a density that is > 1.8 times

the background plasma density in order to produce a non-

linear blowout [2], which sets the scale for the peak current

to the kA scale with a transverse size on the order of a few

tens of microns, which is ultimately focused down to sev-

eral microns by the strong fields generated in the plasma.

FACET is the only facility in the world that can meet these

demanding beam requirements, as well as produce a wit-

ness beam of several hundred pC or more to sample the

large magnitude fields.

Previous electron-beam-driven plasma wakefield accel-

eration experiments that were performed at SLAC’s Fi-

nal Focus Test Beam (FFTB) facility have shown that the

PWFA mechanism can produce accelerating gradients in

excess of 50GV/m by observing the energy gain in the

low charge tail of the wake-driving electron beam. The

tail trailing behind the head of the beam sampled the ac-

celerating phase of the plasma wake, finally doubling the

energy of the 42GeV electrons [3]. What remained to

be demonstrated, however, was the acceleration of a co-

herent beam of electrons, rather than individual particles.

FFTB lacked the capability to produce a distinct drive and

witness electron beam with the required temporal spac-

ing, on the order of 500 fs from center to center. Several

years after the FFTB was decommissioned, FACET was

designed and constructed with this goal in mind, leveraging

the knowledge gained from the FFTB experiments and the

linac infrastructure available at SLAC [4]. Now, FACET

has finally been able to fulfill the experimental require-

ments needed to study the acceleration of actual beams via
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Figure 1: Top: The FACET beamline. Bottom: Detail of experimental area. The text “E200” marks the location of the

plasma source.

beam-driven plasma wakefields, and has also continued to

explore new dynamical regimes of plasma wakefield accel-

eration.

ELECTRON BEAM

The data presented here were taken by the E200 ex-

periment from June 2013 during the second User Run of

FACET. The first two kilometers of the main SLAC linac

were used to provide a 20.35GeV electron beam with a

charge of up to 3.2 nC. In the final 100m of the beam-

line a chicane provided the final compression of the beam,

with a minimal bunch length of 20µm rms, correspond-

ing to a peak current of 20 kA. A final focusing section

focused the beam down to the desired transverse dimen-

sions at the entrance to the plasma source, approximately

20µm× 20µm Gaussian rms in x and y. An imaging

spectrometer transported the beam from the exit of the

plasma source to the final diagnostic area and ultimately

to the beam dump. Figure 1 shows a schematic view of

the final 100m of the FACET beamline with a detail of the

experimental area where the plasma source is located.

The two-bunch beam structure was generated by bisect-

ing a linearly chirped, horizontally dispersed beam using

a tantalum finger collimator. Jaw collimators were also

employed to remove the spectral tails at the horizontal ex-

trema, where the energy spread was uncorrelated with lon-

gitudinal position. The beam was then over-compressed in

the chicane, placing one portion of the remaining beam in

front of the other with the desired spacing optimized for

PWFA experiments.

Two diagnostics were used to measure the longitudinal

Figure 2: Specral profile of the elecron beam (left) and

longidutinal profile of the electron beam (right) after notch

collimation and before entering the plasma source.

phase space of the beam after collimation. The first was

a wiggler spectrometer that measured the X-ray intensity

profile generated by the beam in a low field triplet of wig-

gler magnets. The wiggler spectrometer is located at a

point in the chicane with the same large magnitude of dis-

persion as the point where the beam is notched by the tan-

talum collimator further upstream, thus it provided direct

feedback on how the beam is being notched in space and in

energy on a shot-by-shot basis.

The second diagnostic used to measure the longitudi-

nal phase space of the beam was an X-band transverse

deflecting structure. This device streaked the beam itself

onto an optical transition radiation screen located near the

plasma source, roughly 25m downstream. The streaking

process precludes the beam from having an optimal pro-

file for PWFA, however, so this method of measuring the

longitudinal profile is limited to statistical studies of the

beam profile used in the experiment. Figure 2 shows a typ-
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Figure 3: Schematic depiction of the axicon lens focusing

the laser.

ical spectral and longitudinal measurement for a two-bunch

beam prior to entering the plasma source for PWFA exper-

iments.

PLASMA SOURCE

The plasma was generated by ionizing a lithium vapor,

which was generated inside a heat pipe oven roughly 40 cm

in length. A room temperature buffer gas of argon was used

to contain the lithium vapor and also completely filled a

parallel bypass line, which was able to be inserted into the

beamline in lieu of the lithium oven for control measure-

ments. The density and length of the lithium vapor can be

controlled by adjusting the heat applied to the oven and the

pressure of the buffer gas. The choice of a noble gas for the

buffer is motivated by its high ionization threshold, which

drastically reduces the likelihood of generating plasma out-

side of the lithium region.

A new 10TW, 800 nm Ti:Sapphire laser system was in-

stalled and commissioned for the 2013 FACET User Run.

The primary purpose of the laser system was to ionize the

lithium vapor in the heat pipe oven, generating a wide col-

umn of plasma before the arrival of the electron beam.

Though it has been shown that if the electron beam is dense

enough, it can itself tunnel-ionize the outer shell electrons

of a metal vapor and still subsequently drive a non-linear

wake [5], using the laser to generate the plasma reduces

the demand on the electron beam delivery somewhat. Pre-

forming the plasma also leaves more energy available in the

drive beam to be transferred to the plasma wake, which ul-

timately means a higher efficiency of energy transfer from

the drive to the witness beam. Finally, a preformed plasma

will also mitigate the head-erosion of the drive beam, al-

lowing for much longer plasma interaction lengths [3, 6].

The laser was focused into the plasma using an axicon

lens [7], which focuses the laser toward the central axis at

the same convergent angle over all radii. Figure 3 shows a

schematic demonstrating the axicon focusing method. This

produces a radial intensity distribution that follows a Bessel

function of the zeroth order and persists for over a meter of

length before the laser diverges away from the axis in a

ring shape and is dumped into an annular neutral density

filter. A circular mask just before the axicon lens is used to

control the start of the line focus, and the diameter of the

laser beam determines the end of the line focus.

Figure 4: Left: Accelerated witness beam (top feature) with

decelerated drive beam (bottom feature) produced in a pre-

formed lithium plasma. Right: Energy doubled tail with

decelerated beam core produced in self-ionized plasma

generated in argon gas. In both plots energy increases with

height.

ACCELERATION OF A WITNESS BEAM

An imaging spectrometer comprising a quadrupole dou-

blet and a 1m dipole was used to disperse the beam at the

experimental dump table while imaging a plane at the exit

of the plasma source. The imaging condition only holds

for a given (adjustable) energy, however, so portions of the

beam above and below the set energy are defocused. CCD

cameras were used to image the Cherenkov light produced

by the dispersed beam as it traveled through the air from

the beam pipe exit window to the dump.

A drive beam with a peak current of 1.2 kA and a

witness beam of several hundred pC trailing 126µm
(420 fs) behind it were sent into a pre-formed lithium

plasma on the order of ∼40 cm in length with a density

of 5.0× 1016 cm−3. The witness beam was accelerated

by a few GeV over this distance, corresponding to aver-

age accelerating fields on the order of ∼5GV/m. Portions

of the drive beam were decelerated by as much as several

GeV, and nearly all of the electrons in the drive beam lost

at least some energy, an indication of efficient energy trans-

fer to the wake. Figure 4 shows a typical shot of two-bunch

PWFA, where the vertical axis corresponds to energy with

higher energy toward the top.

ENERGY DOUBLING IN A NOBLE GAS

The FACET beamline can accommodate many different

beam optics profiles, one of which is tailored to provide the

highest possible compression of a single bunch. With this

configuration in place, it was found that the density of the

electron beam could reach values that were high enough

to ionize the noble gas buffer medium in the oven bypass

line. Further, the beam produced a strong wakefield in the

plasma it generated, drastically decelerating the bulk of the
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beam and accelerating the rear tail of the beam to more

than double its initial energy. Figure 4 shows the dispersed

beam after driving a wake in argon gas over about 20 cm.

The estimated longitudinal field strength inside the wake

was on the order of ∼150GV/m.

The ability to drive a wake in a noble gas was due to a

self-focusing process that the beam underwent as soon as

it began to ionize even a small fraction of the argon gas.

The wake produced in the low density plasma focused the

beam transversely, and as the beam density increased, it

ionized a larger fraction of the gas, which in turn led to

a higher plasma density and larger focusing forces in the

plasma wake. The process continued on in a positive feed-

back loop like this until eventually reaching a point where

the beam could drive a non-linear wake in the blowout

regime, after having nearly reached the matching condition

for the plasma [8]. This description of the evolution of the

beam was supported by simulations in the quasi-static 3D

particle-in-cell code QuickPIC [9].

After focusing to its minimum size, on the order of a few

microns, the beam could drive a fully non-linear wake, and

experienced virtually no head erosion. Thus, it was able

to continue to drive the wake over a very long distance,

limited by the betatron function of the unfocused head of

the beam that provided the ionized plasma medium. The

avoidance of the head erosion limitation that is predicted in

the literature [10] is particularly interesting because it may

loosen the previously presumed high density requirement

for an electron beam to drive a self-ionized plasma wake.

In addition, a plasma stage made from a room temperature

gas is far simpler and cheaper than an alkali metal vapor

which must be maintained at hundereds of degrees Celcius.

Further, a room temperature gas can have a perfectly flat

longitudinal density profile throughout the stage, which is

impossible with an alkali metal vapor inside a heat-pipe

oven due to the density ramps near the oven boundaries.

SUMMARY AND OUTLOOK

FACET has succeeded in accelerating a distinct witness

beam of electrons with multi-GV/m fields produced in a

non-linear plasma wake produced by a high current drive

beam in a pre-formed lithium plasma. This is the first ex-

perimental demonstration of acceleration of a high energy,

high charge beam via beam-driven PWFA. FACET has also

demonstrated that through the self-focusing mechanism, an

under-dense beam can evolve through interaction with the

plasma to achieve densities sufficient to drive a non-linear

wake over long distances, even in media with high ion-

ization potentials, such as noble gases. This result shows

that head erosion is able to be suppressed without having

to generate an over-dense, pre-matched drive beam before

sending it into the plasma stage, which could open new

possibilities for the design of a more optimal particle beam

driver. It could also lead to the design of simpler, cheaper

plasma stages, eschewing the heat pipe oven for a plain

tube of gas.

The next FACET run will begin in late 2013 and will

continue where the previous run left off by studying the

effects of beam loading on the acceleration of the witness

beam, as well as the ability to preserve the beam’s emit-

tance and minimize the final energy spread. Further, an

upgrade in the ionization laser and a longer heat pipe oven

will allow the plasma wake to be driven over much longer

distance than in previous runs, which should lead to signif-

icantly higher net energy gain in the witness bunch. Im-

proved diagnostics will also allow for better measurements

of the beam before and after entering the plasma source,

allowing for a deeper insight into the beam-plasma interac-

tion in all of the PWFA experiments.
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Abstract 
   Plasma wakefield accelerator experiments at FACET at 
the SLAC National Accelerator Laboratory have shown a 
correlation between ionization-injected electrons and the 
betatron x-ray yield.  Emittance spoiling foils were 
inserted into the beam and the x-ray yield, excess charge, 
and beam energy loss was measured.  The excess charge 
and x-ray yield are attributed to the beam envelope 
oscillations where at the minima, the field of the beam is 
strong enough to create secondary ionization, and at the 
electron oscillation maxima, the beam electrons 
spontaneously radiate x-rays.  Large amplitude beam 
oscillations are expected to yield more x-rays and create 
more excess charge, but the results show beam head 
erosion strongly limits the wakefield excitation. 

INTRODUCTION 
   An important feature of any “blow out regime” plasma-
based accelerator is the strong radial fields of the ion 
column, which creates electron betatron motion and x-ray 
radiation.  This effect can be used to create MeV photons 
[1] and the x-ray characteristics can be used as a 
diagnostic of the electrons transverse motion.  For 
example, matched beam propagation would be 
characterized by minimizing the x-ray radiation signal.  
Also, mismatched beams will collapse in size to where 
secondary ionization produces excess charge (i.e. dark 
current) [2].  Larger emittance beams have larger 
oscillation amplitudes and therefore they are expected to 
produce more x-rays and more excess charge.  However, 
large emittance beams also have shorter head erosion 
lengths [3], which limits the distance over which x-rays 
and excess charge can be generated.  In this paper we 
study experimentally which of these factors prevail. 

SETUP 
   The experiments were performed at FACET at the 
SLAC National Accelerator Laboratory during the 2013 

E200 PWFA experimental run.  The 20.3 GeV electron 
bunch contained 2.0x1010 electrons with an rms bunch 
length of ~40 um.  The x and y normalized emittances, εN, 
were designed to be 50 and 5 mm-mrad, respectively.  
Typically, the beam betas where 0.10 meter in x and 1.0 
meter in y, giving a spot size at the plasma entrance of 11 
µm in x and y.  The beam was sent through a ~30 cm long 
rubidium heat pipe oven where the plasma was formed by 
the field of the beam via tunneling ionization.  The Rb 
vapor was contained using argon as a buffer.  The primary 
diagnostic measurements discussed here are: the x-ray 
radiation, beam charge, and beam energy.  The x-ray yield 
was measured with a Lanex screen and CCD camera.  A 1 
mm thick Tungsten foil was placed in front of the screen, 
which gives a photon detection threshold of 200- 300 
keV.  SLAC toriods were used to measure the beam 
charge upstream and downstream of the plasma.  The 
excess charge was measured using the difference between 
the toriod signals.  The change in beam energy was 
measured with an imaging dipole spectrometer.   To study 
emittance effects, emitttance spoiler foils were inserted 
into the beam 1 meter upstream of the plasma entrance.  
The foils and thickness used in the experiment were: Foil 
1 Nicusil 3, 25.4 μm; Foil 2 25/75Au/Cu, 50.8 μm; and 
Foil 3 Nocoro, 80, 38 μm.  The calculated rms scattering 
angles are 35, 58, and 64 μrad respectively.  A figure 
showing the set up and the data analysis and methods can 
be can be found in [4, 5]. 

DENSITY RAMPS AND BEAM 
MATCHING 

   For a plasma with a sharp boundary, the beam matching 
condition is βmatch = 1/kb, where kb is the plasma betatron 
wavenumber (Eqn. 2).  For our experimental parameters, 
βmatch = 0.3 cm.  Beam matching on this scale is difficult 
to produce, but as shown in [1, 6] a density ramp can 
significantly reduce the oscillation amplitude of an 
unmatched beam, thereby reducing the expected x-ray 
yield. For the right beam parameters, the ramp can be 
used to produce matched beam propagation.  A larger β 
can be used in proportion to the scale length of the ramp.  
For the plasma ramp at FACET, the matched β is 3.38 
cm.  

 _____________________  
*The work at UCLA was supported by DOE grant DE-FG02-92-
ER40727 and NSF grant PHY-0936266. Work at SLAC was supported 
in part by Department of Energy contract DE-AC02-7600515 
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CALCULATION OF THE BEAM SIZE 
AND EMITTANCE WITH SPOILER FOIL 

INSERTED 
   When a foil is inserted, the new beam parameters at the 
plasma entrance can be calculated by propagating the no 
foil parameters from the beam waist back to the foil and 
then calculate the new beam parameter due to foil 
scattering θ.  The new beam parameters at the foil are 
calculated using [7] 

ε 2 = ε0 (ε0 + β0θ
2 )  

β 2 = β0
2ε0 / (ε0 + β0θ

2 )  
α 2 = α0

2ε0 / (ε0 + β0θ
2 )    (1) 

 
  After scattering, the new beam parameters can be 
propagated back to the oven entrance.  The foils increase 
the beam emittance and the beam size at the plasma 
entrance, creating a greater mismatch.  The beam 
envelope oscillation for a mono-energetic electron beam 
can be calculated using Eqn. 2 and is plotted in figures 1 
and 2. 
d 2σ
dz2

+ kb
2σ =

εN
2

γ 2σ 3      
 kb =

ω p

c
1
2γ

  (2) 

 
The figures illustrate how the beam envelope changes 
after inserting a foil.  Figure 1 is plotted, using the 
experimental parameters in x, without the spoiler foil.  
Figure 2 shows the beam envelope with foil 1 inserted.  
With the foil inserted, the oscillation amplitude inside the 
plasma increases in proportion to the emittance ratio, 
εvacuum/εfoil.  Also, when the foil is inserted, the envelope 
minimum inside the plasma does not change.  This is 
because, although β at the oscillation minimum is smaller, 
the emittance is proportionally larger and so σmin is 
unchanged (σ2 = βε).  Excess charge can be created when 
the drive beam pinches and the field exceeds the 
ionization threshold for secondary electrons from RbII 
and ArII.  Injection of plasma electrons into the wake can 
limit the wake amplitude and reduce the accelerating 
gradient [4]. 

PARTICIPATING CHARGE AND, HEAD 
EROSION  

   If the head of the beam is not dense enough to ionize the 
Rb vapor, the beam electrons contained in that region  
will not participate in the wake formation.  This causes a 
reduction in the bunch length, σz (but not necessarily the 
peak beam current). 

 
 
Figure 1: Plot of beam size envelope for 20.3 GeV and 
2.7x1017 cm-3 plasma without spoiler foil (black).  The 
beam envelope in vacuum (red).  The plasma profile 
(blue). 
 
 
 

 
 

Figure 2:  Same as figure 1 with spoiler foil inserted. 
 
    Head erosion is a physical effect that limits the length 
of the wake excitation [3].  It is due to the fact that the 
ionizing front of the beam is not in the blow out region 
and is not focused or guided by the ion channel.  The 
unguided front of the beam expands, as it would do in 
vacuum, and the ionizing front moves back in the beam 
frame at a rate vetch [3].  The head erosion length is given 
by Lhe~ σz / vetch, where σz contains only the participating 
charge. 
 

 
 
Figure 3: Experimental plot showing measured correlation 
of the excess charge verses x-ray yield. 
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EXPERIMENTAL RESULTS 
   Figure 3, shows the correlation between the measured 
x-ray yield and the excess charge which takes into 
account the reduced participating charge.  The measured 
participating charge is 90% for no foil, 70% with foil 1, 
65% with foil 2, and 50%, with foil 3.  The inferred σz is 
reduced 30 to 50% when the foils are inserted. 
   Both x-rays and excess charge are reduced as foils are 
added.  Even accounting for the lower participating 
charge, the x-ray yield should increase with larger 
emittance since the oscillation amplitude increases with 
larger emittance.  Figure 3 shows this expectation is not 
the case.  This is because increasing emittance reduces Lhe 
in three ways.  First, the large beam size will reduce the 
participating charge causing a reduction in σz, second the 
etch rate is higher (vetch~εN) and third, large beam 
mismatch causes emittance growth as the beam 
propagates.  Head erosion theory [3] assumes matched 
beam propagation.  However, for these experiments the 
beam was not matched.  Simulations show mismatched 
beams have emittance growth and will erode faster than 
matched beams.  Applying Eqn. 1, to foil 1, the emittance 
grows from 5 to 22.5 mm-mrad in y and from 50 to 165 
mm-mrad in x, thus shortening the head erosion length by 
3.3 to 4.5 times.   As for the x-ray production, the 
effective length over which x-rays are produce is ~½ Lhe.  
Emittance spoiling also showed a reduction in beam 
energy loss.  Typical energy loss without foils was >12 
GeV.  This indicates the beam propagated approximately 
the entire length of the Rb vapor.  The energy loss for 
with foil 1, 2 and 3 was approximately 7, 5, and 3 GeV, 
respectively.  Although some of this reduction could be 
due to a smaller wake amplitude (resulting from reduced 
participating charge) simulations show, the main effect is 

the reduction in the length of wake excitation as emittance 
is increased.  This implies the length of the wake 
formation was reduced as foils were inserted, further 
emphasizing the effect of head erosion on the 
experiments. 
 

SUMMARY 
  While emittance spoiling would seem to increase the x-
ray yield, the experiment shows a significant reduction in 
x-ray signal.  Emittance spoiling also reduces the excess 
charge.  The reduced energy loss indicates reduced 
wakefield excitation length.  The entirety of the results, x-
rays, excess charge and energy loss, imply severe beam 
head erosion when spoiler foils are used.  With a 
preionized plasma head erosion is strongly mitigated.  
Recent results [8] with preionization show the 
participating charge is nearly 100%. 
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Abstract

Recent progress on a staged laser-plasma accelerator

(LPA) experiment is reported. The experiment utilizes a

40 TW class laser which is split into two pulses. The first

laser drives the first LPA stage to produce an electron beam.

The second laser drives the second LPA stage in a dark-

current free regime and accelerates the electron beam from

the first LPA. Injection from the first stage, triggering of

plasma mirror and reflection of the second laser, and laser

guiding in the second stage have been demonstrated. Op-

tical spectral redshift of driving laser has been analyzed to

estimate the wakefield amplitude and electron energy gain

in the second stage.

INTRODUCTION

Laser-plasma accelerators (LPAs) have demonstrated ac-

celerating gradients thousands of times greater than those

of conventional accelerators [1]. Employing a capillary dis-

charge waveguide, a high-quality GeV electron beam (e-

beam) has been produced within a few centimeters, demon-

strating that LPAs have great potential for reducing accel-

erator size and cost.

For applications such as high energy colliders, LPA de-

signs will rely on sequencing multiple acceleration stages,

each driven by its own laser [2, 3]. Limitations to the en-

ergy gain in a single stage include diffraction, dephasing,

and pump depletion. Using a capillary waveguide to create

a preformed plasma channel, laser pulses have been guided

over many Rayleigh lengths (zR), minimizing diffraction

and extending the accelerating length. If the laser is guided,

and the e-beam dephasing controlled, energy gain is limited

by depletion. To overcome pump depletion, staged accel-

eration is necessary to supply fresh laser pulses. Experi-

ments performed so far utilize a single laser that drives the

wakefield for both injection and acceleration. The on-going

staging experiment at the LOASIS Program at Lawrence

Berkeley National Laboratory will demonstrate driving of

two modules with two independent laser pulses and cou-

pling of the e-beam between them. Staged acceleration not

only supplies fresh laser pulses to LPAs but it also allows

independent control of electron injection and acceleration.

Experimental demonstration of staged LPAs requires un-

derstanding electron injection, performance of a plasma

mirror (PM), and acceleration of externally injected e-

beams. Controlled electron injection is an active area of

∗Supported by DOE HEP, NSF and used the facilities at NERSC.
† Also at University of Chicago, Chicago, Illinois 60637, USA. Email:

sshiraishi@lbl.gov
‡ Currently at Shanghai Jiao Tong University, Shanghai, China

research and various techniques such as self-trapping, den-

sity gradient, and ionization injections have been demon-

strated [4, 5, 6, 7]. The PM is triggered when the leading

edge of the pulse generates plasma on a solid target, re-

flecting the remainder of the pulse at the critical surface.

The second laser pulse is coupled in to the acceleration

beam line using the PM to keep the LPA compact [8]. Post-

acceleration of e-beams requires understanding the ampli-

tudes of wakefileds in the second stage. Laser spectra are

analyzed as a diagnostic of plasma waves.

This paper reports the recent progress of the staged ac-

celeration experiment at the LOASIS Program. Basic the-

ory of laser propagation and redsfhit are presented to sup-

port the use of redshift as a wakefield diagnostic. Then,

the experimental setup at the LOASIS Program is de-

scribed. Initial results for electron injection, plasma mirror

in-coupling and wake excitation performed independently

of each other are presented in the results section followed

by a concluding summary.

LASER PROPAGATION IN A PLASMA

CHANNEL

Laser guiding is used to extend acceleration lengths in

LPAs. However, accelerating fields, and hence redshift-

ing of the laser, evolve differently depending on the guid-

ing condition. In a capillary waveguide, the laser pulse

transverse size can oscillate if the density profile is not

matched to the laser spot size. The channel is charac-

terized by a parabolic plasma density profile, n(r) =
n0 + ∆nr2/r2m, where r is the radial position, n0 is the

on-axis density [9], and ∆n is the channel depth at a

matched spot size, rm [10]. Such channels can provide

guiding for a laser pulse with a Gaussian intensity pro-

file, |a|2 = (a0r0/rs)
2 exp(−2r2/r2s ), where a0 is the

normalized laser vector potential given by a20 ≃ 7.3 ×
10−19 (λ[µm])2I0[Wcm−2], r0 is the focal spot size, rs
is the spot size, and λ is the laser wavelength. Perfect guid-

ing is achieved when r0 = rm and the laser is focused at the

entrance of the channel (ri = r0, drs/dz = 0). Considering

a low power pulse (without self-focusing), the laser pulse

propagates in the channel according to

r2s =
r2i
2

[

1 +
r4m
r4i

+

(

1−
r4m
r4i

)

cos

(

2λz

πr2m

)]

, (1)

where ri is the spot size at the entrance of channel, and

z is the propagation distance [10]. Examples of matched

and mismatched guiding are shown in Fig. 1. The entrance

of the capillary is set at z = 0, and the plasma chan-

nel is indicated with a cyan box. For matched guiding,
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ri = rm = 18 µm, the laser retains its spot size as it

propagates through the channel. For mismatched guiding

with ri = 18 µm and rm = 41 µm, the transverse spot size

oscillates between ri and r2m/ri. The mismatched guiding

leads to excitation of significant plasma waves only at lo-

calized regions of high intensity, creating an accelerating

gradient that depends on the propagation distance. While

Figure 1: Laser spot size as a function of z.

matched guiding allows the most efficient coupling of laser

energy to plasma waves, experimental conditions do not al-

ways allow the matched condition.

When the laser excites plasma waves, the laser energy

is transferred to the wakefield and spectrally redshifts. In

one-dimension, the evolution of the laser energy normal-

ized to initial energy, ϵ, of a short laser pulse propagating

in an underdense plasma is related to the amplitude of the

wakefield as [11]:

∂ϵ

∂ωpt
= −

k2p
k20

(

Emax

E0

)2

, (2)

where kp is the plasma wavenumber, k0 is the central

wavenumber of the input laser, ωp is the plasma frequency,

and Emax/E0 is the maximum accelerating field normal-

ized by the cold nonrelativistic wave breaking field. In ad-

dition, the mean wavenumber k̄ = ε/A where A is the

wave action, which is constant provided k̄/kp ≫ 1. There-

fore, Emax can be estimated through the redshift of optical

spectra.

In experiments, the estimation of Emax is much more

complex due to the transverse and longitudinal dynamics

of the laser pulse. Particle-in-cell (PIC) simulations using

INF&RNO were performed to study wake excitation and

its relation to spectral redshifting [12]. INF&RNO is a

two-dimensional cylindrical (r-z) code that adopts an enve-

lope model for the laser pulse. Details are found in [12].

The laser pulse was focused 4.8 mm into the capillary with

vacuum focus of r0 = 18 µm and the channel was 33 mm

long, rm = 41 µm and n0 ∼ 1.5 × 1018cm−3. Figure 2

shows simulated peak accelerating field Emax (solid black

curve), normalized laser energy ε (dashed black curve) and

mean wavenumber k̄ (red dots) as functions of z. Since

the guiding condition is mismatched, the laser intensity os-

cillates. There are two regions where the laser is strongly

focused to excite a large plasma wave. The ε evolution

shows that the majority of laser energy is deposited at lo-

cations of large wakefield and k̄ tracks the ε. Even with

mismatched guiding, one can gain insights into Emax by

comparing simulated and measured spectra [13].

Figure 2: Simulated Emax, ε and k̄ as a function of z.

EXPERIMENTAL SETUP

The staged acceleration experiment is on-going at the

LOASIS Program and is performed using a 40 TW class

Ti:sapphire laser system. A schematic of the experiment

is shown in Fig. 3. A laser pulse is split into two pulses.

Magnetic 
spectrometer

• Laser energy meter
• Optical spectrometer
• Mode imager

Beam 2

Beam 1

1st 

stage

2nd 

stage

Plasma mirror

Figure 3: A schematic of the experiment.

Beam 1 drives the first stage to produce e-beams and Beam

2 reflects off the PM and drives the second stage for post-

acceleration. Both laser pulses are focused on the en-

trance of capillary discharge waveguides [14, 15] by off-

axis parabolic mirrors used at f/20. Focal spot sizes are

r0 ≃ 20 µm. Injection in the first stage was performed

with a pulse duration of 67 fs at full width at half maximum

(FWHM), resulting in a0 ∼ 0.9. Beam 2 underwent a mod-

ulation in the splitting optic which lengthened the pulse du-

ration to 130 fs for the initial experiments. Fluence of the

Beam 2 impinging on PM was ∼ 500 J/cm2 and excited

plasma waves at a0 ∼ 0.4. The coupling distance between

the two capillaries is 2−3 cm. Preliminary experiments on

electron injection, the plasma mirror reflectivity, and wake
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excitation performed independently of each other will be

discussed.

Each LPA module used a capillary waveguide to guide

the lasers. The capillaries were 33 mm long and 250 µm in

diameter. For the injection experiment, various gases such

as hydrogen, helium, and a mixture of nitrogen and he-

lium were studied along with tailored plasma density. For

the wake excitation experiment, hydrogen gas was used to

optimize the guiding condition. A high voltage discharge

ionized the gas and formed plasma ∼ 200 ns before the ar-

rival of the laser. The plasma evolved from hydrodynamic

motion and formed a plasma channel. The on-axis plasma

densities for both experiments were ∼ 3 × 1018 cm3 and

rm ∼ 35 µm based on a scaling law derived from the sim-

ulation in [16]. Requirements for the plasma mirror were

high reflectivity and good reflected mode [17]. The tape

drive based plasma mirror was characterized, and the re-

flected laser was guided through the second stage.

RESULTS

For the injector study (1st stage), e-beams were pro-

duced by ionization of nitrogen atoms with tailored longitu-

dinal plasma density channel. The averaged e-beam spec-

trum collected for 22 shots is shown in Fig. 4. The charge

was 0.15 ± 0.13 pC, mean momentum 221 ± 22 MeV/c

with σp = 34 ± 10 MeV/c. The divergence was σθ =
1.4 ± 0.2 mrad. The fluctuation of the peak momentum

was 14%. Optimizations to reduce the fluctuation in the

e-beam peak energy are currently in progress.

Figure 4: Averaged spectrum [nC/SR/(MeV/c)] of e-beams

produced from the first stage.

The PM experiment showed fluence dependent reflec-

tive properties. When the fluence was lower than optimum,

the PM triggered too late with respect to the arrival of the

main pulse, transmitting a larger fraction of laser energy.

When the fluence was higher than optimum, the plasma

absorbed too much energy, resulting in a lower reflectiv-

ity as well as a poor surface quality. Optimum fluence of

∼ 300− 500 J/cm2 resulted in 80% reflectivity and the re-

flected laser mode was as good as the input mode. This

performance is believed to be sufficient for the experiment.

Laser beam 2 reflected off the PM and was coupled into

the second stage. Optical spectra of the laser exiting the

second stage is shown in Fig. 5 along with an input spectra.

Based on a preliminary spectral analysis using simulations,

the average accelerating field is ∼ 1 GV/m, and the energy

gain of the e-beam would be ∼ 10 − 30 MeV. Since the

Figure 5: Input and output laser spectra guided through the

second stage.

laser pulse duration was not optimized in the experiment

shown here, various optimizations for wake excitation are

in progress.

CONCLUSION

Recent progress of staged LPA was reported. Electron

injection, plasma mirror in-coupling, and wake excitation

in the acceleration stage were demonstrated independently

of each other. Along with the experiments, the analysis

of optical spectra to estimate energy gain from the accel-

eration stage was discussed. Optimizations to improve e-

beam stability and efficiency of wakefield excitations are

in progress.

REFERENCES

[1] E. Esarey, C. B. Schroeder, and W. P. Leemans, Rev. Mod.

Phys. 81, 1229 (2009).

[2] W. P. Leemans, and E. Esarey, Physics Today pp. 44–49

(2009).

[3] C. B. Schroeder, et. al., Phys. Rev. ST Accel. Beams 13,

101301 (2010).

[4] J. Faure, et. al., Nature 444, 737–739 (2006).

[5] A. Pak, et. al., Phys. Rev. Lett. 104, 025003 (2010).

[6] C. McGuffey, et. al., Phys. Rev. Lett. 104, 025004 (2010).

[7] A. J. Gonsalves, et. al., Nature Physics 7, 862–866 (2011).

[8] D. Panasenko, et. al., J. Appl. Phys. 108, 44913 (2010).

[9] P. Sprangle, J. Krall, and E. Esarey, Phys. Rev. Lett. 73,

3544–3547 (1994).

[10] E. Esarey, and W. P. Leemans, Phys. Rev. E 59, 1082 (1999).

[11] B. A. Shadwick, C. B. Schroeder, and E. Esarey, Phys. Plas-

mas 16 (2009).

[12] C. Benedetti, et. al., AIP Conf. Proc. 1299, 250 (2010).

[13] S. Shiraishi, et. al., Phys. Plasmas 20, 063103 (2013).

[14] D. J. Spence, and S. M. Hooker, Phys. Rev. E 63 (2000).

[15] A. J. Gonsalves, et. al., Phys. Rev. Lett. 98 (2007).

[16] B. H. P. Broks, et. al., J. Phys. D: Appl. Phys. 39, 2377

(2006).

[17] T. Sokollik, et.al., AIP Conf. Proc. 1299, 233 (2010).

THOCA2 Proceedings of PAC2013, Pasadena, CA USA

1110C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

03 Alternative Acceleration Schemes

A23 - Laser-driven Plasma Acceleration



GENETIC ALGORITHMS AND THEIR APPLICATIONS IN

ACCELERATOR PHYSICS
∗

A.S. Hofler† , Thomas Jefferson National Accelerator Facility, Newport News, VA 23608, USA

Abstract

Multi-objective optimization techniques are widely used

in an extremely broad range of fields. Genetic optimization

for multi-objective optimization was introduced in the ac-

celerator community in relatively recent times and quickly

spread becoming a fundamental tool in multi-dimensional

optimization problems. This discussion introduces the ba-

sics of the technique and reviews applications in accelerator

problems.

GENETIC ALGORITHM OVERVIEW

Genetic and evolutionary algorithms (GAs and EAs, re-

spectively) are examples of adapting models for processes

observed in nature to create novel approaches to solving

seemingly unrelated problems. These methods mimic bi-

ological reproduction, the theory of evolution, and the be-

havior of biological populations to solve mathematical op-

timization problems. Sets of solutions to an optimization

problem are considered successively. The solutions from

set i that more closely meet the optimization goal(s) are

considered fitter, more inclined to survive, and are used to

create the next i + 1 set of solutions. As the selection and

reproduction cycle repeats, the solutions produced are re-

fined, and the defining characteristics for the best solutions

coalesce to the optimal value(s). While not an immedi-

ately obvious method for optimization, GAs and EAs have

proven to be highly effective in solving engineering and ac-

celerator physics problems. Two recommended references

on GAs, EAs, and optimization in general are [1, 2].

Optimization Problem Statements

Commonly, optimization problems are cast as minimiz-

ing or maximizing a cost function, and optionally, the

independent variables may be subject to boundary con-

straints. Real world optimization problems tend to be

multi-objective meaning there are multiple cost functions

that must be minimized or maximized simultaneously sub-

ject to bounds and inequality constraints. Written gen-

erally, a multi-dimensional, multi-objective optimization

(MOO) problem is

Optimize fj (x1, x2, ..., xN ) j = 1, 2, ..., J,

gk (x1, x2, ..., xN ) ≥ 0 k = 1, 2, ...,K,

x
(n)
min ≤ xn ≤ x(n)

max n = 1, 2, ..., N, (1)

∗Authored by JSA, LLC under U.S. DOE Contract DE-AC05-

06OR23177. The U.S. Govt. retains a non-exclusive, paid-up, irrevo-

cable, world-wide license to publish or reproduce this for U.S. Govt. pur-

poses.
† hofler@jlab.org

where Optimize can be either Minimize or Maximize for

each objective function fj , J is the number of objective

functions to be simultaneously optimized, gk are K in-

equality constraints, and xn are the N independent vari-

ables to vary subject to a set of bounds constraints, x
(n)
min

and x
(n)
max. For a single-objective optimization (SOO),

J = 1 and K = 0. GAs and EAs can be applied to both

single- and multi-objective problems.

Solution existence and uniqueness is not guaranteed for

SOO and MOO making them difficult to perform, but

MOO has the additional complication that the objectives

may conflict, meaning a set of independent variables that

satisfies one objective goal causes another to move away

from its optimal value. An example is minimizing two ob-

jective functions that inversely depend on the same inde-

pendent variable, e.g. f1 = x1 and f2 = x−1
1 + x2 for

0.5 ≤ x1 ≤ 1 and 0 ≤ x2 ≤ 1. No single combination of

x1 and x2 clearly minimizes both f1 and f2 simultaneously.

In contrast, changing the problem to minimize one function

and maximize the other creates two different optimization

problems where the objectives do not conflict, and fortu-

nately, both problems have unique solutions (x1 = 0.5 and

x2 = 1 minimize f1 to 0.5 and maximize f2 to 3, while

x1 = 1 and x2 = 0 maximize f1 to 1 and minimize f2 to

1).

For the simultaneous minimization problem, each pos-

sible x1 value gives an equally valid solution to the mini-

mization problem for x2 = 0. Absent additional informa-

tion about a preferred solution or system behavior, there is

nothing to differentiate any particular solution from the rest

in the x1 interval. For instance, at x1 = 0.5 and x2 = 0,

while f2 = 2 is not its minimum value on the x1 inter-

val, f1 is minimized to 0.5. This is the best solution for

x1 = 0.5 since f2 > 2 for x2 > 0. Similarly, f1 = 1
and f2 = 1 comprise the best solution for x1 = 1. For the

remaining values of the x1 interval with x2 = 0, neither f1
nor f2 attains its individual minimum value, but their val-

ues are the optimal ones for each fixed value of x1. These

solutions for 0.5 ≤ x1 ≤ 1 and x2 = 0 are equivalent

in terms of the optimization goals, and they form the set

of solutions to this optimization problem. When objective

functions conflict, a series of individual optimizations must

be considered and solved, and the set of solutions is called

the Pareto optimal front. The Pareto optimal front is im-

portant because it elucidates trade-offs between objectives.

Comparison to Standard Techniques

Historically, standard techniques used for multidimen-

sional optimization problems are either iterative derivative-

based methods or systematic parameter scans. GAs and
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EAs are iterative but not derivative-based. They analyze a

series of relatively large sets of solutions or populations to

identify candidate solutions to produce new sets of solu-

tions. Each new population is a generation and represents

an iteration. Populations are composed of individuals, real-

izations of Eq. (1). A systematic parameter scan produces

one very large exhaustive population in a single genera-

tion, and the data are analyzed at the end. GAs and EAs

are smarter parameter scans because interleaving parameter

space sampling and objective value analysis allows them to

identify and concentrate on promising parameter space re-

gions as they progress.

Genetic Algorithm Processing

The distinguishing characteristic of GAs and EAs is the

simple but effective process by which the N -dimensional

parameter space is sampled and the resulting objective val-

ues are analyzed. By way of caveat, there is great variabil-

ity in algorithm designs, and this discussion may describe

features and concepts that are not explicitly used or are

omitted in a particular algorithm or application. The gen-

eral process starts with an initial population created from a

set of independent variable values that are randomly pro-

duced within the bounds constraints. This generation is

a random sample of the N -dimensional parameter space.

The objective values are ranked against the optimization

goals, and a new population is generated from favorably

ranked individuals. The cycle of ranking objectives and

generating new populations repeats until the optimization

goals are met within some specified tolerance or the maxi-

mum number of generations limit is reached.

Fitness is used to rank individuals in a population and

indicates the relative strength of an individual. It is a func-

tion of the objectives and can include the constraints. Its

exact form varies with algorithm and application. In the

single objective case, the fitness function can be the objec-

tive value itself. Alternatively, fitness may be a measure of

how well the objective values meet the optimization goals

and adhere to the problem constraints [1, 3, 4]. Typically,

stronger individuals have larger fitness values, but not al-

ways [3]. In some cases, the fitness concept is not explicitly

invoked [5] but can be assumed to be the objective function

value(s).

Some general fitness definitions for MOOs use the dom-

inance concept [1] because it is suited to systems with con-

flicting objectives. An individual is said to dominate an-

other if it is better in at least one objective and no worse

in the others where the sense of “better” and “no worse”

depends on the optimization goal for each objective. For

an objective to be minimized, better means “<”, and no

worse means “≤”. In the minimization example above,

A = (x1, x2, f1, f2) = (0.5, 0, 0.5, 2) dominates B =
(0.5, 1, 0.5, 3) and C = (1, 1, 1, 2) but not D = (1, 0, 1, 1).
Also, D dominates C but not A or B. B and C do not

dominate each other, A, or D. If a dominance-based fit-

ness function, for example, tallies for each individual the

number of other individuals in a generation that dominate

it, then the tally can be used to identify individuals that best

approximate the Pareto optimal front because their tallies

will be zero [3]. Applied to A, B, C, and D, the tallies are

0, 1, 2, and 0, respectively. A and D are the best estimates

of the Pareto optimal front and are in fact on the Pareto

optimal front. The individuals on the Pareto optimal front

are said to be non-dominated with respect to each other and

dominate at least one other individual in the generation.

With fitness values calculated, the selection and repro-

duction process starts. First, individuals are chosen to form

the mating pool through a competition mechanism. For

example, in tournament selection, individuals are picked

at random, and a comparison of fitness values decides the

winner. Only competition winners are placed in the mating

pool, and only members of the mating pool are selected to

reproduce. Thus it is possible to lose good individuals ei-

ther through losing a competition or failing to be selected to

participate. Elitist strategies counter this by giving the best

individuals an advantage specific to the algorithm. Strength

Pareto Evolutionary Algorithm 2 (SPEA2) [3] creates an

archive of past and present best individuals, and only in-

dividuals from the archive are considered for the mating

pool.

Next, individuals are chosen pair-wise from the mating

pool to produce offspring through crossover, also known as

recombination. GAs typically operate on binary encoded

string representations of the independent variables, while

EAs operate on vectors of decimal values. In the GA form,

crossover mirrors the biological process. The two parent

strings are split at the same randomly selected locations,

and the substrings are exchanged to make the offspring. In

the EA equivalent, the values of the two parents are directly

exchanged to create the offspring, or linear combinations

of the parent values are passed to the offspring. Offspring

mutation follows. For the binary string, mutation is a ran-

domly flipped bit (0 → 1 or 1 → 0), and a randomly ap-

plied and generated offset for the EA version. Probability

density functions (pdfs) determine the behavior of the EA

crossover and mutation. The pdf configuration parameters

can be tuned to affect the convergence behavior.

Differential Evolution (DE) [5] is often used for SOOs in

accelerator applications while SPEA2 and Non-Dominated

Sorting Genetic Algorithm II (NSGA-II) [4] are preferred

for MOOs. SPEA2 and NSGA-II are elitist strategies, and

now, an elitist DE is available for MOOs [6].

BEAMLINE COMPONENTS

Most beamline component GA- and EA-based design

and optimization applications center on magnets and radio

frequency (RF) and acceleration related devices. Early ex-

amples concentrate on magnet design and construction, and

later ones are geared more toward acceleration systems.

Two magnet examples are wiggler and undulator mag-

net ordering and superconducting magnet design. Wig-

gler and undulator magnets are constructed from several

smaller dipole magnets, and it is important to arrange the

constituent magnets to minimize field errors. GAs and EAs
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can search through the many magnet order permutations

and find the optimal arrangement [7], and GA-based mag-

net sorting and shimming continue to be integral to wiggler

and undulator construction [8, 9, 10]. One of the earliest

uses of Pareto optimality is a GA-based superconducting

magnet design tool [11]. The tool identifies and creates

multiple similar conceptual magnet designs meeting speci-

fied criteria that a magnet designer can then further evalu-

ate with respect to manufacturing considerations. With this

tool, a new magnet coil design was identified for use in the

Large Hadron Collider.

The first application of GAs to RF devices was to op-

timize cavity designs based on higher order mode and

resonance requirements [12]. With the renewed interest

in GA and EA methods, the number of RF cavity opti-

mizations has grown recently to include a variety of RF

and superconducting RF (SRF) cavity designs: crab cavi-

ties [13], spoke cavities [14], choke-mode damped struc-

tures [15], microwave tubes [16], and klystron interac-

tion structures [17]. Lastly, geometric dimension and rela-

tive dielectric permittivity optimizations for cylindrical and

slab wakefield accelerators provide insights into the trade-

offs between transformer ratio and maximum accelerating

wakefield electric field amplitude [18].

ACCELERATOR DESIGN

There are two modes of accelerator design using GAs

and EAs. The first assumes a machine element layout

where the field behavior of the magnets and accelerating

devices is known, and the optimization searches for optimal

set points, field amplitudes and phases, and element spac-

ings to achieve specific beam quality and operating con-

ditions. In other words, the optimization acts to tune the

machine. The other mode builds on the first additionally

varying physical features of beamline elements and sys-

tems to discern optimal designs or requirements for them;

beamline element and operational set point optimizations

are combined. Most applications fall in the first category,

and with the growing appreciation for the power and flexi-

bility of GAs and EAs in the accelerator field, the number

of more holistic machine design applications is growing.

Pareto optimality is especially important here because the

front provides information about the many possible con-

figurations and capabilities letting the designer choose the

most suitable combination. In some cases, the front has

even revealed unorthodox operating schemes that are com-

parable to or better than the standard solutions [19, 20, 21].

The ability to optimize a known machine layout is ex-

tremely useful. This form of optimization is well estab-

lished, and only a fraction of the many examples will

be highlighted here. The earliest application determines

the quadrupole settings in injection and transfer lines for

BESSY-II [22].

The tuning approach is used in mainly four ways.

The most obvious use establishes the expected perfor-

mance of a proposed or upgraded machine. A sam-

ple shows: positron momentum selection in a continuous

wave positron source [23]; dynamic aperture optimization

for a storage ring upgrade [24]; asymmetric distribution

of longer insertion device straight sections in a storage

ring light source [25]; a superconducting tape undulator-

based light source [26]; a two-loop compact energy recov-

ery linac (ERL) [27]; an electron linac for a gamma-ray

source [28]; compression schemes for a free electron laser

(FEL) [29]; and a bunch compressor for electron beam slic-

ing [30].

Second, optimizing operational settings and relative el-

ement spacing can establish that a particular technology is

suitable for a new or more demanding accelerator applica-

tion. Most examples are direct current (DC) and RF gun

injectors for FEL [31, 32, 33] and ERL light sources [34].

Third, accelerator physicists look for performance im-

provements for existing machines through alternative ma-

chine settings. Storage ring light sources benefit from this

most to optimize brightness [20] and increase dynamic and

momentum apertures [21, 35].

Lastly, this mode can identify tuning knobs or their set-

tings to correct or avoid operational problems. Identifi-

cation is needed for storage ring orbit bumps [36] and

collider final focus optics tuners [37]. Finding knob set-

tings is useful for controlling transport optics for muon

experiments [38], restoring machine performance until

failed components can be repaired [39], protecting equip-

ment [40], and making machines insensitive to destructive

beam instabilities such as beam break-up [41].

The second more encompassing accelerator design ap-

proach allows beam and beamline element performance

to be considered together. This flips the model described

above determining the suitability of a given technology

or machine layout for an application. Instead the desired

beam performance directly drives element design. Two ad-

vance examples of this approach are a preliminary spalla-

tion neutron source accumulator ring design study [42] and

a muon solenoidal decay channel optimization [43].

The watershed accelerator physics applications showcas-

ing the power of EAs, GAs, and Pareto optimality in gen-

eral and this combined beam and element performance op-

timization are a laser profile and DC gun injector optimiza-

tion for an ERL light source [19] and a damping ring optics

evaluation tool that creates all viable optics layouts fitting

in a given machine circumference [44]. They demonstrate

that automating accelerator design is possible because GAs

and EAs can manage the complexity of these problems and

organize the results in a way to help the accelerator de-

signer choose the best design among all possible designs

meeting a set of criteria. The success and flexibility of these

two optimizations led to the explosive growth in accelerator

EA- and GA-based optimizations of all kinds. These two

examples led to beam performance-based systems devoted

to finding optimal: geometries for injector guns [45, 46]

and accelerating elements [47, 48]; field profiles for storage

ring dipoles [49] and fixed-field alternating gradient accel-

erator magnets [50]; undulator tapering profiles [51]; and

an RF pulse time structure to compensate for beam loading
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in a linac [52].

REAL TIME AND DIAGNOSTIC

APPLICATIONS

Two very successful real time applications of GAs are

photocathode laser profile generation [53, 54] and phase

space reconstruction [55]. Both examples configure sev-

eral similar or identical elements. The shear number of per-

mutations on the settings precludes enumerating and eval-

uating each setting in turn, so a GA is used to sample the

available permutations and identify an optimal configura-

tion. A third example extracts cavity parameters from pass

band data for an SRF cavity installed in a multi-cavity as-

sembly [56].

ACCELERATOR DESIGN TOOLS AND

COMPUTATIONAL CONSIDERATIONS

Execution time is an important factor to consider when

choosing GA and EA tools and the underlying compu-

tational structure. These population-based methods as-

sume computations for individuals are independent and

self-contained, so they are amenable to parallelization. The

maximum time to calculate all results for a single individ-

ual determines the level of necessary parallelization. If an

individual is modeled with a few finite polynomial expres-

sions for example, serially processing individuals in a pop-

ulation is reasonable, and optimization extensions for Ex-

cel [57], MATLAB, and Mathematica are appropriate to

use. Most problems in accelerator physics require simula-

tion codes to model the underlying physical system and in-

volve non-negligible execution times. For these situations,

the results for individuals must be produced in parallel.

Several parallel frameworks are available affording var-

ious levels of flexibility and abstraction. The basic de-

sign has two main parts. The first is the GA or EA

wrapped around a simulation job management system. The

job management system handles communication between

the optimization processing and the simulation code(s),

and it dispatches simulations for individuals to avail-

able computer resources. Program and script based sys-

tems include: Alternate PISA (A Platform and Program-

ming Language Independent Interface for Search Algo-

rithms [58]) (APISA) [19, 45] and variations from TRI-

UMF [59] and Jefferson Lab [46], geneticOptimizer [60],

and OPT-PILOT [61]. APISA and variants mainly use

SPEA2, and the others use NSGA-II. Note OPT-PILOT has

a Python-based graphical interface for viewing Pareto op-

timal fronts and associated decision variable values.

The parallel frameworks commonly assume access to a

large number of compute nodes found in batch farm and

high performance computer cluster configurations. Alter-

natively, idle desktop computers in an organization can be

co-opted with APISA or Condor [17], a system that coor-

dinates, monitors, and dispatches simulations to underuti-

lized desktop computers. The advent of commercial cloud

computing resources may provide on-demand high perfor-

mance computer clusters to extend existing systems or ob-

viate the need for local installations [62].

Some accelerator simulation systems include GAs and

EAs in their optimization suite: TAO [63], COSY-GO [64],

G-optimizer in TRACK [65], GeneticTRACY [62], ele-

gant COGA [66], and a symbolic beam propagator [67].

Lastly, libraries are available such as PGAPack [68] and

pikaia [69] to build custom systems.

CONCLUSION

The use of GAs and EAs is well established in accel-

erator physics as demonstrated by the variety of applica-

tions and tools presented here. The expanded capability of

GAs and EAs to directly solve MOOs and identify inher-

ent trade-offs has substantially increased their utility in the

field and enables automated optimization of systems that

are complex in terms of dynamics and the number of vari-

ables involved. The basics of GAs and EAs have been

introduced to facilitate understanding of how these algo-

rithms work and interpreting the results they produce.
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A SPECIALIZED HIGH-POWER (50 kW) PROTON BEAMLINE FOR BNCT 

Morgan P. Dehnel, Thomas M. Stewart, Tue Christensen, David E. Potkins, D-Pace, Inc.,  

201, Nelson, BC, Canada 

Hirofumi Seki, Shinji Shibuya, Steve Domingo, Glenn James, Pat Creely, Steve Bucci, AccSys 

Technology, Inc., 1177 Quarry Lane, Pleasanton, CA 94566, USA

Abstract 
D-Pace has developed a specialized high-power 

beamline for transporting a 20 mA, 2.5 MeV, CW proton 

beam for a Boron Neutron Capture Therapy (BNCT) 

application. The 2 m horizontal by 4 m vertical layout 

transports the space-charge dominated beam with less 

than 1% beam-spill using two sets of 10 T/m quadrupole 

doublets, DC XY steerer, 90 degree bending magnet, and 

AC XY magnets for raster-scanned, flat-topped, round or 

square intensity distributions deposited over targets with 

40 – 100 mm maximum dimensions.  Diagnostics include 

New Parametric Current Transformers (NPCT), graphite, 

water-cooled, electrically-isolated collimators with 

readbacks, and a low-power sapphire beam profile 

monitor for macro-pulsed beams (~100 micro-second 

wide pulses at low frequency). This paper describes the 

specialized: beam-optics, intensity distributions, and 

device designs. 

INTRODUCTION 

BNCT is a non-invasive therapeutic treatment of cancer 

(high-grade gliomas, cerebral metastases of melanoma; 

and head, neck, and liver cancer) [1] that involves two 

steps. First, tumour-localizing non-radioactive boron-10 

delivery agents (such as boronophenylalanine i.e. BPA, or 

sodium borocaptate i.e. BSH) are injected into the patient 

[1]. Second, the patient is exposed to epithermal neutrons, 

which have a very high probability of reacting with the 

concentrated boron-10 residing in the cancer cells.  This 

yields an energetic alpha particle, and a recoiling lithium 

nucleus which ionize a tremendous number of atoms and 

molecules within 5-9 microns (~size of cancer cell). This 

results in cancer cell death [1,2]. 

BNCT has a 50 year history at research nuclear reactors 

[3], and is established i.e. 16th International Congress on 

Neutron Capture Therapy, ICNCT (2014), is to be held in 

Helsinki. For widespread use of BNCT better delivery 

agents, improved dosimetry, and independence of nuclear 

reactors is required [3].  Barth [3], IAEA [4], Blue and 

Yanch [5] all emphasize the development of particle 

accelerators for BNCT. Strong growth in BNCT 

implementation in hospitals is anticipated since it can 

now be de-coupled from nuclear reactors through low 

energy (p,n) reactions provided by relatively inexpensive 

safe compact particle accelerator systems that can be 

turned off (as compared to a reactor) [6]. 

This paper describes the High Energy Beam Transport 

(HEBT) beamline developed for the BNCT treatment 

system utilizing an AccSys 2.5 MeV, 20 mA, CW proton 

Linac and the Li-7(p,n)Be-7 reaction. 

HEBT BEAMLINE 

The 10 rms RFQ beam was modeled thru HEBT 

(Figure 1) with 1st order Beamline Simulator [7] using 

acceptances greater than 3x the 10 rms emittances in both 

transverse phase-planes to define conservative apertures.  

TRACE-3D [7] simulations confirmed high beam 

transmission at 20 mA CW space-charge conditions.  The 

finalized system in Figure 2 follows the principles [8-10]. 

 

Figure 1: HEBT Horizontal & Vertical 1-10rms Beams. 

PO Box
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Figure 2: The HEBT system.  The proton beam is injected into the HEBT from the RFQ at upper left, and the scanned 

beam exits at right (downstream of Beam Profile Monitor).  The supports can be arranged in a horizontal format for 

factory testing as shown, or in a format where components downstream of the 90° Bender are in the vertical direction. 

Ion-Optical Elements 

The ion-optical elements  are as follows: (1) Upstream 

Quadrupole Doublet {Bore = 82.3 mm, Effective Length 

(EL) = 202.3 mm, BMax = 0.4 T}, (2) DC XY Steering 

Magnet {Iron Gap = 105 mm, EL = 184 mm, BMax = 0.01 

T}, (3) 90° Bender Magnet {Iron Gap = 52 mm, EL = 300 

mm, BMax = 1.3 T, Rogowski Pole Face Rotations = 0°}, 

(4) Downstream Quadrupole Doublet {Bore = 82.3 mm, 

EL = 202.3 mm, BMax = 0.4 T}, and (5) AC XY Scan 

Magnet {Iron Gap = 97 mm, EL = 212 mm, BMax = 

0.0165 T, Frequency = 45 Hz}.  All magnets designed 

with alignment fiducials for Ball Mounted Reflectors 

(BMR) used during final alignment with a laser tracker. 

Upstream Horizontal Section Description 

The Upstream Quadrupole Doublet is placed close to 

the RFQ (~200 mm space for a VAT gate valve, 

bellows, and flanging) since it serves to capture the 

diverging RFQ beam and to focus it through  the 90° 

Bender which has a narrow gap resulting in reduced 

magnet cost, size, and power consumption. The transverse 

beam envelopes are largest through the Quadrupole 

Doublets and thus they are fitted with diamond-shaped 

beampipes that afford a larger acceptance than round 

beampipes for the very same magnet bore diameter (refer 

to lower left of Figure 2).  

Immediately after the upstream doublet is the DC XY 

Steering Magnet which provides ± 8 mrad of steering 

capability.  It is located downstream of the first doublet 

where a sensitivity analysis has shown it to be efficacious. 

A cryo-pumping station with ports for gauges and leak 

testing are provided. The cryo-pump is separated from the 

beamline by a gate valve, so that it is not necessary to be 

purged to atmosphere if the HEBT is vented. 

A Bergoz NPCT (96 mm diameter) provided by GMW 

measures the beam current in the upstream portion of the 

line. It comes with Conflat flanging as does all of the 

vacuum equipment. Experiments shall be undertaken to 

ensure H2+ is not affecting the proton beam current 

measurement [11].  

A bellows is located immediately upstream of the 90° 

Bender Magnet.  The bender magnet vacuum box is 

outfitted with electrically-isolated water-cooled 46 mm 

diameter graphite entrance and exit collimators with 

beamspill current readbacks to the control system.  The 

device’s handle greater than 2 kilo-watt beamspill power 

on average, but shall be used as a threshold interlock at 

0.5% of total beam current for rapid “beam off” in the 

case of a component failure (i.e. power supply).  The 

collimator ceramic insulators are protected by metal 

shrouds to prevent short-circuiting in the event of any 

migration of metal vapour from the targets. The bender 

vacuum box also has a thru port with gate valve and 

beampipe with pumping station port for DC beam 

experiments when the bender is off.  

Upstream 

Quadrupole  

Doublet 

DC XY 

Steerer 

Cryo-Pump 

& Gauge 

Station 

NPCT 

90° Bender including 

Entrance/Exit Collimators 

with Readbacks 

Downstream 

Quadrupole  

Doublet 
Through 

Port  

Line 

NPCT 

AC XY 

Scan 

Magnets 

Water-Cooled 

Sapphire Beam 

Profile Monitor 
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Downstream Vertical Section Description 

The Downstream Quadrupole Doublet captures the 

strongly diverging beam immediately downstream of the 

bender magnet.  A Bergoz NPCT is next and provides a 

2nd beam current measurement to establish transmission 

rates. The support structure can be used in both a 

horizontal and vertical configuration.  A sapphire water-

cooled low-power beamstop with a radhard MegaRAD3 

Thermo CIDTEC camera for viewing low frequency 

macro-pulsed beams (~100 micro-second) is provided.  

The downstream vertical section is shielded to contain the 

neutron flux from the target. 

D-Pace’s standard <100 Hz AC XY Scan Magnet 

product can provide both generic raster and circular 

scanned beams as shown in Figures 3 and 4. 

 

 

Figure 3: Horizontal and vertical 10 rms beam profile 

extents of AC Scanning ( Max = ±13.4 mrad) with 10 
mm DC beam spot on target.  Apertures confirmed. 

 
Figure 4: An example of generic square raster-scanned 

beam (left), and generic circular scanned beam (right) that 

D-Pace’s standard product AC Scan Magnets can deliver. 

The customer shall tailor the undisclosed beam 

distributions on target according to their own proprietary 

algorithms through D-Pace’s programmable two channel 

signal generator. 
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LARGE MOMENTUM ACCEPTANCE SUPERCONDUCTING NS-FFAG 
GANTRY FOR CARBON CANCER THERAPY* 

Dejan Trbojevic, Brett Parker, BNL, Upton, New York, 11973, USA 
Marco Pullia, CNAO, Pavia, Italy

Abstract 
Carbon cancer radiation therapy has clear advantages with 
respect to the other radiation therapy treatments. Cost of 
the ion cancer facility is dominated by the delivery 
systems. New superconducting carbon ion gantry designs, 
based on the Non-Scaling FFAG (NS-FFAG) principle, 
are presented. The magnet size and weight is dramatically 
smaller with respect to existing gantries. The weight of 
the transport elements of the carbon isocentric gantry is 
estimated to be 1.5 tons to be compared to the 130 tons of 
the top-notch gantry in the Heidelberg ion therapy facility. 

INTRODUCTION 
A number of ion cancer therapy facilities are rapidly 

rising due to a clear advantage to any other radiation 
treatment of the cancerous tumors. This is due to a very 
localized energy deposition of ions at the “Bragg peak-as 
suggested by R. Wilson 1946 [1]. The ion cancer facility 
starts with an ion source, accelerator, and the delivery 
system (major cost). The Coulomb scattering and 
struggling define the final beam spot size–penumbra at 
the tumor. The best results in the cancer treatment are 
obtained by use of the spot size “pencil” beams with the 
transverse and longitudinal scanning technique. Usually 
the treatment time is of the order of couple of minutes. In 
proton cancer therapy the minimum beam volume size-
voxel at the tumor (for the maximum distance of 27 cm in 
the patient) is ~715 mm3, while for carbon ions it is ~14 
mm3. The transverse intrinsic spot for 206 MeV protons is 
~11 mm, while for carbon ions is 2.9 mm. Carbon ions 
have advantage in the patient treatment, as they are more 
precise. Normal angle of ion arrival to the patient   
reduces the skin radiation. The Source to Axis Distance 
(SAD) parameter in the cancer treatment shows an 
optimum with SAD=∞ (beam arrives with normal angle 
of incidence to the patient skin). 

A recommendation from the Workshop on Ion Therapy 
[1] in Bethesda MD (organized by Department of Energy 
(DOE), National Cancer Institute (NCI), National Institute 
of Health (NIH), and Department of Health & Human 
Services DHHS) was that the carbon or other ion therapy 
facility should include rotatable gantry, possibly made of 
superconducting magnets (to be able to reduce the size 
and cost) and with a large momentum acceptance. 
This is a report on a large momentum acceptance 
superconducting NS-FFAG gantries. They have many 
advantages like: reduced size and weight, large 
momentum acceptance (200-400 MeV or 100-200 MeV/u 
etc.), fixed magnetic field, with the angle of incidence 

always normal to the patient (SAD=∞), and easy to 
operate, as the magnetic field is fixed during the 
treatment. We present two examples: the isocentric gantry 
and an eccentric gantry proposed, by Marco Pullia  
(CNAO-Italy). Both gantries have a large momentum 
acceptance – for one fixed magnetic field setting they can 
operate covering a large kinetic energy range (either 
between 200-400 MeV/u or 100-200 MeV/u). The normal 
angle of incidence is obtained by use of two scanning dual 
plane scanning magnets. 

NS-FFAG PRINCIPLE 
In recent years there has been a clear revival of the 

previous concept of the FFAG’s, developed mostly in the 
1950’s. A concept of the NS-FFAG is based on strong 
focusing principle with a small dispersion function. The 
relationship: Δx=D δp/p shows that the beam offset is 
small even for the large δp/p. Major differences between 
the NS-FFAG’s with respect to the scaling FFAG’s are 
variations of the tunes, time of flight, dispersion and 
amplitude functions with a momentum as shown in a 
gantry cell in Figure 1. 

 
Figure 1: Betatron and dispersion functions in a gantry 
cell for the treatment energies. 

BEAM DELIVERY - ION GANTRIES 
The delivery system is the most expensive part of the 

ion cancer therapy facilities. Figure 2 shows the top-notch 
proton gantry at PSI in Switzerland. The scanning 
magnets are placed usually in front of the large 90o-
bending magnet above the patient. This is to allow for the 
SAD=∞. To avoid the large magnet above the patient (for 
the proton gantries its weights is ~60 tons) a scanning 
system is placed above the patient. This solution 
(submitted to the Patent Office) not only removes the 
necessity of the large magnet but also always provides 
normal angle of incidence to the patient skin. A proton 
gantry design is shown in Figure 3. 

 ____________________________________________  

*	  Work	  performed	  under	  Contract	  Number	  DE-‐AC02-‐98CH10886	  
with	  the	  auspices	  of	  the	  US	  Department	  of	  Energy 
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Figure 2: The proton top-notch proton therapy facility at 
PSI, with the large bending magnet at the end. 

 

 
Figure 3: Our proton gantry design eliminates need for the 
large dipole and provides always 90o angle to the skin. 

The carbon gantry operating at the Heidelberg ion 
cancer facility is of a large size as at the time when it was 
built and designed, relied on the existing safe warm 
magnet technology. The maximum kinetic energy of the 
carbon ions in Heidelberg is 430 MeV/u with a 
corresponding Bρ=6.624 Tm. For the magnetic field of 
1.6 T produced by the warm magnet the radius of a 
curvature is R=4.1 m. To better perceive the size of this 
gantry in figure 4 a visitor is shown. The NS-FFAG 
superconducting gantry design is shown together with the 
Heidelberg gantry in Figure 6. A large number of small 
superconducting combined function magnets will reduce 
the size of the gantry. The number of magnets is 31, 
including the two scanning and the triplet magnets for 
defining the beam size. The superconducting magnets are 
made by superconducting wire wound directly onto the 
beam pipe, without using any iron. This reduces the 
weight. They have a small aperture r~3 cm.  The dipole 
field in the defocusing magnet is ByD= 4.55 T with 
gradient of Gd= −90 T/m, while the focusing magnet has 
opposite bending field of ByF=-0.385 T with a gradient of 
GF=150 T/m. The length of the focusing magnet is 20 cm 
while the defocusing one is 26 cm long. The bending 
angle of the defocusing magnet is θD=0.233 rad while the 
focusing combined function magnet has an angle of the 
opposite sign of θF=−0.152 rad. The magnetic field in the 

defocusing combined function magnet is equal to: 
𝐵!"#" = 𝐵! + (𝐺! ∗ 𝑥), while for the focusing magnet it 
is: 𝐵!"#" = 𝐵! + (𝐺! ∗ 𝑥). The maximum magnetic field 
in the defocusing magnet is equal to BDmax=4.55 T at the 
lowest energy and BDmax=5.63 T at the highest energy 
(this is a combination of the bending field plus gradient 
multiplied by the orbit offsets for energies other than the 
central energy). The maximum field in the focusing 
combined function magnet is, for the lowest energy, 
BFmax=2.34 T, while for the highest energy it is BFmax=-3.4 
T. 

 
Figure 4: The Heidelberg gantry with a visitor. The  large 
45o magnet is shown above. 

 
Figure 5: The whole structure of the Heidelberg carbon 
gantry with detail of the treatment room on the right side. 
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Figure 6: The carbon ion gantry with superconducting 
magnets is shown together with the Heidelberg gantry. 

 
Figure 7: The carbon ion superconducting fixed field 
isocentric gantry layout. The scanning magnets are 30 cm 
long with a maximum required magnetic field of 1.35 T 
for the kinetic energy of 400 MeV/u (to be able to bend 
the beam ±10 cm at the patient (a distance between the 
two magnets is 1.566 m). 

 
Figure 8: The fixed filed superconducting carbon 
isocentric gantry with beams of 202, 270, and 400 MeV/u. 
With the magnified (x10) scanning ±10 cm positions. 

Two examples of the superconducting carbon ion 
gantries: the isocentric gantry (the same as in Fig. 6) and 
the eccentric one are shown in Figures 7&8, and 
Figures 9&10, respectively. 

 
Figure 9: The 90o-superconducting gantry shown with 
carbon ions passing with three energies 202, 271, and 400 
MeV/u under the fixed magnetic field, with scanning 
magnets. Positions of ±10 cm at the patient are magnified. 

 
Figure 10: The layout of the 90o superconducting fixed 
field carbon gantry designed to fit to the CNAO eccentric 
gantry.  

SUMMARY 
The NS-FFAG superconducting gantries for carbon ion 

design with isocentric and eccentric case are presented. 
The gantry design fulfills a requirement of the very large 
momentum acceptance with a fixed magnetic field. Major 
advantages of the proposal are reduced size, weight, and 
easier operation as the magnetic field is fixed during the 
treatment time. New scanning system with SAD=∞ is 
presented. It reduces the size of the gantry, as it does not 
need the very large magnet at the end. The triplet 
magnets, placed above the scanning system, are used to 
define the beam size at the patient. 

REFERENCES 
[1]   Robert Wilson, Radiology 47, 487 (1946). 
[2] Summary Report, Workshop on Ion Therapy, 

Bethesda, January 11-13, 2013. 
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CYCLOTRON PRODUCTION OF  
POSITRON EMITTING RADIOMETALS 

 

S. E. Lapi and T. Voller, Washington University in St. Louis, MO, 63110, USA 

Abstract 
 

The increase in use of Positron Emission Tomography 
(PET) for medical imaging has led to the development of 
numerous radiopharmaceuticals for use in preclinical and 
clinical research for oncology, cardiology and neurology 
[1].  While many of these biological processes can be 
investigated with probes radiolabeled with the more 
commonly used positron emitters, 18F (t1/2 = 110 min) and 
11C (t1/2 = 20 min), imaging at longer timepoints requires 
radionuclides with longer half-lives.  Thus, the production 
and purification of longer-lived position emitting 
radiometals has been explored to allow for imaging of 
peptides, antibodies and nanoparticles.  This brief review 
will focus on the production and purification of 64Cu (t1/2 
= 12.7 h) and 89Zr (t1/2 = 3.27 d). 

 

INTRODUCTION 
 

Positron Emission Tomography (PET), with its high 
sensitivity and resolution, is growing rapidly as an 
imaging technology for the diagnosis of many disease 
states. The success of this modality is reliant on the 
development of effective imaging compounds.  Initially, 
research in this area was focused on the relatively short-
lived PET isotopes 11C and 18F, but the short half-lives of 
these isotopes limit radiopharmaceutical development to 
those that probe rapid biological processes.  To overcome 
these limitations, there has been a rise in alternative 
radionuclide tracer development in recent years.  B elow, in  

 

Table 1: Examples of Positron Emitting Radiometals 
 

Isotope Production Route Half-
Life 

64Cu 64Ni(p,n) 12.7 h 

68Ga 68Ge Generator  68 min 

86Y 86Sr(p,n) 14.7 h 

89Zr NatY(p,n) 3.27 d 

While 68Ga use has also increased recently, this short 
review will focus on the cyclotron produced isotopes, 
namely 64Cu and 89Zr.    

Washington University in St. Louis has been producing 
and distributing longer-lived PET radionuclides to the 
research community for over 15 years.  The radionuclides 
that have been produced include 64Cu, 76/77Br, 66Ga, 86Y, 

124I, and 89Zr.    Presently, 64Cu and 89Zr are produced on a 
regular basis (weekly and biweekly respectively), while 
86Y and 76Br are produced intermittently in lower 
quantities.  The recent increase in production and 
shipping of 64Cu to external institutions is illustrated in 
Figure 1 and is mainly due to the increase in clinical trials 
with this isotope.  

 
 

Figure 1:   Production   and   Distribution  of Cu  from 64  
Washington University in St. Louis.   

 

TARGET PREPARATION AND 
BOMBARDMENT 

 

Radiometal production starts with preparation of the 
target material on a suitable support for cyclotron 
bombardment.  This may be an electroplated deposit, 
pressed powder pellet, or a foil placed in a suitable holder.  

 

Preparation of 64Ni Targets for Production of  
64Cu 

 

Targets are prepared for 64Cu production as per 
McCarthy et al [3].  Briefly 64Ni metal is dissolved in 10 
ml of 6.0 M nitric acid. The solution is then evaporated to 
dryness. The residue is dissolved in 1 ml of concentrated 
sulphuric acid and 5 mL deionized water and evaporated 
until slurry is formed. The resulting solution is diluted in 
5 ml of deionized water. The pH was then adjusted to 9 
with concentrated ammonium hydroxide (25%). Then 0.2 
g of ammonium sulphate is added to the solution. This 
solution was transferred to an electrolytic cell with a 
graphite electrode as anode and a gold disc (target 
backing) as cathode. The cathode is cleaned with 6N 
HNO3 to remove any metal residue on the surface. The 
cell is operated at 2.5 V with a starting current between 
70-80 mA/cm2.  Final target weights are typically 
between 20 and 80 mg with a spot diameter of 5 mm.   

The 64Ni target is irradiated at a beam current of 20 μA 
for 60 to 80 μA-h with a Cyclotron Corporation CS-15 
positive ion cyclotron, with a pneumatically-controlled 
cylinder sealing the back of the disc and providing 
cooling with recirculating chilled water.  After irradiation, 

 ____________________________________________  

*Work supported by the Department of Energy, Office of Science, 
Isotope Program under grant DESC0008657 

Table 1, are some examples of radiometals for use in
nuclear imaging (all data from [2]). 
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the cylinder is retracted, and the disk is ejected into a 
transfer line via pressurized nitrogen. The disc is brought 
up from the cyclotron vault to a shielded cell using 
vacuum.  The target is then transferred manually to the 
processing hotcell. 

 

Preparation of Y �oils for Production of Zr 89

 

For the production of 89Zr, a 0.64 mm thick natY disc is 
placed inside a niobium target holder. Nb was selected 
because of its high melting temperature (Tm = 2,468 °C) 
and high chemical inertness. Before each target holder 
was reused, it was scrubbed by hand using a cotton swab 
dipped in a slurry of Al2O3 powder and water. The target 
holder was placed in 6 M HCl for 1–4 h for cleaning and 
oven dried before mounting in the CS-15 cyclotron. 
During bombardment (typically 20 μA for 40 to 60 μA-
h), the target holder assembly is cooled on the beam side 
by a He gas jet and on the reverse side by flowing chilled 
water.  Following irradiation, the target remains in the 
solid target station for several hours to allow for the decay 
of short-lived contaminants, (89mZr) prior to processing as 
described below.  
 

PURIFICATION 
 

Following irradiation of the targets, the radionuclide of 
interest is separated from the target material by chemical 
processing.  
 

Purification of 64Cu 
 

64Cu is purified via an in-house automated system using 
a procedure adapted from the manual separation described 
in McCarthy et al [3] for use in a hotcell with remote 
operation [4]. 

The automated purification module consists of a series 
of PTFE or Kel-F based solenoid valves that direct liquid, 
gas, and vacuum flow. Processing of the irradiated 
enriched 64Ni targets involves the dissolution of the nickel 
in 6M HCl in a custom made, heated PTFE vessel (30 
min), active cooling of the dissolved nickel solution with 
a vortex tube (20 min), then recovery of the nickel via ion 
chromatography with 6M HCl, followed by an additional 
6M HCl rinse of the dissolution vessel for higher recovery 
and removal of nickel from the resin, and elution of 
copper from the resin with 0.5M HCl.  The entire 
chromatography process takes 40 minutes, and the liquid 
level is monitored via a camera to prevent the resin from 
drying out.  The collected 64Cu solution is then 
evaporated under argon (20 min) and reconstituted in 
0.1M HCl. Another camera monitors the progress of the 
evaporation. Three radiation detectors are located by the 
dissolution vessel, column, and nickel recovery vial and 
provide real-time feedback on how well the process is 
proceeding. On average, the entire process takes about 2 
hours from target introduction.  The components required 
for these steps are located within the hot cell shown in 
Figure 2, while the control components and computer are 
located outside of the hot cell.   

 
 

Figure 2:  Cu purification system. 64

 

The components are controlled using a USB digital 
input output (DIO) data acquisition unit and digital output 
modules. The in-house developed control program is easy 
to navigate and affords the operator flexibility during the 
synthesis. At the launching of the program, a series of 
dialog windows guide the operator in the preliminary 
preparation of the module. Once this procedure is 
fulfilled, the module is ready to start the synthesis. The 
operator also has the possibility to pause / abort the 
synthesis at any time during the sequence if a critical 
condition occurs. A diagnostic window is available to the 
operator for troubleshooting during synthesis, permitting 
the remote actuation of each step in the sequential 
procedure if adjustment is required due to a faulty 
condition.  

Typical recoveries with this system are 96% or better of 
starting radioactivity and 98.6% of enriched 64Ni target 
material.   

 

Purification of 89Zr 
 

We have automated the 89Zr purification method of 
Holland et al [5] on an in-house constructed system [6].  
Using a custom software program made in LabVIEW,  
running on a laptop outside the hot cell 10 mL 2 M HCl is 
added to the dissolution vessel to dissolve the natY target.  
After waiting ~1 h for complete dissolution, the dissolved 
target is transferred to the separation column containing 
100 mg of hydroxamate resin) through tubing using 
compressed air. Then, the Y is eluted from the column in 
10 mL 2 M HCl and collected in a waste vial, leaving the 
89Zr bound on the column.  

The column is rinsed with 10 mL water, which is 
collected in the same waste vial, and then 89Zr is eluted in 
1 mL 1 M oxalic acid and collected in a product vial as 
89Zr-oxalate. A schematic of the automated module for the 
separation of 89Zr from the yttrium target material is 
shown in Figure 3. 
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Figure 3: Zr purification system. 89

 

QUALITY CONTROL 
 

All isotopes undergo quality control procedures 
including radioisotopic purity and effective specific 
activity.   

Radioisotope Purity 
The radiochemical purities of the produced 

radioisotopes are assayed after end of purification via 
gamma spectroscopy with a high purity germanium well 
detector coupled to a multichannel analyzer.  “Clean” 
64Cu spectra should show only the characteristic gamma 
ray at 1364 keV and the 511keV annihilation photon, 
while the 89Zr spectra should display only the 909 keV 
characteristic gamma ray and the 511 keV annihilation 
photon.  Figure 4  shows a typical high purity 89Zr gamma 
ray spectrum.  

 

 
Figure 4: Gamma ray spectrum of Zr. 89

 

Effective Specific Activity (ESA) 
 

Effective Specific Activity (ESA) for radiometals can 
be defined as the amount of metals present that will bind 
to a suitable ligand per unit radioactivity.   Determination 
of ESA involves titration with a suitable chelator.   In this 
manner we can determine the amount of total metals that 
many interfere with the chemistry of each isotope.  For 
example,  below, in Fig.  5,  is  a  titration curve  for

 measurement of  
64Cu ESA with TETA.  

 
 
Figure 5: TETA titration for the determination of  
ESA for 64Cu. 

  

To determine the ESA, the point at which 50% of the 
radioactivity is complexed and doubled to determine the 
amount required to complex 100%.   The total amount of 
transition metal complexed is determined and the users 
are supplied with an ESA in mCi/mmol total metal ions.  
Typical ESA varies from 7680 to 38400 mCi/μmol total 
binding metals from 64Cu and from 45 to 1780 mCi/umol 
for 89Zr.   

CONCLUSION 
 

Radiometal isotopes have enabled the investigation of 
various biological processes in the area of oncology, 
cardiology and neurology. Widespread use and clinical 
translation of these radionuclides requires robust 
optimized target preparation and purification methods for 
routine production.  
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LOW ENERGY FUSION FOR A SAFE AND COMPACT NEUTRON
SOURCE

S. Albright∗ and R. Seviour, IIAA, University of Huddersfield, UK, HD1 3DH

Abstract
Neutrons are primarily produced at large international

facilities using either spallation reactions or nuclear fission.
There is a demand for small scale neutron production for
use at hospitals and borders for a variety of applications.
Isolated fission sources and sealed tube deuterium-tritium
fusors are able to provide a reliable neutron flux at small
scale but are impractical due to the associated radioactivity.
A beam of protons or deuterons accelerated onto a thin tar-
get will undergo a fusion reaction resulting in the emission
of a quasi-monochromatic neutron beam. The total flux
and energy spectrum of the neutrons produced through fu-
sion is primarily dependent on target material, target thick-
ness, beam energy and projectile. The use of neutrons for
security screening at border crossings, ports and airports
has the potential to drastically improve threat detection and
contents verification. Monte Carlo code MCNPX is being
used to investigate the most suitable target and beam char-
acteristics for a neutron source for security applications.

INTRODUCTION
There are many areas of both science and industry which

use neutron beams. There is growing interest in using neu-
trons for medical applications, such as Boron Neutron Cap-
ture Therapy (BNCT) [1], and for security applications,
such as Pulsed Fast Neutron Analysis (PFNA) [2]. Med-
ical and security applications in particular are not easily
served by current neutron sources which tend to be either
large and expensive or have radiotoxicology concerns.

For use in medical and security environments two im-
portant properties of a neutron source are that it be:

• Compact: Hospitals and airports in particular have
limited space available.

• Clean: Radiotoxicity must be kept to a minimum to
protect operators and reduce necessary safeguards.

Recently there has been an increased interest in us-
ing low energy accelerators (¡10MeV) to produce neu-
trons. There are sealed tube neutron sources on the mar-
ket at present (such as the ING013 produced by the VNI-
IAA [3]) which use a Tritiated Titanium target bombarded
by a deuteron beam to produce a high flux of quasi-
monochromatic neutrons at ≈ 14MeV. Sealed tube sources
are not practical for mass deployment due to both the ra-
diotoxicology of Tritium and the legislative controls around
their use and transport [4, 5].

In this paper we present simulated results showing that
fusion reactions are capable of providing neutrons suitable

∗ corresponding author: simon.albright@hud.ac.uk

for a range of industrial applications. Keeping the energy
of the incident particles low enables the use of small accel-
erators and choosing the projectile/target combination cor-
rectly will prevent build up of any long lived radioisotopes.

Proton induced fusion reactions were simulated in the
Monte Carlo code MCNPX [6] to show the effect of vary-
ing target and beam parameters on the neutron beam. The
optimum parameters of the neutron beam depend upon
the application. Fusion based neutron sources have been
shown to satisfy the requirements of two very different
applications. For PFNA the primary concern is that the
neutron spectrum be both narrow and high energy. For
BNCT the neutrons are moderated into the epithermal re-
gion therefore the spectrum from the source is unimportant
and only the total flux and size of the source are of concern.

The nuclear inventory package EASY-II [7], which uses
the fispact-II code [8], has been used to investigate the build
up of isotopes in targets to ensure no long-lived radioiso-
topes are produced. EASY-II enables the build up, decay,
and subsequent re-activation of isotopes to be simulated re-
ducing the risk of potentially hazardous decay and transmu-
tation chains being unidentified.

APPLICATIONS

A brief description of two valuable applications of a fu-
sion based neutron source is given along with details of
the optimum neutron beam properties for both applications.
The two applications discussed are BNCT, a cancer treat-
ment, and PFNA, a security technique.

BNCT uses a boronated drug, preferentially taken up
by tumour tissue, and then bombarded by epithermal neu-
trons. The reaction 10B + n →7Li + α causes a massive
dose of radiation to be delivered to the tumour whilst leav-
ing surrounding tissue relatively untouched. As BNCT re-
quires epithermal neutrons the beam must be moderated,
the sourced neutron spectrum is therefore unimportant and
instead maximising the flux whilst minimising the size of
the source is the principle concern.

PFNA is a security technique which uses a high energy,
monochromatic neutron beam to stimulate the emission of
prompt gammas (γs) from material. The γs emitted in
PFNA are unique to the element being interrogated allow-
ing the precise content of cargo to be identified. By pulsing
the source a volume can be broken into voxels giving a 3D
breakdown of what is in a container and where it is located.
For PFNA it is important that the neutron beam be; high en-
ergy, to maximise prompt gamma emission and minimise
transmutation rates; and monochromatic, to minimise both
voxel sizes and uncertainties in gamma emission rates.
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MONTE CARLO SIMULATION
Monte Carlo code MCNPX has been used to demon-

strate the effect of changing beam and target parameters
on neutron spectrum. The parameters which can be var-
ied are target element, target thickness, beam energy and
projectile. The two elements discussed are Magnesium and
Beryllium as the results are representative of what most tar-
gets will produce.

The plots in Figure 1 and 2 show the change in neutron
spectrum and flux with increasing beam energy. The very
thin target used in these simulations (5µ m) meant that lit-
tle energy was lost as protons travelled through the target.
Since very little energy was lost the protons which reacted
all had approximately the same energy.

Figure 1: The neutron energy spectrum produced by a thin
Beryllium target bombarded with protons with energy from
3-6 MeV.

Figure 2: The neutron energy spectrum produced by a thin
Magnesium target bombarded with protons with energy
from 6-8 MeV.

The results in Figure 1 show that the 9Be(p,n)9B reac-
tion very produces a broad spectrum of neutrons. Due to
the spectral characteristics of a 9Be target it would be most
suited to an application like BNCT where the spectrum of
the sourced neutrons is unimportant. The results in Figure

2 show that, for a thin target, the 26Mg(p,n)26Al reaction
maintains a relatively narrow spectrum up to much higher
beam energy and neutron energy than the 9Be(p,n)9B re-
action. Due to the narrow spectrum the 26Mg(p,n)26Al re-
action would be more suitable to an application like PFNA
where spectral characteristics are the primary concern.

Figure 3: The neutron energy spectrum produced by a
Magnesium target with thickness 50−1000µm bombarded
by 8MeV protons.

The results plotted in Figure 3 show the impact of in-
creasing target thickness on the neutron spectrum of the
26Mg(p,n)26Al reaction. The results in Figure 3 are char-
acteristic of all accelerator based fusion reactions. As the
thickness of the target increases the total flux and spectral
width increase. Once the target is thick enough to slow
incident projectiles below the fusion threshold energy the
maximum neutron flux is reached (≈ 300µm in Figure 3),
after this the only effect of increasing target thickness is
increased neutron moderation.

ISOTOPE INVENTORY
As well as a thorough understanding of the neutron pro-

duction properties of a target it is vital that the isotope pro-
duction be well characterised. Under constant bombard-
ment the target nuclei will transmute which may lead to a
build up of radioactivity. Not only will the intended reac-
tion occur (e.g. 26Mg(p,n)26Al) but other first generation
reactions (e.g. 26Mg(p,α)23Na) and higher generation re-
actions (e.g. 26Mg(p,n)26Al(p,n)26Si). The presence of ad-
ditional decay channels and the production of higher gen-
eration isotopes poses a potential threat to the safety, and
therefore applicability, of a fusion based neutron source.

Simulations were carried out in EASY-II to identify the
isotopes produced in a selection of targets under proton
bombardment. After 72 hours of continual 8 MeV pro-
ton bombardment on 9Be and 26Mg targets the isotopes
shown in Table 1 were identified. The 9Be target would be
expected to have no latent activity, the initial fusion reac-
tion and subsequent decays are:

9Be+ p→9 B+ n
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9B(t 1
2
≈ 8× 10−19s)→8 Be+ p

8Be(t 1
2
≈ 6× 10−17s)→ 2α

The extremely short half lives of the products in the de-
cay chain prevents any latent activity building up in the tar-
get. Table 1 shows that under proton bombardment 9Be
will also produce the radioisotope 7Be(t 1

2
≈ 53d) through

the interaction chain 9Be(p,γ)10B(p,α)7Be.

Table 1: The Isotopes (Z>2) Produced after 72 Hours of 8
MeV Proton Bombardment of 9Be and 26Mg

9Be 26Mg
6Li 16O

7Be(t 1
2
≈ 53 d) 20Ne

10B 23Na
24Mg
25Mg

26Al(t 1
2
≈ 7× 105 y)

26mAl (t 1
2
≈ 6 s)

27Al

As 9B decays nearly instantaneously and 26Al has a very
long half life it would at first be assumed that 9Be was a
preferred target in terms of radiotoxicology. The 2nd gen-
eration isotope 7Be is potentially more dangerous than 26Al
as, due to the differing decay rates, a larger amount of 26Al
would be required to take the activity above safe limits. In
an industrial environment, be it medical, security or other,
the residual activity of the target must not exceed safe lim-
its but different applications may have different limits.

FUTURE WORK
At present there are no Monte Carlo codes able to accu-

rately simulate low energy deuteron interactions and pro-
ton interactions can only be reliably simulated with nu-
clear data files. There is a loose trend for more energy
being released (and therefore lower acceleration voltages
needed) in deuteron induced reactions than proton induced
reactions. Due to the higher energy release deuterons may
be a better projectile for applications which require a high
energy neutron beam.

Whilst cross-sections are known for most (d, n) re-
actions the energy spectra and angular distributions of
the emitted neutrons remain mostly unpublished. Addi-
tional experimental data will broaden the range of projec-
tile/target combinations which are understood and so en-
able neutron sources to be more effectively tuned to the
application.

CONCLUSION
Two potential applications of low energy fusion based

neutron sources have been discussed. For example in
medicine neutron can be used for the cancer treatment
BNCT, this requires an epithermal neutron beam which

can be achieved by moderating a higher energy beam. For
BNCT the sourced spectrum is unimportant so instead a
high flux, low energy (and therefore compact) source can
be used. The discussed 9Be(p,n)9B reaction would be suit-
able for this application as even at 3 MeV a fair neutron
flux is achieved.

In security the neutron scanning technique PFNA re-
quires a high energy, monochromatic beam. As the spec-
trum of the beam is most important for PFNA it would be
acceptable to use a lower flux target which has better spec-
tral properties. A target with characteristics similar to the
26Mg(p,n)26Al would be suitable for this application.

For either of these technologies to become a reality a
low-cost compact source of neutrons need to be developed,
and a key way in which both of these conditions can be
achieved is through the use and development of neutron
sources that utilise low energy reactions. A concern with
any device based on nuclear interactions is the produc-
tion of radioisotopes. Whilst radioisotopes are produced
by both 9Be and 26Mg the level of activity may not be suf-
ficient to pose a safety concern.
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ACCELERATOR-BASED NEUTRON DAMAGE FACILITY USING LEDA* 

N. Pogue, P. McIntyre, A. Sattarov, Texas A&M University, College Station, TX 77845, USA  

Abstract 
An accelerator based neutron damage facility (AND) is 

proposed to generate a high-dose fast neutron flux for 
testing of advanced reactor materials. The facility will be 
implemented in two stages. In AND-1, the 350 MHz LEDA 
RFQ will b e re-commissioned to deliver 100 mA CW 
proton beam at 6.7 MeV. The beam will be targeted on a 
sheet-flow of Lithium to produce fast neutrons. Samples 
located at a target station behind the sheet flow will receive 
up to 10 dpa/year of neutron damage with a mean neutron 
energy of 2.37 MeV. In AND-2, the LEDA beam will be 
modulated to produce three 116 MHz bunch trains where 
they will b e injected to three 10 0 MeV strong-focusing 
cyclotrons (SFC). The beams extracted from the three  
cyclotrons will be targeted 120 degrees apart onto sheet-
flow Pb targets. Twenty one tensile samples located in the 
space between the three ta rgets will receive up to 150 
dpa/year of fast neutron damage with mean neutron energy 
~8 MeV. AND-1 and AND-2 can provide the fast neutron 
flux needed for life-cycle damage studies for advance 
reactor technologies a nd for first-wall si mulations for 
fusion systems. 

INTRODUCTION 
A design for an accelerat or-based neutron damage 

(AND) facility has been devised to test advanced reactor 
materials. Since Three Mile Island there have been no new 
licenses issued for new construction in th e US until just 
recently (2 reactors). Materials testing is one of the biggest 
hurdles and is of the utmost importance for two reasons: 1) 
The original lifetime for a nuclear power plant is 40 years 
and thus the current fleet has only remained operation due 
to lifetime extension every ten years, and 2) New reactor 
designs (Gen 4 and ADS systems) that are more efficient 
and clean require materials that remain unproven up to 200 
dpa (displacement per at om). Currently, testing of 
materials to be used in advanced reactors is underway at 
facilities around the world such as HFIR and BOR60. 
However to reach 200 dpa within the sample takes over 15 
years domestically and 10 year s internationally. A decade 
long evaluation process enormously extends the selection 
process and material evolution. 

As a c onsequence of this timeline, nuclear engineers 
have turned to the only method readily available, ions. Ions 
produce significantly more dpa per incident particle than 
neutrons. However, the mechanisms that ultimately dictate 
how the material swells and embrittles function differently 
for the two flavors of particles. Defect production, defect 
migration, defect annealing, production of interstitial 
clusters and loops, and H and He production, as well as 
how damage induced is effected by their presence, are all 

different for neutrons vs. ions. Much has been learned 
about mechanisms that control damage from ion studies, 
but one cannot predict the damage a given neutron 
spectrum and dose will produce in a new material solely 
by experiments with ion damage. Therefore, without a fast, 
high fluence neutron source, the ultimate lifetime and 
failure modes for materials to be used in  advanced 
reactions cannot be ascertained. 

Texas A&M Accelerator Research Lab (ARL) has 
devised an accelerator that  can produce  200 dpa via 
neutron bombardment on several sam ples in less than 16 
months, while also providing control of the temperature 
and chemical environment of the samples during exposure 
(problematic in reactors). The spectrum can be tuned to 
fully mimic conditions anticipated in future fission and 
fusion (currently not possible) reactors.  

AND OVERVIEW  
AND is co mprised of two stag es that utilizes several 

technologies developed by several groups. In the first stage 
the LEDA accelerator will be re-commissioned at ARL and 
send a 100 mA 6.7 MeV proton beam to a liquid Lithium 
sheet target similar to that developed by ANL. The second 
stage takes the proton beam from LEDA and accelerate 45 
mA of the beam to 100 MeV using a set of 3 flux coupled 
Strong Focusing Cyclotrons (SFCs) developed at Texas 
A&M. The three beams are then directed to liquid Lea d 
targets. The result of these two stages is a facility that can 
generate ~150 dpa/year using fast neutrons. An image of 
the facility is shown in Figure 1. 

AND – PHASE 1 

LEDA 
The Low Energy Demonstration Accelerator, or LEDA, 

is one of the few RFQ accelerators that have achieved high 
current CW operation [1]. Initially built as the front end of 
the Accelerator Production of Tritium (APT), the  
accelerator was commissioned in 2003 and achieve d in 
accelerating ~100 mA of beam to 6.7 MeV. In 2004, LEDA 
was decommissioned and re mains in pristin e condition 
within a high strength support structure, to m aintain 
internal alignment among the cavity sections, while in 
storage (Figure 2). The c urrent state of LEDA should 
assure that the time to re-commission at low power should 
be less than a year. Los Alamos National Lab (LANL) has 
agreed to m ake a 10-year loan of the L EDA system to 
Texas A&M University. ARL plans to move LEDA to 
Texas A&M along with pulsed RF power source, power 
supplies, transformers, and waveguides from LANL. The 
RF power loaned will be a pulsed system, but A&M has 
received commitment from CERN for two 1 MW 350 MHz 
CW power sources. 

 ___________________________________________  

* Work supported by State of Texas and Mitchell Foundation 
# npogue@physics.tamu.edu 
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Figure 1: A diagram of the AND facility which identifies the critical system components. The LEDA and liquid Lithium 
target comprise Phase 1 and the SFC and Lead targets would be added to as Phase 2. 

 

Figure 2: ~10 dpa/year is generated through a thickness of 
1 mm. Such a rate is equivalent to current US capability.  
 
Liquid Lithium Target 

The 100 mA proton beam will be directed to a 
windowless liquid Li target to generate the neutrons for 
Phase 1. Li is used at this energy because the cross section 
is very large compared to other materials. The target must 
be molten so it can support the ~700 kW delivered by the 
beam. The Li is forced through a slit forming a fl owing 
sheet of m olten metal approximately 5 cm wide into a 
reservoir tank. The liquid in the tank is pumped through a 
heat exchanger and then pumped back to the slot iris. This 
approach has been developed at ANL and is planned to be 
used at facilities su ch as FRIB and  RIKEN, but for 
stripping purposes. The AND system can produce at most 
1.5 MW/cc. This power density is substantially lower than 
the 4.1 MW/cc electron beam used to test the device [2].  
 
Neutron Damage – AND Phase 1 

The Li window is ~2mm thick and contains the Bragg 
peak of the protons and thus only neutrons bombard the 
sample. Dpa calculations were performed using a modified 
Kinchin and Pease model as i s performed in the code 
SPECTER. The m ean neutron energy for the AND-1 is 
2.37 MeV and produces 10 dpa/year within the first 1 mm 
of the sample. 

AND - PHASE 2 
In Phase 2 the 350 MHz, 100 mA beam is split into 3 

separate 116 MHz 15 mA beams. Each beam is then sent 
to TAMU100, a flux coupled stack of three strong focusing 
cyclotrons (SFCs). Using the SFC the beam is accelerated 
to 100 MeV and delivered to a molten Pb sheet flow target. 

 
Figure 3: Left: SRF cav ities (blue) and quadrupole 
channels are shown covering the proton projected orbits. 
Right: Detail of quad and the focusing field produced. 

SFC – Strong Focusing Cyclotron 
 The SFC design incorporates three innovations (Figure 

3) to bring the benefits of strong focusing to the cyclotron: 
1) flux-coupled sector dipoles that permits one to stack 
multiple cyclotrons with a common footprint. 2) h igh-
gradient superconducting RF cavities to increase the beam 
energy enough in each orbit (~2 MV/cavity) such that the 
succeeding orbits are fully separated; 3) As a consequence 
of the large separations, a set of beam transport channels 
are inserted in the aperture of the sector dipoles [3].  

Each sector magnet has a pair of windings that each have 
a cold iron flux plate and generate ~1 Tesla. The sector 
dipoles of successive cyclotrons can thus be stacked upon 
one another and share a common warm-iron flux return. All 
magnet windings utilize MgB2 superconductor, operating 
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in the temperature range 15-20 K.  The stack of flux plates 
is supported within a warm-iron flux return using low-heat-
load tension supports in a magnetic design that cancels the 
Lorentz forces above and below each flux plate. 

Each SRF cavity accelerates the 24 spiral orbits 
simultaneously, providing a minimum orbit separation of 
5.6 cm for curved beam  transport channels located in the 
aperture of each sector magnet. Each transport channel 
houses a pair of alternating-gradient Panofsky quadrupole 
lenses to provide an F-D strong-focusing doublet, and a 
window-frame dipole winding to facilitate correction of the 
dipole field for isochronicity. These winding also provides 
a built in septa for low-loss for injection and extraction. 

The beam transport channels in the SFC are used to 
control beam size and achie ve transport of lar ger beam 
current. Our simulations show that these innovations will 
provide reliable low-loss acceleration and transport of a 15 
mA proton beam to 100 MeV in each SFC by using 
emittance management provided by the beam transport 
channels. 

The beam is t hen extracted from each cyc lotron and 
delivered to three m olten Pb tar gets similar in nature to 
those described in the Lithium target section. 

  
Figure 5: Angle dependence of damage and mean energy. 

Neutron Damage – Phase 2 
The angle at which the beam is brought to the Pb target 

has a dramatic effect on the mean energy and damage 

produced in the 21 tensile samples that are located within 
individually controlled environments (temperature and 
chemical). Three angles a re shown in Figure 5. The 15o 
version produced an average neutron energy of 4.5 MeV 
and a minimum of 50 dpa/year. The 30o had 5.5 MeV mean 
-60 dpa/year minimum, and the 90o case produced 8 MeV 
and a maximum of 160 dpa/year.  

Comparing these results to the available user facilities, 
AND has higher fluence and average energy. If fact, AND 
would provide for t he first time the capability to study 
neutron damage produced at the first wall of fusion reactors 
(14 MeV). AND out performs existing and designed 
(IFMIF) facilities at a fraction of the cost (Figure 4). 

 
Figure 4: Comparison of AND 1&2 to other facilities 
around the world that are used for neutron irradiation. 

SUMMARY 
Ions are unable to predict damage type, ultimate lifetime, 

mechanical properties, and failure modes of ca ndidate 
materials for advanced reactors. A high fluence fast 
neutron source is needed to provide critical data and reduce 
decade long experiments to ~1 year. ARL has devised such 
a facility u sing LEDA, SFCs, and liquid metal targetry. 
AND facility can provide over 150 dpa/year of d amage 
(level needed for advanced reactors) on samples located 
with individually controlled environments that would 
uniquely support the advanced materials development for 
both fission and fusion. 
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DEVELOPMENT OF LOW ENERGY ACCELERATOR-BASED
PRODUCTION OF MEDICAL ISOTOPES

N. Ratcliffe∗, R. Barlow, R. Cywinski, University of Huddersfield, Huddersfield, HD1 3BH, UK
P. Beasley, Siemens AG, Oxford, OX1 2EP, UK

Abstract

Here we present methods for production of new and ex-
isting isotopes for SPECT (Single Photon Emission Com-
puted Tomography) and PET (Positron Emission Tomog-
raphy) imaging using accelerator-based systems. Such iso-
topes are already widely used in medical diagnostics and
research, and there is constant development of new drugs
and isotopes. However the main production method for
99mTc, is currently in research reactors and is at risk due
to scheduled and unscheduled shut downs. Therefore, a
low cost an alternative accelerator-based system could pro-
vide many advantages. Various compact low energy proton
machines are being proposed to enable cheap and acces-
sible production: here we present a discussion of potential
new SPECT isotopes and simulations of suitable targets for
their manufacture.

INTRODUCTION
Currently the production of medical tracer isotopes for

use in imaging techniques such as SPECT (Single Pho-
ton Emission Computed Tomography) and PET (Positron
Emission Tomography) [1] relies principally upon an age-
ing fleet of nuclear reactors. For example the most com-
mon medical isotope 99mTc, used in over 80% of all radio-
pharmaceutical procedures, is currently produced, via its
generator 99Mo, by nuclear research reactors such as NRU-
Canada and HFR-The Netherlands, which together produce
over 60% of the worlds 99Mo/99mTc supply. Both of these
reactors are old (>50yrs) and close to decommissioning,
and while several projects are looking at other production
routes for this isotope, as yet there is no real replacement in
place [2, 3]. As these reactors near their decommissioning,
currently set at 2014-2016, there is considerable concern
that we will soon be facing a similar situation to that of the
2010 isotope crisis, when both reactors were offline simul-
taneously resulting in a significant decrease in the supply of
99mTc and the postponing or cancelation of many vital ra-
dioisotope procedures [1–5]. Due to 99mTc monopolising
the medical isotope market little work was done develop-
ing other isotopes and many potential isotopes fell by the
wayside. The aim of this work is to resurrect some of these
isotopes as alternatives to 99mTc as we head into another
shortage in the hope of preventing another crisis. There are
several short lived SPECT and PET isotopes that have the
potential to take some of the workload from 99mTc.

∗naomi.ratcliffe@hud.ac.uk

LOW ENERGY ISOTOPE PRODUCTION
We believe that the solution to this impending problem

could lie in accelerator-based production methods, of both
99mTc and possible replacement isotopes. A collaboration
with Siemens is focusing on the potential of a compact,
low energy proton device for the generation of radioiso-
topes [6]. Such a machine could provide many more lo-
calised isotope production centres and allow for the use
of isotopes with shorter halflives. A study of optimal tar-
get designs for such a system has been undertaken using
GEANT4 simulations of low energy (<10MeV) proton in-
duced reactions.

113MINDIUM
113mIn is a metastable radioactive isotope that decays via

a 392 keV γ into stable 113In with a half life of 1.7hours [7].
In 1965 it was first proposed for use as an alternative med-
ical tracer isotope to 99mTc for SPECT imaging in sev-
eral applications such as brain and lung scanning. Tri-
als of this isotope showed it to give results comparable to
99mTc images [7]. 113mIn showed several advantages over
99mTc such in terms of chemical properties. A success-
ful generator production system for In was developed using
113Sn [7, 8].

Generator Production
There are several advantages of a longer lived genera-

tor system, such as the Sn/In system. The longer gap be-
tween parent half life and daughter half life makes it easier
to separate the two nuclei. It also increases the longevity of
the system for example the Sn/In(parent half life approx-
imately 118 days) system only needs replacing once ev-
ery 6 months where as the Mo/Tc(parent half life approx-
imately 3 days) system needs replacing weekly. However
due the plentiful and cheap supply of Tc at the time very
little serious work was carried forward with this isotope.
The simplicity of the generator production system and the
advantages available from such a system has prompted the
exploration of a low energy method of production for this
generator using the reaction:

113In(p,n)113Sn → 113mIn → 113In
Preliminary simulation results from the TALYS data li-

braries show that such a reaction at 10 MeV gives a produc-
tion cross section of 570mb. Further GEANT4 simulations
have been used to study target designs and feasibility of this
reaction using a <10MeV proton beam. In terms of daugh-
ter yield the most appropriate target thickness is that of just
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over the stopping distance, which from these simulations
is given to be approximately 0.5mm. The generator and
daughter activity for this reaction after a 30min irradiation
of the target can be seen in Fig. 1.

Figure 1: Activity of parent 113Sn and daughter 133mIn pro-
duced from the generator reaction.

The lifetime of a typical Sn/In generator system is 3-
6 months [9]. The activity for this time after irradiation
can be seen in Fig. 1. Even after this time this small sam-
ple generator is producing an activity of 0.9 mCi which
in comparison to a typical single dose of microcuries per
gram [10], shows the potential of a low energy accelerator
based system for the generator production of 113mIn.

Direct Production
Direct production of 113mIn appears to be less common

due to the short halflife of the isotope and the lack of lo-
cal facilities in which to produce it. However with the in-
troduction of our proposed system it should be possible to
make this a much more feasible production route. Both the
TENDL and EXFOR libraries can be seen to agree that a
cross section of just over 200mb can be obtained for the
following reaction:

113Cd(p,n)113mIn
for a proton beam between 9 and 10 MeV. The corre-

sponding activity of In for a 0.5mm thick target after a
30min irradiation can be seen in Fig. 2.

The activity obtained for direct production is signifi-
cantly larger than that of generator production. Such ac-
tivity should be enough to service the needs for a local fa-
cility as is the proposed purpose of a low energy isotope
production system.

87MSTRONTIUM
Strontium 87m is a metastable radioactive isotope that

decays via a 388keV γ into stable 87Sr with a half life of
2.8hours [11]. Several different strontium isotopes have
an application in nuclear medicine as due to the similar

Figure 2: Activity of 113In produced from the direct reac-
tion.

chemistry to calcium it is readily taken up in bone. There
are some isotopes such as 90Sr which are undesirable for
medial use as replace calcium in the bone and are toxic.
Others however such as 87mSr can be used in both diag-
nostic and therapeutic techniques for various skeletal dis-
eases [11–14].

Generator Production
87mSr is produced primarily using the 87Y/87mSr gener-

ator. Literature shows many different possible methods of
producing this generator. However these are all at higher
energies ( >20 MeV). This work is focusing on low energy
techniques e.g. reactions such as

87Sr(p,n)87Y → 87mSr → 87Sr
According to the TALYS/EXFOR libraries this reac-

tion has a cross section of approximately 600mb at 10
MeV. Further study of target design were carried out using
GEANT4 to obtain a suitable target that provides a viable
yield for medical applications. The activity obtained from
a 0.9mm thick metal target can be seen in Fig. 3.

Activity of the generator route from our simulations is of
the order of curies whilst a diagnostic dose is of the order
of millicurie. However from previous studied such as [11]
it is apparent that this target is impractical and a compound
target such as SrCl2 would be more appropriate. This re-
duces the number of Sr nuclei within the target requiring a
thicker compound target to keep the activity sufficient for
the 2 week lifespan that is typical of this type of generator
system.

Direct Production
It is also proposed that direct production of 87mSr is pos-

sible through the reaction:
87Rb(p,n)87mSr
which according to the EXFOR libraries has a cross sec-

tion of approximately 200mb in the energy range <10MeV.
The TALYS libraries also gave a cross section of 240mb at
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Figure 3: Activity of 87mSr produced using the 87Y/87mSr
generator.

Figure 4: Activity of 87mSr produced using the direct reac-
tion.

10MeV from which the activity of 87mSr that is produced
after a 30min irradiation of a 0.5mm thick target can be
seen in Fig. 4.

Even with such a simple, crude design such a large ac-
tivity is obtained with this reaction. With more adjustment
a suitable target could be configured so as to optimise the
activity. An isotope with such a short half life is much more
likely to be produced using the direct reaction on demand
and so any effort to minimise the production time such as
short irradiation time, from these initial results this time
could be less than 30mins.

CONCLUSION
This work has shown a first test case of the feasibility

and practicality of using a low energy proton accelerator
system as a method of producing radioisotopes in quanti-
ties suitable for medical applications. This work will go on

to optimise the low energy production routes for these iso-
topes in the hopes of minimising the reduction of SPECT
isotopes in the predicated crisis. We will also go on to study
the potential of using this system to manufacture potential
isotopes to be introduced for both SPECT and PET.
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AN OVERVIEW OF LIE METHODS FOR ACCELERATOR PHYSICS∗

Alex J. Dragt, Department of Physics, University of Maryland, College Park, MD, USA

Abstract
We sketch how Hamiltonian mechanics can be formu-

lated in Lie algebraic terms (indeed Poisson and Jacobi al-
most invented Lie algebras without knowing it), and how
this formulation can be applied to the description and com-
putation of particle orbits in accelerators in a way that both
unifies linear and nonlinear theory and leads to explicit re-
sults for realistic machines [1–5].

WHAT IS A LIE ALGEBRA?
In grade school we learned how to add numbers to get

other numbers, and how to multiply numbers to get other
numbers. Mathematicians call an algebra any collection
of entities for which addition-like and multiplication-like
operations are defined.

The concept of numbers and their addition can be ex-
tended to the concept of vectors and vector addition. With
vectors in mind, is it possible to define multiplication for
vectors in such a way that multiplication of any two vec-
tors again yields a vector? There are various possibilities.
We will select one. Suppose, for the moment, we denote
such multiplication by the symbol ◦. Thus, we denote the
product of two vectors u and v by the symbols u ◦ v.

Consider a multiplication rule that has the two properties

v ◦ u = −u ◦ v, (1)

u ◦ (v ◦ w) + v ◦ (w ◦ u) + w ◦ (u ◦ v) = 0. (2)

A multiplication rule with the two properties (1) and (2) is
called a Lie product rule, and a vector space equipped with
a Lie product rule is called a Lie algebra. We remark, for
reasons which will become evident, that the condition (2)
is called the Jacobi condition or identity.

IS THERE A LIE ALGEBRAIC
STRUCTURE IN HAMILTONIAN

MECHANICS?

Notation
Consider a 2n-dimensional phase space with position

coordinates q1 · · · qn and momentum coordinates p1 · · · pn.
Also, for convenience, introduce the notation

z = (q1 · · · qn; p1 · · · pn). (3)

That is, z denotes a collection of 2n variables with the first
n of them being the q’s and the remaining n being the p’s.

∗Work supported in part by the University of Maryland and the U.S.
Department of Energy Grant DE-FG02-96ER4DOE.

The Set of Phase-Space Functions Forms a Vector
Space

Next let f(z, t) be any function of z and possibly the
time t. Evidently, since phase-space functions can be added
together and the result is again a phase-space function, the
set of all phase-space functions forms a vector space.

The Poisson Bracket Provides a Lie Product
Is there a way of “multiplying” phase-space functions

that will satisfy the Lie product requirements (1) and (2)?
There is. The Poisson bracket, denoted by the symbols
[f, g], of any two phase-space functions f and g is defined
by the rule

[f, g] =

n∑
k=1

(∂f/∂qk)(∂g/∂pk)− (∂f/∂pk)(∂g/∂qk).

(4)
Then, it is obvious from its definition that the Poisson
bracket has the property

[g, f ] = −[f, g]. (5)

What is not so obvious, and was observed by Jacobi, is that
the Poisson bracket also has the property

[f, [g, h]] + [g, [h, f ]] + [h, [f, g]] = 0. (6)

Evidently (5) and (6) are analogs of the properties (1) and
(2). Only the symbols for a product have been changed,
with ◦ replaced by [, ]. We conclude that the set of all
phase-space functions with the Lie multiplication rule (4)
constitutes a Lie algebra.

The Fundamental Poisson Brackets
Simple calculation shows that for the phase-space coor-

dinates themselves there are the Poisson bracket results

[za, zb] = Jab, a, b = 1 · · · 2n (7)

where J is the 2n× 2n matrix, called the Poisson matrix,

J =

(
0 I
−I 0

)
. (8)

Here 0 and I denote the n× n zero and identity matrices.

A RELATED LIE ALGEBRA IN
HAMILTONIAN MECHANICS

Lie Operators
Given any phase-space function f(z, t) there is a related

differential operator, called a Lie operator and denoted by
the symbols : f :, defined by the rule

: f :=

n∑
k=1

(∂f/∂qk)(∂/∂pk)− (∂f/∂pk)(∂/∂qk). (9)
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Evidently, the action of : f : on any function g(z, t) is given
by the relation

: f : g =
n∑

k=1

(∂f/∂qk)(∂g/∂pk)− (∂f/∂pk)(∂g/∂qk)

= [f, g]. (10)

We may view a Lie operator as a Poisson bracket waiting
to happen.

Lie Operators Form a Lie Algebra
Since differential operators can be added and the result

is again a differential operator, Lie operators form a vector
space. Can the set of Lie operators also be given a Lie
product rule? Let {: f :, : g :} denote the commutator of
the Lie operators : f : and : g :,

{: f :, : g :} =: f :: g : − : f :: g : . (11)

It is easily verified that the commutator satisfies require-
ments analogous to the Lie product requirements (1) and
(2). Therefore one suspects that Lie operators might also
form a Lie algebra with the Lie product symbol ◦ replaced
by the symbols {, }. But is the commutator of two Lie op-
erators again a Lie operator? It is. It can be shown from the
Jacobi identity (6) that there is the beautiful relation

{: f :, : g :} =: [f, g] : . (12)

Powers of Lie Operators
Based on the definition of a Lie operator, we can also

define powers : f :ℓ of Lie operators by the rules

: f :0 g = g, (13)

: f :1 g =: f : g = [f, g], (14)

: f :2 g = [f, [f, g]], etc. (15)

Lie Transformations
With powers of Lie operators defined, we can also de-

fine power series. A particularly important power series,
called a Lie transformation, is that based on the Taylor co-
efficients of the exponential function and given by the rule

exp(: f :) =

∞∑
ℓ=0

: f :ℓ /ℓ!. (16)

When applied to any function g, it follows that there is the
result

exp(: f :)g =

∞∑
ℓ=0

: f :ℓ g/ℓ!

= g + [f, g] + [f, [f, g]]/2! + · · · . (17)

INTEGRATING HAMILTON’S
EQUATIONS OF MOTION AND

SYMPLECTIC MAPS
Transfer Maps Arising from Hamiltonians

Suppose H(z, t) is some Hamiltonian. Following
Hamilton, it produces the set of first-order equations

q̇j = ∂H/∂pj , (18)

ṗj = −∂H/∂qj , (19)

which can be written more compactly in the form

ża = − : H : za. (20)

Let zin denote a set of initial conditions at the initial time
tin, and suppose the equations of motion (20) are integrated
to a final time tfin to find final conditions zfin. We may
view the relation between zfin and zin as a map M, often
called a transfer map, that sends phase space into itself, and
write

zfin = Mzin. (21)

Effect of Small Changes in the Initial Conditions
Suppose we make small changes dzin in the initial con-

ditions. According to calculus, doing so will produce small
changes dzfin given by the relation

dzfin =M(zin)dzin (22)

where M(zin) is the Jacobian matrix defined by

M(zin)ab = ∂zfina /∂zinb . (23)

The Symplectic Condition
If M arises from integrating Hamilton’s equations of

motion (20) for some Hamiltonian, as we have assumed,
then it can be shown that M(zin) must satisfy the (nonlin-
ear) condition

MT (zin)JM(zin) = J (24)

for all zin whereMT denotes the transpose ofM . Matrices
M that satisfy (24) are called symplectic matrices, and cor-
respondingly maps M whose Jacobian matrices M(zin)
satisfy (24) for all zin are called sympletic maps.

We have learned that integrating Hamilton’s equations
of motion produces symplectic maps. Conversely, it can
be shown that every symplectic map arises from integrat-
ing Hamilton’s equations of motion for some Hamilto-
nian. Thus, finding symplectic maps and solving Hamil-
ton’s equations of motion are equivalent tasks.

Taylor Representation of Transfer Map
Suppose some design orbit has been found, and now let

the quantities za be deviation variables about the design
orbit. In terms of these variables, M sends the origin into
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itself. Moreover, suppose the Hamiltonian is analytic in z
so as to have a convergent Taylor expansion of the form

H(z, t) =

∞∑
m=2

Hm(z, t) (25)

where each Hm(z, t) is a homogeneous polynomial (in the
components of z) of degree m. Then the final and initial
conditions will be related by Taylor expansions of the form

zfina =
∑
b

Rabz
in
b +

∑
bc

Tabcz
in
b z

in
c

+
∑
bcd

Uabcdz
in
b z

in
c z

in
d + · · · . (26)

We note that the Taylor coefficients Rab, Tabc, Uabcd,
etc., occurring in (26) are not all independent, but rather are
interrelated by the symplectic condition (24). The matrix
R must be symplectic, and the entries in R, T , U , etc. are
interrelated in a complicated way.

IS THE LIE ALGEBRAIC STRUCTURE OF
HAMILTONIAN MECHANICS OF ANY

USE?
Lie Representation of Transfer Map

Suppose M is a symplectic map that sends the origin
into itself. It can be shown that any such map has the fac-
torization

M = R exp(: f3 :) exp(: f4 :) exp(: f5 :) · · · (27)

where R is a linear symplectic map whose action is de-
scribed by the symplectic matrix R and the fm are ho-
mogeneous polynomials of degree m in the phase-space
variables zin. Moreover, unlike the Taylor representation
(26), the homogeneous polynomials fm are all indepen-
dent. Any choice for the fm produces a symplectic map,
and every (origin preserving) symplectic map has a unique
factorization of the form (27). Thus, in the case of accel-
erator physics, the effect of any beam-line element or col-
lection of such elements, including the one-turn map for a
circular machine, is characterized by a symplectic matrix
R and a collection of polynomials fm; and the symplec-
tic condition is automatically built into the description. In
particular, it can be shown that R describes linear behav-
ior about the design orbit, f3 describes second-order (such
as might be caused by sextupoles) and yet higher-order ef-
fects, f4 describes third-order (such as might be caused by
octupoles) and yet higher-order effects, etc.

We also remark, in passing, that R can be written in
terms of Lie transformations. In general there are two
unique quadratic polynomials called f c2 and fa2 (where
the superscripts c and a characterize the matrices associ-
ated with the polynomials as commuting or anti-commuting
with J) such that there is the relation

R = exp(: f c2 :) exp(: fa2 :). (28)

In some important cases a single f2 suffices, and its coeffi-
cients are related to phase advances and Twiss parameters.

Finally, in the case that M does not send the origin into
itself, there is a first-degree polynomial f1 such that M has
the unique factorization

M = exp(: f1 :)R exp(: f3 :) exp(: f4 :) · · · . (29)

It can be verified that the Lie transformation exp(: f1 :)
produces translations in phase space, and describes the er-
ror effects of beam-line element misplacement or misalign-
ment or (in the case of dipoles) mis-powering.

Lie Formulas for Multiplying/Concatenating
Symplectic Maps

Given any two Lie transformations there are Lie alge-
braic rules for combining them. In particular there is a rule
for manipulating exponents, called the Baker-Campbell-
Hausdorff (BCH) theorem/series, that along with (12)
leads to the result

exp(: f :) exp(: g :) = exp(: h :) (30)

with

h = f + g + (1/2)[f, g]

+ (1/12){[f, [f, g]] + [g, [g, f ]]}+ · · · . (31)

In the context of accelerator physics, suppose the trans-
fer map for each beam-line element is known in the stan-
dard forms (27) or (29). Then the BCH theorem can be
used to manipulate the various exponents appearing in the
individual maps to again rewrite the product of the maps in
standard form. That is, there are procedures for finding the
net map for a full beam line, or any portion thereof, given
the maps for the individual elements. In the case of case of
a circular machine, one can combine all the maps for the in-
dividual beam-line elements together to find a full one-turn
map, or even a several-turn map. Finally, the BCH theorem
also provides a procedure for inverting symplectic maps.

Normal Form for a Symplectic Map
Suppose M is the one-turn map for a circular machine,

and the machine tunes are not resonant. Then there is sym-
plectic map A, called the transforming or normalizing map,
such that the map N given by

N = AMA−1 (32)

has a particularly simple form, called a normal form. The
normal-form process is the nonlinear analog of the concept
of matrix diagonalization.

It can shown that N contains all information about tunes,
anharmonicities, and chromaticities to any desired order;
and A contains all information about linear and nonlinear
lattice functions. The map A can also be used to construct
nonlinear generalizations of the Courant-Snyder invariants,
to analyze tracking data for the presence of KAM tori, and
to generate matched beams including nonlinear effects.

THAP1 Proceedings of PAC2013, Pasadena, CA USA

1136C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

10 Opening, Closing and Special Presentations

D02 - Non-linear Dynamics and Resonances, Tracking, Higher Order



Computing Symplectic Maps M
Given a Hamiltonian H , it can be shown that M obeys

the equation of motion

Ṁ = M : −H : . (33)

Suppose H expanded in the form (25). How does one find
the corresponding map M in the form (27)? We will first
describe how R can be found, and then describe how the
fm can be found. Actually, it is computationally simpler to
write M in the reverse factorized form

M = · · · exp(: g5 :) exp(: g4 :) exp(: g3 :)R, (34)

and then find the gm. Once they are known the fm can
be found from the gm by using concatenation formulas to
bring (34) to the standard forward factorized form (27).

Finding R Since H2(z, t) is quadratic in the variables
z, it can be written in the form

H2(z, t) = (1/2)
∑
ab

Sab(t)zazb (35)

where S(t) is a symmetric matrix. It can be shown that R
is the solution to the matrix differential equation

Ṙ(t) = JS(t)R(t) (36)

with the initial condition

R(tin) = I. (37)

If S is time independent, (36) with the initial condition (37)
can be integrated immediately to give the result

R(t) = exp[(t− tin)JS]. (38)

If S is time dependent, as will be the case if one wishes
to include fringe-field effects (recall that here t plays the
role of s, distance along the design orbit), then (36) must
be integrated numerically.

Finding the gm In general to find the gm one must first
transform theHm(z, t), withm ≥ 3, to the interaction pic-
ture specified by H2(z, t) in a manner analogous to simi-
lar calculations in Quantum Mechanics. Define interaction
picture Hamiltonian pieces Hint

m (z, t) by the rule

Hint
m (z, t) = Hm(Rz, t) with m ≥ 3. (39)

Then it can be shown that the gm with m ≥ 3 obey equa-
tions of motion of the form

ġ3 = −Hint
3 , (40)

ġ4 = −Hint
4 + (: g3 : /2)(−Hint

3 ), etc. (41)

with the initial conditions

gm(z, tin) = 0. (42)

Presently explicit differential equations of this kind for the
gm have been worked out through m = 8.

In the approximation that Hm(z, t) is t independent
within each beam-line element, which amounts among
other things to the neglect of fringe-field effects, there are
a variety of ways for obtaining the gm either analytically
or numerically. If Hm(z, t) is t dependent, as will be the
case if fringe-field effects are to be taken into account, then
the equations of the form (40), (41), etc. must be integrated
numerically with the initial conditions (42).

Computing M for Realistic Beam-Line Ele-
ments: Use of Surface Methods

In this final subsection we will describe how to compute
accurate transfer maps for realistic beam-line elements in-
cluding all fringe-field and multipole effects. For simplic-
ity we will limit our discussion to magnetic beam-line ele-
ments. Analogous treatments can be applied to the cases of
electrostatic and RF electromagnetic fields.

In the previous subsection it was assumed that the
Hm(z, t) are given, which is equivalent, in the case of
accelerator physics and the treatment of magnetic beam-
line elements, to the assumption that the vector potential
A for the the magnetic field B is known in analytic form
so that a Taylor expansion can be performed to find the
Hm(z, t). That is, high-order spatial derivatives of A are
needed about the design orbit.

However suppose, as is often the case, that only B is
known, and moreover it is only known at a 3-D collec-
tion of grid points. For example, when iron is present,
B can only be found numerically at a collection of grid
points with the aid of some three-dimensional electromag-
netic solver. What can be done then to find A and its high-
order derivatives?

At first thought one might contemplate using numeri-
cal differentiation of grid-point data to determine A and
its spatial derivatives. But it is well known to numerical
analysts that numerical differentiation of grid-point data is
intolerably sensitive to numerical noise in the data. Each
differentiation operation amplifies noise. And it is high-
order derivatives that are needed to compute M to high
order.

This problem can be overcome, at least to reasonably
high order, by the use of surface methods. By a theorem
of Neumann the values of B, and accordingly the associ-
ated values of A, can be found within any volume V if the
normal component of B is known on any surface S that
bounds V . Moreover, it can be shown that the process of
determining interior fields from fields on a surrounding sur-
face is smoothing. That is, the interior field values are rela-
tively insensitive to noise in the surface data. Finally, it can
be shown that this smoothing overcomes the amplification
of numerical noise associated with differentiation.

Straight beam-Line Elements There are two cases to
be considered: straight (or essentially straight) beam-line
elements, and curved beam-line elements with significant
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sagitta. In the case of straight beam-line elements it is pos-
sible to surround the design orbit by an imaginary cylinder.
This cylinder can be conveniently assumed to have a circu-
lar, elliptical, or rectangular cross section. Circular cylin-
ders are natural for the case of quadrupoles, sextuples, oc-
tupoles, etc. Cylinders with elliptical or rectangular cross
sections may be more appropriate for elements for which
the bore width is larger than the gap height. See Figure 1
for the case of a wiggler.

Figure 1: An elliptical cylinder, centered on the z-axis, fit-
ting within the bore of a wiggler, and extending beyond the
fringe-field regions at the ends of the wiggler.

For these cylindrical volumes V and their associated sur-
faces S it is possible to solve Laplace’s equation by sepa-
ration of variables. From these solutions it is possible to
generate explicit formulas that determine A and its spa-
tial derivatives at any interior point in terms of values of
the normal component of B at selected grid points on S,
and consequently the Hm(z, t) can be found. The required
surface values can be determined by extrapolation of the 3-
D grid-point numerical values of B onto the selected grid
points on S. Finally, the equations (36), (40), (41), · · · can
be integrated to yield M.

Curved beam-Line elements For curved beam-line
elements with significant sagitta it is impossible to fit a
straight cylinder within the bore of the element. In this case
it is necessary to employ volumes V , and their associated
surfaces S, that have a more complicated geometry. Figure
2 shows a convenient surface for the case of dipoles with
significant sagitta, the surface of a bent box with straight
end legs.

Unfortunately, for curved beam-line elements there are
no geometries for which the Laplace equation is separable
and therefore, while the results of Neumann still hold, there
is no way to exploit them by explicit formulas. However,
according to a theorem of Helmholtz, interior fields can also
be computed from surface data providing both the normal
component of B and the scalar potential ψ associated with
B are known on the surface. Moreover, in this case the
interior vector potential and its spatial derivatives can be
found by multiplying the surface data by known geometry-
independent kernels and then integrating the results over S.

Figure 2: A bent box, fitting within a dipole, and having
straight end legs that extend beyond the fringe-field regions
at the entry and exit of the dipole.

Finally, this process is also smoothing: the interior values
of A and its spatial derivatives so obtained are also rela-
tively insensitive to noise in the surface data.

In practice, the procedure is as follows: First set up cuba-
ture points (specially selected grid points) on S, interpolate
the numerical 3-D grid data for B onto the surface cuba-
ture points, and compute the normal component of B at
these cubature points. In addition interpolate 3-D grid data
for ψ, which can also be provided by 3-D electromagnetic
solvers, onto the surface cubature points. Next multiply the
surface data by the known kernels and integrate the results
over the surface using cubature formulas. The result will
be the interior vector potential and its spatial derivatives,
and consequently the Hm(z, t) can be found. Finally, the
equations (36), (40), (41), · · · can be integrated to yield M.

CONCLUSION
For both straight and curved beam-line elements, the use

of Lie and surface methods makes it possible to compute,
for the first time, accurate high-order transfer maps for real-
istic elements including all fringe-field and multipole error
effects.
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LONGITUDINAL EMITTANCE MEASUREMENT SYSTEM FOR THE

ARIEL ELECTRON LINAC

A. Vrielink, Y.C. Chao, C. Gong, R. E. Laxdal, V. Zvyagintsev, TRIUMF, Vancouver, Canada

Abstract

As part of the ARIEL e-LINAC project at TRIUMF, a

1.3 GHz single-cell, room-temperature deflecting cavity

has been developed to study the temporal distribution of

an electron beam from a 300 kV thermionic gun. Beam

bunches on the order of 100-200 ps long are produced

from a biased grid with a 650 MHz RF voltage super-

imposed to periodically allow release of electrons. The

RF deflector operates in a TM110-like mode, deflecting

the electrons vertically with a magnitude dependent on

their arrival phase. The cavity RF performance has been

characterized through signal level and beam testing. The

deflector is installed as part of a longitudinal emittance

measurement system with beam collimation, a 90 degree

analyzing magnet, the deflecting cavity and a final view

screen. Initial beam bunch length measurements using

this RF cavity, conducted in conjunction with the initial

commissioning using a 100kV electron-gun and a 1.3GHz

buncher, are presented. The beam bunch length was ex-

tracted by comparing data collected at a screen downstream

of the deflector to an analytical model based on linear

time-invariant system theory.

INTRODUCTION

Figure 1: Low Energy Transport Line in the VECC Test

Area.

The ARIEL project at TRIUMF is well under way,

including a 50MeV linear accelerator using 1.3 GHz su-

perconducting technology to accelerate a 10mA electron

beam. TRIUMF is currently developing a 10MeV injection

line for this electron linac in collaboration with the Variable

Energy Cyclotron Center (VECC). A test area has been set

up in the ISAC II building to commission various beamline

components before installation in the ARIEL injection line

and in Kolkata. The VECC Test Area consists of a 100kV

(now 300kV) thermionic e-gun with an RF modulated

gridded bias on the cathode at 650MHz, a low energy beam

transport (LEBT), an injector cryomodule with a 1.3GHz

superconducting 9 cell cavity, and a medium energy beam

transport. Electron bunches ranging from 100-200ps long

are emitted at a 1kHz repetition rate with a duty factor

between 0.1% and 100%.

The LEBT section, pictured in Fig. 1, contains various

beam diagnostics including linear profile monitors (LPMs),

faraday cups, YAG screens and non intercepting beam

profile monitors. The LPM consists of a vertical slit,

horizontal slit and collimating hole which can be scanned

across the beam to sweep the beam profile or inserted into

the beam to select a beam profile.

THE LONGITUDINAL EMITTANCE

MEASUREMENT SYSTEM

As part of the LEBT diagnostics, a longitudinal emit-

tance measurement system was designed. It consists of

an RF bunching cavity, dipole magnet, RF deflecting

cavity in a 90◦ analyzing leg and downstream screen.

The RF buncher manipulates the bunch length at a point

downstream by accelerating late electrons in the bunch and

decelerating early electrons. The dipole bends the beam

into the analyzing leg, mapping the electron energy to the

x axis through the dependence of the radius of curvature on

electron energy, ρ = γβE0

qBc
.

Circular apertures of 2mm diameter at the diagnostic

boxes DB1A and DB1B (see figure 1) are used to limit the

transverse emittance. The dipole magnet horizontal focus-

ing is designed so an object at DB1B forms a dispersed

focus at 1:DB0, such that a slit at 1:DB0 will select an

energy slice of the beam.

In the analyzing leg, a 1.3GHz room temperature RF

deflecting cavity maps the time spread of the beam to

the vertical axis using Ey and Bx fields. A screen at

1:DB1 images the beam in the transverse plane. Using the

deflector in conjunction with the dipole magnet, the beam

energy and time spread can be extracted from the horizontal

and vertical beam size, respectively. A solenoid upstream

of 1:DB1 can be used to focus the beam at 1:DB1 with the

RF devices off, producing a slight rotation of the ∆E/∆t

(x/y) reference frame.

THE RF DEFLECTOR

The 1.3 GHz single cell deflecting cavity has been

designed to analyze the temporal distribution of an electron
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Figure 2: The deflecting cavity during installation.

beam bunch. The cavity is located in the analyzing leg of

the injector line, as shown in figure 1. Pictured in Fig.

2, the cavity was designed after the Cornell deflector [1].

Similar in shape to a pillbox cavity, nose cones at the beam

entrance and exit strengthen the on axis transverse fields.

The cavity is operated in a TM110 like mode, resulting in a

vertically deflected beam with the magnitude of deflection

a sinusoidal function of the arrival phase of the electrons.

Through CST simulations, for a β=1 particle the expected
R⊥

Q
=

V 2

⊥

ωU
and transit time factor, T0, were 930Ω and

0.51, respectively. V⊥ is defined in equation 1, differing

from a traditional potential to account for the effect of the

magnetic fields on the beam.

V⊥ =

∣

∣

∣

∣

∣

∣

∞
∫

−∞

cβBx(z)e
ikz
β − iEy(z)e

ikz
β dz

∣

∣

∣

∣

∣

∣

(1)

Signal Level Measurements

The deflector was manufactured at TRIUMF and after

assembly and quality factor optimization, signal level mea-

surements were conducted. While the quality factor of

the cavity was 8800 before ultrasonic cleaning, close to

the simulated value of Q = 9766, it is believed that soap

residue has caused the current low quality factor of 5400.

The electromagnetic fields in the cavity were confirmed

experimentally using the beadpull method. Magnetic fields

on axis necessitated using both a dielectric and metallic

bead. The dielectric bead only perturbs the electric field

which can then be subtracted from the total perturbation

with the metal bead to obtain the magnetic fields.

The results of the beadpull are shown in figure 3, normal-

ized to emphasize the difference in field shape. Compared

to simulation, the peaks of the experimentally determined

fields are narrower. This is due to a slightly different

nose cone length than in the CST model. As a result,

the transit time factor of the cavity is increased and for

v = c, T0=0.56 ± 0.03. The effective shunt impedance

of the cavity is smaller than expected though, with an R⊥

Q

of 120 ± 10 Ω, 390 ± 20 Ω and 710 ± 30 Ω for a particle

with a β of 0.51, 0.78, and 1 respectively.

Figure 3: Fields along the beam axis of the deflector. The

dashed line corresponds to the experimentally determined

fields while the solid line corresponds to simulation.

Beam Loaded Measurements

Beam loaded commissioning of the cavity began in

September, 2012, in conjunction with the commissioning

of the LEBT section and 100keV e-gun [2]. The beam was

bent into the analyzing leg using the dipole magnet, and

images of the beam were taken using the screen at 1:DB1.

Figure 4: The effect of the deflector on the beam.

Turning on the deflector and scanning the RF phase

produces a noticeable effect on the beam, even at low input

powers. Figure 4 shows the effect of the deflector at an

input power of 21W and RF phases of 90◦ (maximum

centroid deflection) and 0◦ (diagnostic phase). The de-

flector imparts a vertical deflection to the beam given by
∆y
∆z

= V⊥

β2ET
where ET is the total beam energy.

By measuring the maximum deflection at several de-

flector power levels, the deflector effective voltage can be

obtained using the above equation. Figure 5 shows a plot

of the deflecting voltage versus input power from which an

effective shunt impedance of 0.71±0.05 MΩ was obtained.

This agrees with the expected R⊥ for a β = 0.51 electron

of 0.65±0.03 MΩ from the beadpull.

INITIAL MEASUREMENTS

With the deflector commissioned, initial longitudinal

emittance measurements have been conducted. By insert-

ing the vertical LPM slit at DB1B, all particles have the

same initial horizontal position. Their final position at the

screen on 1:DB1 is thus, to first order, only a function of the

particle energy and time of arrival at the deflecting cavity

for a constant deflector power.
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Figure 5: The effective voltage of the deflecting cavity.

The time spread is calibrated by sweeping the deflector

from 0 to 360◦. Comparing the maximum spread at the

diagnostic phase (0◦) with the maximum centroid deflec-

tion (±90◦), the bunch length in RF degrees is obtained.

The energy spread can be calibrated by sweeping the RF

buncher from 0 to 360◦ or by scanning the e-gun voltage.

Given the effective voltage of the buncher, the energy

spread of the beam at 1:DB1 can be obtained by comparing

the maximum horizontal spread at the bunching phase (0◦)

with the beam position at the accelerating phase (90◦).

Since energy couples to x and time couples to y, the final

image gives a representation of the longitudinal emittance.

This is depicted in figure 6, where the RF deflector is on at

constant power in the first three images and the indicated

buncher power is increased to rotate the longitudinal phase

space. For these images the focusing solenoid was on

and the image is corrected for the rotated x-y frame.

As expected from the Liouville theorem, longitudinally

compressing the beam will inherently increase the bunch

energy spread. Note that with the RF buncher and deflector

off, the beam spot is much smaller than the perturbed

images, indicating that the sampled longitudinal emittance

is not significantly affected by the transverse emittance.

Figure 6: Rotation of the beam with the deflector on and

the buncher power varied.

An alternative analysis method to determine the bunch

length uses linear time invariant theory. For low space

charge, the beam optics in the analyzing leg and the RF

deflector can be considered a linear system and the maxi-

mum centroid deflection and maximum particle deflection

over all arrival phases is time invariant. Such a system can

be entirely characterized by its impulse response (i.e. the

effect of the deflector on a single electron), which is well

known. The output of the system will be the convolution

of the input beam distribution with the impulse response

function. For a uniform beam distribution of length Θ,

measured in degrees RF, the centroid deflection over the

maximum deflection is thus given by equation 2.

∆ȳ (α)

∆ymax

= (f ∗∆yimpulse)(α) (2)

=

∫

∞

−∞

f (t) g (α− t) dt (3)

=

∫

∞

−∞

Rect

(

t− θ/2

θ

)

sin (α− t) dt (4)

=
sin (α)− sin (α− θ)

θ
(5)

Using this method, the bunch length can be determined

by comparing the ratio of the maximum centroid deflection

over the maximum particle deflection to theoretical predic-

tions. Figure 7 shows an example of the maximum particle

deflection as a function of phase offset for two different

tests, highlighting the effect of bunch length in smoothing

out the sinusoidal dependence. The ratio between centroid

deflection and maximum particle deflection for the shorter

and longer bunches is 0.9 and 0.6, respectively, correspond-

ing to a 60◦ and 180◦ bunch length.

Figure 7: Maximum particle deflection as a function of RF

phase for a short bunch (blue) and longer bunch (green).

The phase is relative to the E-gun RF.
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BEAM DUMP DESIGN FOR THE IN-FLIGHT FRAGMENT SEPARATOR 
USING HIGH-POWER BEAM* 

J.Y. Kim, M. Kim, J.W. Kim#, Institute for Basic Science, Daejeon, Korea

�������� 
The beam dump is a critical component for the in-flight 

fragment separator using high-power primary beams at 
the rare isotope science project (RISP) in Korea. The 
maximum beam power is planned to be 400 kW, and a 
third of the primary beam power deposits at the isotope 
production target and the rest are dissipated at the beam 
dump. The beam dump is designed to be a rotating water 
drum, which is movable in the perpendicular direction to 
the beam to select the isotope beam of interest. The main 
primary ion beam is U, and its range at the energy of 200 
MeV/u is only a couple of mm after passing through the 
shell structure of the drum. This short range requires its 
internal structure to confine water flow on the wall and to 
keep high-pressure. Some detailed thermo-mechanical 
and thermo-fluid analysis has been done using ANSYS 
and other codes.  

  INTRODUCTION 
Rare isotope science project (RISP), which is to 

produce rare isotope beams by using both the in-flight 
fragment (IF) separation and isotope separation on-line 
(ISOL) methods is undergoing in Korea [1]. The main 
accelerator, which can provide a wide range of heavy ion 
beams, accelerating 238U beam to 200MeV/u and proton 
to 600 MeV, is a superconducting linear accelerator for 
the IF separator. The IF separator uses a thin target to 
produce rare isotope beams and a beam dump is located 
after the first dipole magnet so as to remove unwanted 
primary beam. 

The design of beam dump for in-flight separator using 
high power primary beam has been performed 
considering high power density deposited in beam dump. 
Approximately 30% of the primary beam power, which is 
used to produce RI beam, will be dissipated in a 
production target with typical thickness of d/R = 0.3, 
whereas the rest of primary beam that does not react with 
production target, will pass through magnetic system and 
be absorbed in beam dump. The maximum beam power 
deposited in the beam dump is up to about 300 kW for 
200 MeV/u 238U beams and the beam size on beam dump 
is expected to be around 10 mm in diameter. 

Removal of high power primary beam in an IF 
separator is complicated due to different charge states in 
primary beam, short range in material and high power 
density at beam dump. Furthermore, if assuming the 
primary beam directly impacted on beam dump in the 
case of target malfunction, the beam dump should be 
capable of absorbing up to 400 kW during a short time. 
The cooling system, which can handle high power, is 

required to avoid structural breakdown and thermal 
runaway. 

If wanted fragment beam is close to the primary beam 
in rigidity, the task of separation becomes more difficult. 
Trajectories of off-rigidity fragments and non-reacted 
beam can overlap with that of the isotope beam of interest 
at the beam dump. Beam dump system is required to 
intercept unwanted fragments and non-reacted primary 
beam minimizing the loss of wanted beam. For the 
purpose of intercepting the primary beam and off-rigidity 
fragments with different trajectories, it is necessary that 
the beam dump has two units and is movable.  

A conceptual design of beam dump, and thermal 
analysis using ANSYS [2] and PHITS [3] are described.  

DESIGN OF BEAM DUMP 
Figure 1 shows a schematic layout of the separator, 

which has been designed to consists of two-stages. The 
purpose of the first stage, pre-separator is to produce RI 
beams and then to separate the primary and unwanted RI 
beams, while the second stage, main separator serves to 
identify the RI beam of interest. The momentum and 
angular acceptance of the separator have been designed to 
be ±5 % and ±50 mrad, respectively.  

 

Figure 1: Schematic layout of the fragment separator. 

As shown in Fig. 1, a dispersive focal plane is located 
after the first dipole magnet, and the beam dump is placed 
near the focal plane. The isotope beam of interest is 
separately by magnetic rigidity, but unwanted beam with 
the same B� is overlapped. 

To remove the heat efficiently, we considered the beam 
dump consisting of two rotating water-filled cylinder as 
was adopted for FRIB [4]. A conceptual drawing of the 
beam dump system is shown in Fig. 2. The beam dump 
system will be located in a common vacuum space 
together with the dipole magnet and the production target. 
The beam dump rotates to prevent localized heating, and 
cooling water directly absorbs the beam power acting as a 
liquid beam dump. Titanium is chosen for the material of 

 ___________________________________________  

* Work supported by Rare Isotope Science Project 
#jwkim@ibs.re.kr 
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the beam dump. The thickness of titanium shell is set to 
be 1 mm and the outside diameter is 60 cm. The depth of 
water chamber is 10 cm. The water flows into beam dump 
through the tube in the side plate, and flows along the 
helical blades, remove the heat deposited close to the 
drum surface and water itself. 

 

Figure 2: Schematic layout of the beam dump. 

ENERGY LOSS AT THE BEAM DUMP 
The non-reacted primary beam impacting the beam 

dump has a diameter of about 10 mm and a power of 
about 300 kW, which depend on chosen nuclear reaction 
and the thickness of the production target. Simulation 
using the codes LISE++ [5] and TRIM [6] was performed 
to study the energy loss at the beam dump assuming the 
target thickness corresponding to approximately 30% of 
the primary beam range.  

 

Figure 3: The energy loss (a) and the power deposition (b) 
of non-reacted 238U beam at beam dump. 

In the case of 238U beam with 200 MeV/u, 400 kW, the 
energy and power of the non-reacted primary beam 
passing through the target are about 160 MeV/u, 300 kW. 
The energy loss and power deposition of 238U beam at the 
beam dump are shown in Fig.3. When the 238U beam hits 

the beam dump, about 40% of the 238U beam power is lost 
in the 1-mm thick shell of beam dump and the rest is 
deposited in water. The energy loss and the range of 
charged particles depend on the incident particle and, its 
energy and on the material. The energy loss of different 
primary beams in the Table 1 assuming a full power beam 
hits the bam dump, which is an accident scenario. 

Table 1: The energy loss and the power deposition 
assuming a 400 kW beam hitting the beam dump 

Primary 
beam 

Energy 
(MeV/u) 

Intensity 
(pps) 

Energy loss 
(MeV) 

Power 
deposition  

(kW) 

Ti Water Ti Water 

238U79+ 200 5.17E+13 12453 35871 103.1 297 

124Xe54+ 235 8.58E+13 4053 25065 55.6 344.1 

112Sn50+ 242 9.22E+13 3412 23670 50.3 349.3 

40Ar18+ 268 2.33E+14 403 10307 15 384.6 

18O8+ 266 5.22E+14 79 4709 6.6 393.4 

THE HEATING AND FLUX 
DISTRIBUTION IN THE BEAM DUMP 
The radiation heating was estimated by using PHITS 

which simulate radiation transport. The beam dump was 
assumed to be a simple cylinder with 30 cm diameter and 
60 cm high. The flux of unwanted fragments produced via 
in-flight fission of 238U beam at 200 MeV/u, 400 kW, and 
the flux secondary particles which were produced by the 
reaction of 238U beam and components of a beam dump is 
shown in Fig. 4. The flux is expressed in units of 
1/cm2/second, and the major flux of secondary particles is 
forward directed. The scattered in wide distribution in the 
outside of the beam dump, radiation is dominated by 
neutrons. Figure 4 (b) is the distribution of energy 
deposition due to absorb the primary beam and secondary 
particles in the beam dump. 

 

Figure 4: The distribution of the radiation flux (a) and the 
heat (b) on the beam dump. 

Figure 5 shows, the flow velocity in the beam dump, 
which was calculated by using ANSYS in the same 
geometry as used PHITS calculation. We assumed that 
the deposited power is about 110 kW on titanium and 
about 290 kW on the water. The inlet temperature of 
cooling water was assumed 295 K. To cool beam dump 
considering margin of safety, the velocity of cooling 
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water needs to be much higher than 5 m/s considering the 
melting point of Ti is about 1940 K. The energy 
deposition is highly concentrated on the titanium and the 
adjacent of the water. 

 

Figure 5: The temperature distribution in the beam dump 
due to absorption of 400 kW primary beams 

The water is activated by nuclear reaction with the 
primary beam in the beam dump. The activity in water as 
function of cooling time is presented in Fig. 6. The 
activity calculation by using the PHIS was performed 
assuming 5600 h of irradiation with 238U beam (200 
MeV/u, 400 kW), which is an expected operation time of 
separator. With waiting time increasing, the activity of the 
tritium is dominant because the life time of tritium 
becomes relatively longer than others. Therefore, for the 
purpose of decreasing the activation level of the water 
used to cool the beam dump, there are essentially needed 
a filtering system to remove long-lived isotopes from 
water 

 

Figure 6: Activity of the beam dump as function of 
waiting time. 

CONCLUSIONS 
The designs of beam dump and water cooling loop in 

the IF separator for the RISP have been studied. As a first 
step, we calculate the power density deposited in beam 
dump, heat deposit distribution and cooling water flow. 
Considering the energy loss of a few different primary 
beams, it was decided that the path length inside the beam 

dump needs at least 150 mm to stop the primary beam. 
Based on this result, some mechanical design and thermo-
fluid analysis on the beam dump system was performed. 
Since the activation of cooling water is significant, we 
will plans to filter some isotopes from activated water, 
which is included in the design of the water loop system.  
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COMPARISON OF SIMULATIONS AND ANALYTICAL THEORY OF

RADIATION HEATING ON THE ADVANCED PHOTON SOURCE

SUPERCONDUCTING UNDULATOR
∗

Laura Boon† , Purdue University, West Lafayette, IN 47907, USA

Roger Dejus, Katherine C. Harkay and Mark Jaski, ANL, Argonne, IL 60439, USA

Abstract

Synchrotron radiation can potentially introduce large

heat loads on the beam chamber of the superconducting

undulator (SCU0) at the Advanced Photon Source (APS).

With the photon absorber mask, a well-aligned centered

beam in the upstream bending magnet allows only a small

amount of radiation power, less than 1 W, to intercept the

walls of the beam vacuum chamber in the cryostat, assum-

ing no photon scattering. But beams with vertical orbit

errors, especially, can deposit much higher heat loads on

the beam chamber, above 100 W. An analysis was carried

out to calculate the power on the vacuum chamber when

the beam has an orbit error through the upstream bending

magnet. This paper presents these analytical results com-

pared to simulations that were performed using a 3D pho-

ton tracking code, Synrad3d.

INTRODUCTION

As part of the Advanced Photon Source Upgrade

project [1], a test superconducting undulator (SCU0) was

developed at Argonne National Laboratory [2]. The test

SCU0 was installed in December 2012 [3]. To reduce heat-

ing on the superconducting coils, the beam chamber is ther-

mally isolated from them. The cryo-coolers used to cool

the beam chamber are able to handle up to 40 W of power

(at 20 K) from transient and continuous wave sources. Ra-

diation from the upstream dipole produces high amounts

of power that can be incident on the beam chamber inside

the SCU0 cryostat. SCU0 is in the downstream end of the

straight section in sector 6, see Fig. 1. The upstream end

of the straight section has a hybrid permanent magnet un-

dulator (HPM). A photon absorber (PA) in the downstream

end box of the HPM is used to shield the beam chamber

outboard wall from direct, on-axis radiation.

CALCULATIONS

The power incident on the SCU0 beam chamber from

primary photons can be calculated through ray tracings and

analytically. Ray tracings are 2D projections of the dipole

radiation fan on the 3D vacuum system layout. Ray trac-

ings do not typically include the vertical distribution of the

dipole radiation. So analytical calculations were performed

to include the photon vertical distribution. Figure 2 shows

∗Work supported by U.S. Department of Energy, Office of Science,

under Contract No. DE-AC02-06CH11357
† lboon@purdue.edu

the elliptical shape of the beam chamber in the SCU0 cryo-

stat. The shape was taken into account for all the calcula-

tions and simulations shown in this paper. All calculations

assume a beam current of 100 mA. Beam orbits are refer-

enced to the dipole exit.

Ray Tracings

The layout of the radiation fan is seen in Fig. 1. By ap-

plying an off-axis electron beam orbit through the radiation

source, the horizontal steering offset (x) and angle (x′) lim-

its can be determined. The steering limit is defined by when

the radiation fan begins to intercept the outside edge of the

beam chamber. The steering limit defined by ray tracings is

shown in Fig. 3 (red dotted line). Due to the wide horizon-

tal aperture of the beam chamber, only for very large steer-

ings is there a concern about radiation heating. For positive

offsets the photon absorber shields the beam chamber. The

power incident on the beam chamber is calculated as fol-

lows. The APS main dipole magnet generates 6.65 kW of

synchrotron radiation power per 100 mA. The horizontal

fraction of energy that is incident on the SCU0 chamber is

calculated using α/θdipole where θdipole = 77.54 mrad is

the full bending angle and α is the angle subtended by the

SCU0 chamber. The power incident on the beam chamber

is greatest for an electron beam that has a negative orbit

offset. The power on the outside edge ranges from 0.3 W

to 22.8 W. The power increases for larger negative offsets.

Analytical Calculations

The radiation heating load is calculated analytically us-

ing the method described in [4]. The following equation

is integrated over the vertical opening angle in which the

photon beam is incident on the beam chamber:

F = P0

1

(1 +X2)
5/2

[

1 +
5

7

X2

1 +X2

]

. (1)

In Eq. 1, P0 is the fraction of total power produced by the

dipole magnet that passes the photon absorber, and X =
γψ, where γ is the relativistic factor, and ψ is the vertical

opening angle between the radiation source and the SCU0

beam chamber.

Figure 3 is a contour plot of the power incident on the

SCU0 chamber when the beam has a horizontal offset. The

vertical photon distribution is included in the calculation.

Radiation intercepts the top and bottom of the beam vac-

uum chamber and not just the outside edge. Again the

contour plot shows that large negative offsets through the
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Figure 1: Top view schematic layout of the sector where the SCU0 is installed. The radiation is produced in the bending

magnet, and photon absorbers are used to shield the SCU0 cryostat from direct radiation.
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Figure 2: Elliptical shape of the beam chamber in the SCU0

cryostat.

dipole magnet produce the most power incident on the

SCU0 beam chamber.
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Figure 3: Comparison between ray tracings (dotted line)

and analytical calculations (solid contours) of radiation

power incident on the SCU0 beam chamber for a beam hor-

izontally offset in the upstream bending magnet. To the left

of the red dotted line is where radiation is incident on the

outside edge of the SCU0 beam chamber. Power is shown

in Watts. (y = y′ = 0)

Figure 4 shows the power incident on the SCU0 chamber

when the beam has a vertical steering error, offset (y) and

angle (y′) in the dipole magnet. Due to the small vertical

aperture (7.2 mm) of the beam chamber, the incident power

can reach over 100 W of power for relativity small vertical

angles in the dipole. The vertical ‘cut-off’ of the heating on

the SCU0 chamber is at 4 mm for two reasons. First, the

upstream HPM has a vertical aperture comparable to that

of the SCU0. This acts as a shield to the top and bottom of

the SCU0 chamber. Second, the SCU0 chamber only has a

vertical half aperture of 3.6 mm. Photons produced above

that position will be absorbed in the taper before the SCU0

chamber.
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Figure 4: Power incident on the SCU0 cryostat for a beam

that is off-axis vertically through the upstream bending

magnet. Power is shown in Watts. (x = x′ = 0)

The analytical results were compared with simulations in

order to confirm our analytical model. Comparing Figs. 3

and 4, we note that vertical orbits in the dipole produce

more heating on the beam chamber than comparable hori-

zontal orbits. For this reason simulations were only done

in the vertical plane.

SIMULATIONS

Synrad3d [5] was used to calculate the power of pho-

tons incident on the beam chamber. The total power on

the beam chamber was calculated from the incident pho-

ton distribution and energy [6]. To simulate an off axis

beam through the dipole magnet, an optimization of the

correctors’ strength was completed using BMAD [7]. The

simulations included the electron beam trajectory through

the entire sector. Coupling in the sector sextupoles creates

a horizontal offset in the electron beam orbit for vertical

steering. The horizontal offset was minimized through the

choice of correctors and tolerance value in the optimiza-

tion. For comparison with simulations, the analytical cal-

culations account for the residual offset in x as well as the

intended vertical offset or angle trajectory through the mag-

net. In the simulations, any photon reflections off the beam

chamber were ignored because reflections are not included
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in the analytical model.

Figure 5 shows the comparison between the primary

photon power calculated analytically and from the simu-

lation. The incident power peaks at an offset of 2.8 mm.

Then the power incident on the beam chamber drops to zero

when the beam is offset more than 4 mm. The upstream un-

dulator chamber shields the SCU0 beam chamber from the

photon beam, similar to a photon absorber.
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Figure 5: Analytical calculations and simulations of total

synchrotron radiation power on the beam chamber wall for

a vertical position offset in the upstream bending magnet.

Figure 6 is a comparison of analytical calculations and

the corresponding simulations when an electron beam has

a vertical angle through the upstream bending magnet. The

incident power increases more slowly with just an angle

offset in the electron beam. However, the maximum power

is almost 4 times greater than an offset beam. The total

power is greater for an angle because the highest-energy

photons have the smallest opening angles from the electron

beam trajectory. With an angle steering error the highest-

energy photons intercept the beam chamber instead of pass-

ing though. Both sets of simulations have good agreement

with the analytical values.
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Figure 6: Analytical calculations and simulations of total

synchrotron radiation power on the beam chamber wall for

a vertical angle in the upstream bending magnet.

CONCLUSIONS

During user operation beam-position-limiting detectors

are armed and limit the electron beam motion to ±0.85
mm in x and ±1.8 mm in y [8] at the exit of the bending

magnet. According to the results shown here, the maxi-

mum power incident on the beam chamber is 25 W at these

orbit limits, below the 40-W cooling capacity. Therefore,

the greatest concern for radiation heating is during machine

studies when the limits on beam motion are from the phys-

ical aperture of the beam chamber (±8 × ±8.6) mm [8].

Steering errors of this magnitude produce more radiation

heating. To protect the SCU0 during machine studies, the

current is turned off. Comparison of analytical calculations

to simulations show that we have a good model for primary

photon heating when the electron beam is off axis through

the upstream bending magnet. In future work, photon scat-

ting will be included in the analysis.
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THERMAL MODELING OF THE PROTOTYPE SUPERCONDUCTING 
UNDULATOR (SCU0)* 

Y. Shiroyanagi, C. Doose, J. Fuerst, K. Harkay, Q. Hasse, Y. Ivanyushenkov, M. Kasa 
 Argonne National Laboratory, Argonne, IL 60439, USA

Abstract 
A cryocooler-cooled superconducting undulator 

(SCU0) has been built, and cryogenic and magnetic tests 
have been completed. The device is currently installed in 
the Advanced Photon Source (APS) beamline. The device 
consists of a dual-core 42-pole magnet structure that is 
cooled to 4.2K with a system of four cryocoolers 
operating in a zero-boil-off configuration.  In this paper, a 
thermal model of the beam chamber and its cooling 
circuit are presented.  A temperature profile of the cooling 
circuit and heat load to cryocoolers are calculated based 
on steady-state temperatures. Comparison with cryogenic 
test results and future improvements will be discussed. 

BACKGROUND 
The superconducting undulator (SCU0) consists of a 

dual-core 42-pole magnetic structure that is cooled to 
4.2K with a system of four cryocoolers operating in a 
zero-boil-off configuration. The design of the cryostat is 
based on a concept developed at the Budker Institute, 
Novosibirsk [1]. Figure 1 shows the overall cooling 
scheme of the cryostat. The beam chamber is cooled by 
the two bottom cryocoolers (Sumitomo RDK-408S) 
together with the inner thermal radiation shield, which is 
called the 20K circuit. The main and correction magnet 
leads and the thermal transitions of the beam chamber are 
connected to the first stages of all four cryocoolers 
through the outer thermal radiation shield, which is called 
the 60K circuit.  The 4K circuit consists of the helium 
vessel, the magnetic structure, and the superconducting 
part of magnet leads. These are cooled by the 2nd stage of 
the top cryocoolers (Sumitomo RDK-415D). The magnet 
is cooled by circulating LHe, and it is thermally isolated 
from the beam chamber [2-4]. 

FEA MODEL 
Finite element analysis (FEA) was conducted using 

ANSYS 14.5. Initially, heat loads at individual parts of 
the cryostat were calculated with fixed end temperatures. 
Thermal radiation heat was calculated in a separate 
model. Joule heating of the resistive parts of the current 
leads was also calculated separately. Then using these 
results, the 20K and 60K circuits were modeled including 
a simulated heat load imposed by the circulating electron 
beam. Temperatures and heat load at each cryocooler 
were calculated and compared with measured data. Table 
1 is the calculated heat load of the individual parts of the 
cryostat based on the original design before the 

installation [1]. The 60K circuit heat loads are dominated 
by the magnet current leads. Static heat load through the 
main current leads are 47 W and through the correction 
current leads are 8.0 W. Main current lead heat increases 
to 63.85 W when they are energized to 650 A. The 
correction current lead heat increases to 12.2 W when 
they are energized to 70 A. Other sources include beam 
tube conduction and radiation from 295K to the outer 
shield. The 20K circuit heat loads are primarily the beam-
induced heat load in the beam chamber that goes to the 
second stages of the bottom cryocoolers (408S) through 
the copper busbar and thermal links.  The beam heat load 
is predicted to be 10 W at the 20K circuit and 6 W at the 
60K circuit. The 4K circuit heat loads consist of the high-
temperature superconducting (HTS) section of the magnet 
current leads, a very small portion of the beam heat 
through the beam chamber supports, heat through the cold 
mass supports made of Kevlar strings, and radiation from 
the inner shield to the cold mass.   

In order to calculate the 20K and 60K circuit 
temperatures and heat, the magnet leads, the beam 
chamber, and the outer shield are modeled at steady state 
conditions. Figure 2 shows the overall temperatures of the 
20K and 60K circuits as well as boundary conditions of 
this model. The outer shield is included in the calculation 
but not shown. Temperatures of the end flanges of the 
beam chamber and the top of the magnet leads are fixed at 
295K. The coldest ends of the magnet leads are fixed at 
3.42K, which is the measured temperature of the 2nd stage 
of the top cryocooler (415D). The load maps of the 1st 
stage top and 1st and 2nd stages of the bottom cryocoolers 
are implemented as temperature-dependent heat flow at 
each cold head.  

 

Figure 1: Cooling schematic. 
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Table 1: Calculated Heat Loads of Individual Parts [W] 

Heat Source 4K 20K 60K 

Beam Induced Heat  10 6 

Thermal Radiation 0.017 0.205  0.3 

Beam Tube Bellows   4.8 

Beam Tube Support@20K 0.08   

He Vent Bellows 0.0004 0.008 0.6 

Cold Mass Supports 0.08   

Thermal Shield Supports  0.22 3.25 

Correction Current leads (70 
A) 0.064  8.02 (12.2) 

Main Current Leads (650 A) 0.285  47 (63.85) 

Total 0.526 10.43 69.97 (91) 

 

 

Figure 2: Calculated temperatures at the 20K and 60K 
circuits and their boundary conditions. 

The cold head temperatures and heat loads at each 
cryocooler, except the top cryocooler 2nd stages, were 
calculated. The temperatures of the beam chamber were 
calculated based on the predicted beam-induced heat load 
[5,6]. The static heat load is calculated first, then the two 
dynamic heat loads. One is with beam on and the other is 
with both the beam and the magnet current on. 
 

BEAM CHAMBER TEMPERATURES 
Figure 3 shows the 20K circuit and the locations of 

temperature sensors.  The sensors are numbered from the 
beam upstream to downstream. The main current leads 
are at the downstream side. Sensors 0 and 8 are on the 
stainless steel (SS) taper sections of the beam chamber 
while sensors 1 and 7 are on the stainless steel flat 
sections. These sections are linked to the outer shield and 
then to the 1st stages of the cryocoolers. The aluminum 
section is between the stainless-to-aluminum bi-metallic 
joints. Five sensors (2, 3, 4, 5, and 6) are on the aluminum 
section of the beam chamber and sensor 4 is near the 
center of the chamber. The aluminum section of the beam 
chamber is (thermally connected to the copper busbar 
through 20 copper links. The copper busbar is connected 
to the two bottom cryocooler 2nd stages (not shown).  

Initially the beam heat was implemented in the model 
as a uniform heat flux in the beam chamber. However, the 
model calculated much lower temperatures at the stainless 
steel flat section than the measurement. So instead, the 
beam chamber inner surface is divided into three sections 
(aluminium, stainless steel flat, and stainless steel taper), 
and the heat load is applied based on S.H. Kim et al.’s 
beam-induced heat load calculation [5,6]. The SS taper 
heat load is 6.2 W, the SS flat heat load is 5.9 W, and the 
Al heat load is 4.7 W at 24-bunch mode and 100-mA 
beam current.  

To reflect the circular beam shape, the beam chamber 
inner surfaces are divided into several strips and heat flux 
is distributed only on the center strips. The calculated 
temperatures are compared with the measurement by 
Harkay et al. in Fig. 4 [6]. For the static case, sensors 3 to 
5 show ~7K. So the temperatures in the aluminum 
sections are uniform. Sensors 1 and 7 in the SS flat 
section are ~23K. When the beam current is on and the 
SCU magnet main current is at ~650 A, temperatures at 
sensors 2 and 6 rise above 20K since these are outside of 
the thermal links. Temperatures at 3, 4, and 5 rose to 13K. 
The SS flat sections 1 and 7 show as high as ~70K.  
Sensors 0 and 8 do not show the same temperatures in the 
measurement because the sensor positions are not known 
with sufficient accuracy. However, the average of these 
numbers agrees with the calculated values. So the 
calculated temperatures and measured temperatures have 
shown good agreement. Higher temperatures at sensors 1 
and 7 suggest that more heat goes to the outer shield than 
originally designed [1]. An additional thermal link will be  

 

Figure 3: A schematic of the beam chamber, copper busbar, and locations of temperature sensors. 
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attached to the end of the aluminum section of the beam 
chamber to lower the temperatures at sensor locations 1, 2 
and 6, 7. 

 

Figure 4: Calculated beam chamber temperatures are 
compared with measured temperatures. 

COLD HEAD TEMPERATURES 
Table 2 shows the calculated cold head temperatures 

based on the 20K and 60K circuit model and measured 
heat loads with 24-bunch mode beam and 665 A of SCU 
main current.  

Table 2: Summary of Cold Head Temperatures [K] 

 Static Beam Beam and 
current 

 Calc. Meas. Calc. Meas. Calc. Meas. 

TP1US 30.5 30.82 31.4 32.16 33.5 33.829 

TP1DS 35.2 33.57 37.2  34.88 41.9 40.057 

BT1US 30.0 30.18 30.9 32.16 32.7 33.736 

BT1DS 31.1 30.83 32.3 34.88 34.7 35.116 

BT2 6.75 6.715 10.38 10.09 10.40 10.335 

In the actual system, the 20K circuit operates at ~10K 
and the 60K circuit at ~31K. The cold head temperatures 
show good agreement with measurement. Since measured 
heat is derived from the measured temperatures, the heat 
load at each cryocooler cold head agrees as well. A higher 
temperature at the top cryocooler downstream 1st stage 
(TP1DS) indicates the existence of a higher heat load 
from the main current leads. The bottom cryocooler 
downstream (BT1DS) also shows a slightly higher 
temperature than the upstream one (BT1US). However 
overall they are ~31K. So the magnet lead heat is well 
distributed to the 1st stage of all four cryocoolers as 
designed. A summary of heat loads is shown in Table 3. 
The 4K heat load is the sum of the heat loads of the 
individual parts from Table 1.  The 20K and 60K heat 

loads are from the 20K and 60K circuit model. The 
calculated 60K static heat load was 63.66 W. The 
dynamic heat load with 650 A is 89.88 W.  The measured 
static heat load is 63.01 W, and the dynamic heat load is 
90.26 W. The calculated 20K heat load is 15.54 W due to 
the beam-induced heat. It agrees with the measured heat 
load of 15.09 W. Since the stainless steel flat sections 
show much higher temperature than expected, the beam 
heat going to the 60K circuit needs to be considered. 

Table 3: Summary of Heat Loads [W] 

 Static Beam Beam and 
current 

 Calc. Meas. Calc. Meas. Calc. Meas. 

4K  0.526 0.66 0.526 0.72 0.526 0.98 

20K 0.188 -0.63 14.55  14.35 15.54 15.09 

60K 63.66 63.01 68.13 68.0 89.88 90.26 

DISCUSSION 
The FEA calculated temperatures and heat loads show 

good agreement with the heat loads based on temperature 
measurements.  The 4K heat load may include a larger 
error since the cryocooler load map does not have enough 
data points at this temperature range. The cryocooler 
cooling capacity is 3 W (1.5 W ea) at 4K, 40 W (20 W ea) 
at 20K, and 224 W (57 W ea for 415D and 55 W ea for 
408S) at the 60K circuit. Thus, these heat loads are within 
the range. The 4K circuit model will be established in the 
next phase of this work. This FEA thermal model will be 
used for the future development of 1.1-m and 2-m devices 
(SCU1 and SCU2).  
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MODERNIZATION OF THE BERGOZ MULTIPLEXED BPM SYSTEM FOR 

THE APS UPGRADE* 

X. Sun
#
, R. Lill, H. Bui, R. Keane, G. Decker, B. Yang, ANL, Argonne, IL 60439, USA

Abstract 
The APS upgrade includes improvements to the Bergoz 

Multiplexed BPM system, which presently suffers from 

an aging data acquisition system. The upgrade leverages 

off the development of an eight-channel data acquisition 

system featuring modern FPGA flexibility that was 

designed for the monopulse BPM system. This upgrade 

also provides an external clock signal synchronized to the 

APS revolution clock that will eliminate the aliasing 

caused by the Bergoz asynchronous multiplexing 

interacting with different accelerator fill patterns. The 

upgrade will revitalize this system and demonstrate a 

cost-effective approach to improved beam stability, 

reliability, and enhanced postmortem capabilities. In this 

paper we will discuss the upgrade system specifications, 

design, and prototype test results. 

INTRODUCTION 

The Advanced Photon Source Upgrade (APS-U) 

project includes improvements to the commercial 

narrowband (Nb) Bergoz multiplexed Beam Position 

Monitor (BPM) systems [1], which were installed in 

2000. The APS storage ring now makes use of 80 Bergoz 

modules that are connected to 10-mm buttons on a large-

aperture, standard elliptical (42 mm by 85 mm) vacuum 

chamber. This NbBPM system presently suffers from an 

aging data acquisition system. The upgrade leverages off 

the development of an eight-channel data acquisition 

system featuring modern field-programmable gate array 

(FPGA) flexibility that was designed for the monopulse 

BPM system [2]. The new FPGA-based Beam Signal 

Processor (BSP100) will replace the old data acquisition 

system and controls for the existing Bergoz receivers 

located at P1s on the standard elliptical vacuum 

chambers.  

The upgrade will revitalize this system and demonstrate 

a cost-effective approach to improved beam stability, 

reliability, and enhanced postmortem capabilities. 

The noise floor, fill-pattern dependence, and intensity 

dependence of the prototype upgrade NbBPM system will 

be investigated.   

UPGRADE SYSTEM SPECIFICATIONS 

Beam stability improvement is an important part of the 

APS-U project, which will be supported by new and 

upgraded BPM electronic systems. Listed in Table 1 [3] 

are APS-U beam stability performance and goals for ID 

sources. To achieve these goals, the obsolete BPM 

electronics for the NbBPM, located at the standard 

elliptical vacuum chambers, will be replaced with a 

modern system providing improved resolution and drift 

characteristics.  

Table 1: APS-U Beam Stability Performance and Goals 

 

 

AC rms 

motion 
0.01-200 Hz 

AC rms 

motion 
0.01-1 k Hz 

Long-term 

drift 
(One Week) 

 μm 

rms 

μrad 

rms 

μm 

rms 

μrad 

rms 

μm 

rms 

μrad 

rms 

Horizontal 
Present 5.0 0.85 

5.0-

7.0* 
NA 7.0 1.4 

Upgrade 3.0 0.53 6.0 1.14 5.0 1.0 

Vertical 
Present 1.6 0.80 3.7* NA 5.0 2.5 

Upgrade 0.42 0.22 0.84 0.44 1.0 0.5 

*
 Measurement up to 767 Hz 

DESIGN 

The BSP100 is a standalone Experimental Physics and 

Industrial Control System (EPICS) input/output controller 

(IOC), an FPGA-based (Altera Stratix® II), a C-sized 

VXI form factor, with eight high-speed 14-bit digitizers 

(Analog Device AD6645) running at 88 MSPS (one-

fourth of the APS rf frequency) [2, 4]. The baseline 

design replaces the aging Bergoz data acquisition with the 

BSP100. The position signals from four Bergoz BPMs 

will be digitized with a single module. The BSP100’s 
FPGA has five major blocks, the APS timing system 

receiver, the acquisition control block, the preliminary 

processing block, the continuous signal processing block, 

and the triggered processing block.  

The turn-by-turn average from the preliminary 

processing block, which is same as that in the monopulse 

BPM system, is passed through a first-order low-pass 

filter with a cutoff frequency of about 1.4 kHz. Then it is 

converted to the engineering units and sent to several 

other blocks for processing, as shown in Figure 1.   

 

Figure 1: BSP100 Bergoz signal processing block 

diagram. 

In the continuous processing block (shown in Figure 2), 

acquired data from the Bergoz BPMs will be available at 

EPICS rate and at a fast data stream. The BSP100 

 ___________________________________________  

*Work supported by U.S. Department of Energy, Office of Science, 
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provides a 100-Mb/s TAXI-compatible link that carries 

data to the feedback system. 

The BSP100 provides one second (262144 samples) 

turn-by-turn beam history, a virtual digital oscilloscope 

(4096 samples @ 88 MHz), single-turn acquisition, and 

slow beam history for machine studies and postmortems. 

PROTOTYPE TEST RESULTS 

The prototype of the NbBPM with BSP100 was 

installed at sector 38. The four 10-mm-diameter pickup 

electrodes were mounted on the standard elliptical 

vacuum chambers and connected to the 4-into-1-into-4 

splitter with a variable attenuator between the four-way 

combiner/splitter, as shown in Figure 3. This setup 

minimized the physical noise from real beam motion, and 

only electronics noise was measured. Varying the 

attenuator simulated change in the intensity and noise. 

 The signals from the 4-into-1-into-4 splitter combo 

went to the Bergoz receiver with BSP100 interface and 

simulated a beam on-axis. The FPGALabTurnHistory 

controlled the BSP100 module to clock the Bergoz BPM 

taking data using 324- or 24-singlet fills and eliminating 

aliasing lines caused by the Bergoz multiplexer beating 

against the fill pattern. The Bergoz receiver operated 

properly to an external frequency of 33.94 kHz, while 

varying an attenuator over the range 0 to 50 dB.  

The sensitivities of 10-mm-diameter buttons in the 

standard elliptical chamber on horizontal and vertical 

planes are 0.058 mm
-1

 and 0.055 mm
-1

, respectively [5]. 

The calibration factor formula of NbBPM is 

 
ySensitivitGain

d
11

,  (1) 

where d is the calibration factor, Gain is the Bergoz BPM 

module X/Y gain, and Sensitivity is the vacuum chamber 

sensitivity. 

The gains of the Bergoz modules used in the 

measurement are Gainx = 0.148V / % and Gainy = 

0.161V / %. 

The overall calibration factor of the NbBPM and the 

electronics system is 1.165 mm/V and 1.129 mm/V on 

horizontal and vertical planes, respectively. They were 

used in the following measurements. 

The Fill Pattern Dependence 
Figure 4 illustrated the root-mean-square (RMS) of the 

cumulative integral of the power spectral density (PSD) 

with 24- or 324-singlet fill patterns on the vertical plane. 

It shows the fill pattern dependence. The performance on 

the horizontal plane was similar.  

The Intensity Dependence 
Figures 5 and 6 represented the RMS of the cumulative 

integral of the PSD for various attenuations on the 

horizontal and vertical planes with 24- or 324-singlet fill 

patterns, respectively. They show the intensity 

dependence. 

 

Figure 2: Continuous signal processing block diagram. 

 
Figure 3: Measurements setup at Sector 38. 

 Figure 4: Cumulative RMS for different fill patterns on the vertical plane. 
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Figure 5: Cumulative RMS for different intensities with a 

24-singlet fill. 

 

Figure 6: Cumulative RMS for different intensities with a 

324-singlet fill. 

The Synchronous and Asynchronous  
Using the existing data acquisition system, aliasing 

spikes were observed in some P1 NbBPMs located at the 

standard elliptic vacuum chambers. The aliasing is caused 

by the beating of the Bergoz internal clocks with various 

other processing clocks residing within the NbBPM 

chassis and by different accelerator fill patterns, 

especially the hybrid fill pattern [6].  

The upgrade prototype with BSP100 was provided an 

external clock signal synchronized to the APS revolution 

clock with the expectation of eliminating the aliasing. The 

noise data were taken with the 24-singlet fill pattern, 

shown in Figure 7. 

There is no obvious difference on the vertical plane at 

sector 38 for the 24-singlet fill pattern with and without 

the external clock synchronized to the APS revolution 

clock. It may be because the aliasing appeared serious 

only in some sectors, especially for a hybrid fill. 

 

Figure 7: PSD for a 24-singlet fill on the vertical plane 

with and without the external clock synchronized to the 

APS revolution clock at sector 38. 

SUMMARY 

Using the 4-into-1-into-4 splitter with a variable 

attenuator between the four-way combiner/splitter, a 

prototype of an NbBPM with BSP100 was connected to 

the 10-mm-diameter buttons mounted on the standard 

elliptical chamber. A varying-intensity on-axis beam was 

simulated by changing the attenuator. The noise was 

measured with 24- and 324-singlet fill patterns. The 

intensity dependence and fill-pattern dependence were 

studied. More data for different fill patterns and off-axis 

beam will be conducted in the future.  
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ULTRA-HIGH VACUUM SEAL FOR LONG CHAMBERS USING WIRE 
SEALS* 

H. Fernandes#, P. Cappadoro, T. Corwin, D. Harder, P. He, C. A. Kitegi, W. Licciardi, M. Musardo, 
G. Rakowsky, J. Rank, C. Rhein,  and T. Tanabe,  

National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, NY 11793, USA

Abstract 
As the length of insertion devices (ID’s) increase for 

synchrotron light sources, so does the need to have larger 
ultra high vacuum (UHV) sealed chambers, which in turn 
necessitates the use of creative ways of sealing these large 
chambers in the UHV range (10-11 torrs).The method 
specified below was used to seal a 4-meter test vacuum 
chamber successfully in the ultra high vacuum range. 
This method could be used for sealing ID chambers of 
lengths larger than 4 meters in the UHV range due to its 
simplicity and reduced cost advantage. This test chamber 
was also baked for 3 cycles to check for the integrity of 
the seals and final vacuum levels. 

INTRODUCTION 
The ultra high brightness NSLS-II storage ring is under 

construction at Brookhaven National Laboratory. It will 
have 3GeV, 500mA electron beam circulating in the 
792m ring, with very low emittance (0.9nm.rad horizontal 
and 8pm.rad vertical). Significant increases in brightness 
requirements for the third generation ID has led to 
increased length of ID and hence increased length of 
vacuum chambers. The wire seal method outlined below 
depicts a way of sealing these long vacuum chambers in a 
cost efficient way. Other sealing methods for chambers 
such as Helicoflex TM seals, metal gaskets, metal O-ring 
seals and differential pumping methods were studied as 
potential sources for sealing large vacuum chambers 
(>2.5 meters) [4]. Of these methods, only the wire seal 
made it to manufacturing, testing and optimization; the 
other methods were ruled out due to their high cost, 
difficulty in manufacturability by vendors due to low 
production quantities, or failure to meet UHV 
requirements in terms of operational efficiency and 
difficulty in installation. The wire seal was able to seal a 
4-meter-long vacuum chamber in the UHV range and was 
also able to maintain the same vacuum specifications 
during and after baking. Here, we outline the procedure 
used to seal a 4 meter test vacuum chamber, specify the 
test results for this chamber, and mention possible 
methods to improve the wire seal. 

TEST CHAMBER CONSTRUCTION 
SPECIFICATIONS 

The seal was tested on a 4-meter test chamber that had 
a modular design. This design reduces the cost of the 
R&D chamber to a minimum, as it consists of mainly 
steel plates. The modular design of the vacuum chamber 
consists of a base plate as shown in Figure 1. A spacer 

plate has grooves cut for o-ring seals, which are placed 
between the front plate and the back plate. The distance 
between the front plate and the base plate is 0.75”. This is 
maintained to a minimum in order to keep just enough 
room for bowing of the chamber inwards. 

 
          

 
 

Figure 1: Construction details of test chamber. 

O-ring seals were used on either side of the spacer plate 
to seal the spacer plate with the front plate and back plate. 
A weld neck was welded onto the front plate. During the 
first phase of the testing procedure, the top surface of the 
cover plate and the mating face of the weld neck were 
polished to 32 micro-inches surface finish because a wire 
seal would be placed and tested on this surface. During 
the second phase of the testing procedure, the two mating 
surfaces were polished to a 16 micro-inch surface finish. 
The length of the testing surface for the wire seal is 
approximately 3.6 meters. The entire vacuum chamber 
from end to end is 4 meters, as shown in Figure 2 below. 
Stiffening ribs were welded onto the surface of the front 
plate toward the cover plate. The main reason for the 
stiffening ribs was to have a chamber with adjustable 
stiffness which could be either increased or decreased by 
inserting stiffeners along the length of the stiffening ribs. 
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Figure 2: Construction details of test chamber. 

 
In order to seal the face, it is essential to have a regular 

bolting pattern for the sealing face. 3/8 inch socket head 
cap screws along with washers were used with spacing 
between the bolts of 1.457 inches [2], as shown in Figure 
3 below. At each of the corners of the cover plate, two set 
screws were used in order to prevent the cover plate from 
coming in contact with the wire during initial alignment. 
The set screws were loosened initially, so as to maintain a 
gap of more than 1 mm, which is the thickness of the 
wire. 

 

 
 

Figure 3: Corner bolt configuration. 

 
Four wire seal adjusting fixtures are set at each end of 

the cover plate. The wire fixtures are designed such that 
the tension in the wire as well as the position with 
reference to the wire placed on the cover flange is 
adjustable using spring-held linkages, as shown in Figure 
4. This design is a novel idea to adjust the tension in the 
wire seal, which in turn helps reduce sag in the wire, as 
well as positioning it as close as possible to the bolting 
pattern. This is a critical component in the installation and 
testing process, as the position of the wire has direct 
effects on the attainable vacuum pressure within the 
chamber.  

Two annealed wire seals (aluminum) of different purity 
were tested on this chamber. Pure aluminium (99.95% 
pure and 1 mm thick), as well as pure aluminum 
(99.995% pure and 1 mm. thick, and much softer than the 
former) were tested. 

 
 

Figure 4: Wire seal adjusting fixtures. 

TESTING PROCEDURE 
The chamber was tested in the vertical position in order 

to replicate the actual ID chambers sealed while in 
operation. This also helps in determining the effect of sag 
of the wire, which is maximum at the center of the 3.6-
meter sealing face.   

The O-rings were placed in the spacer plate groove and 
the corresponding back plate and front plate were aligned 
with the spacer plate. Clamps were then installed to seal 
the back plate, spacer plate, and front plate. The cover 
plate was then aligned with the bolting pattern of the 
mating bolting pattern of the weld-neck flange. Wire seal 
adjusting fixtures were then installed with the wires and 
their position was adjusted with the linkages. It is critical 
to have the wire not more than 1/8 of an inch away from 
the edge of the center bolting hole.  

Figure 5 illustrates the wire position with reference to 
the cross bolting hole pattern. Since the maximum sag in 
the wire is at the center, the wire would be further away 
from the edge of the center bolting hole. It is absolutely 
essential to adjust the tension and position in the wire, 
which in turn helps in keeping this distance to a 
minimum. Observations have shown that this is the 
critical position where vacuum leaks occur in the UHV 
range, if the wire seal is not aligned well during 
installation. The custom-designed dual linkage Wire Seal 
Adjusting Fixtures help in aligning and tensioning the 
wire to the correct tension and position. 

 

 
 

Figure 5: Cross wire configuration at the corner.  
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At the cross point of the wire seal, as shown in Figure 
5, ½-inch bolts were used to provide the required torque 
necessary to bolt the chamber at the cross point seal . A 
definite bolting pattern was followed, as mentioned by 
Savino [2]. The bolting sequence mentioned by Savino 
[2] helps in moving the crushed wire material away from 
the center and towards either end of the chamber. This is 
essential to maintain a uniform seal. The chamber was 
then pumped down to the UHV range through pump ports 
on the cover plate. A leak test was done to determine if 
the chamber was UHV compatible. This was followed by 
three baking cycle tests. 

BAKING PROCEDURE 
The chamber was then baked in an oven to 150 degrees 

C. This was done to replicate the actual baking procedure 
for all ID vacuum chambers at NSLS-II and study the 
effect of baking on the wire seal. During the baking 
process, the temperature was ramped to 150 degrees C in 
steps of 10 degrees per minute from a room temperature 
of 25 degrees C [1]. The pressure within the chamber was 
monitored during the entire baking process. The chamber 
was baked for a period of approximately 4 hours at 150 
degrees C. The chamber was then left to cool down in the 
oven for a day. The vacuum chamber was then removed 
from the oven and tested for leaks. Three bake cycles 
were carried out on this chamber.  

RESULTS AND CONCLUSION 
Softer annealed aluminum wire seal which is 99.995% 

pure gave the same results as 99.95% pure wire. An 
important factor for UHV seals for large vacuum 
chambers was the surface flatness. The first test was 
conducted on a 32 micro-inch surface finish, which sealed 
the chamber. Chambers were leak tested to approx. 
1.9x10-10 Torr Lit/sec. However, there were a few leaks 
observed at critical points, mainly around the center of 
the chamber where the sag in the wire was maximum, as 
well as around surface imperfection where the 32 micro-
inch surface finishes were not maintained. These leaks 
were negotiated by increasing the torque on the bolts in 
this area and testing for leaks [5]. These leaks spots 
would seal if this process was used. However, on 
polishing the surface to 16 micro-inch, better results were 
obtained wherein the chamber was leak tested to 6.9x10- 
11Torr Lit/sec, an improvement of ~ 64 %, compared to 
the 32 micro-inch surface finish. 
 

It was also observed that the vacuum chamber pressure 
reduced from 2.15x10-5 Torr to 8.7x10-6 Torr, as seen in 
Figure 6, when the surface finish was reduced from 32 
micro-inches to 16 micro-inches. This value is dependent 
on the elastomer O-ring seal. The position of the seal 
from the bolt edge also affects the seal. For optimal 
results, it was observed that the wire seal should not be 
placed any more than 1/8” away from the edge of the 
sealing bolt. Bolts used for sealing should have washers, 
and it is advisable to have bolts with maximum 

permissible torque (>250 inch-lb),; in case of a leak at 
certain spots, torquing down the bolts around the leak 
spots would mostly seal the leak. Vacuum levels of 10-6 
torrs were obtained, as shown in Figure 6. After the first 
baking cycle, a few leaks were noticed at the edges; these 
were eliminated by progressively tightening the bolts in 
sequence. On doing so, vacuum level was maintained to 
the 10-6 torr range after the second and third baking cycle. 
 

 
Figure 6: Pressure measurement. 
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DESIGN AND TESTING OF FARADAY’S CUP FOR NSLS-II LINAC AND 
BOOSTER*

H. Fernandes#, B. Belkacem, W. Cheng, W. Guo, B. Kosciuk, J. Rank, S. Sharma, O. Singh,
T. Tanabe and G. Wang

National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, NY 11793, USA

Abstract
NSLS-II will provide 500 mA, 3 GeV beam of 1 nm 

emittance. It’s planned to have top-off operation. To 
ensure bunch uniformity and constant current, the precise 
measurement of the charge becomes necessary. There are 
three Faraday Cup’s at the end of the transport line in the 
Linac and Booster transport lines which serve this 
purpose. The details of the design consideration are 
presented in this paper. The Diagnostic group at NSLS-
II, designed, prototyped and tested the Faraday Cup (FC).
Power density calculations and FEA simulations were 
carried out for the three cases.

INTRODUCTION
At NSLS-II, the FC’s serve as a beam dump and a 

charge measuring device, therefore we have three such 
devices at the end of each of the test beamlines. The beam 
energy in the Linac area is 200 MeV [1]. The beam size at 
FC1 and FC2 in the Linac transport line was found to be 
0.2 mm horizontally and 0.5 mm vertically. Figure1
below indicates the location of FC1 and FC2 in the Linac 
area. Figure 2 indicates FC3 in the Booster area. The 
beam energy in the Booster area is 3 GeV with a beam 
size of 2.3 mm in the horizontal direction and 0.27 mm in 
the vertical direction.

Figure 1:  Location of Faraday’s Cup in the linac area.

Figure 2: Location of the Faraday’s Cup in booster area.

Different devices are used to measure beam current.
One way to measure the total charge of the beam in 
normal operation is by non intercepting devices such 
as current transformers (ICT, and DCCT). This non 
destructive method is independent of beam energy. 
These devices have to be calibrated to a device that 
will collect the totality of the electrons. For this reason
an FC have to be installed close to the device to be 
calibrated (unknown losses between the two 
instruments introduce systematic errors).
Another method to measure the charge is by using 
FCs. In this case, we need to stop and dump the 
electron beam for a certain period, preferably at full 
energy and bunch repetition rate. FCs are installed at 
the end of the transport lines. The beam will be sent to 
the FC during beam tune ups. Beam stops are used to   
absorb the entire beam.

MECHANICAL DESIGN
The designed Faraday Cup consists of a beam stop 
(graphite and copper pieces), which is essentially used to 
stop the beam. This is followed by a beam dump 
(stainless steel pieces). Details of this design are indicated 
in Figure 3.The radiation shower produced after stopping 
the beam must be absorbed. This is achieved by using 
layers of lead and borated polyethylene sheets. The third 
most critical component of the Faradays cup is its 
electrical circuit, which consists of an integrator followed 
by a digitizer. The ceramic brake isolates the beam dump 
from the rest of the assembly. The charge is measured by 
integrating the output voltage across the ceramic break. 
The beam dump consists of six plates which are one inch 
thick made of SS-304 and are bolted together. A knife-
edge seal would ensure that the integrity of vacuum is 
maintained. This is machined on the first plate face of the 
SS-304 plate. 

          
Figure 3: Construction details of FC.
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A carbon graphite cone is used mainly to reduce
backscatter after beam stop shower. A spool piece is used 
to attach the components downstream of the beam stop. 
To prevent ozone generation, the front of the cup is in 
vacuum. Lead bricks are used for blocking the radiation 
and these bricks are surrounded by High Density 
Polyethylene (HDPE) sheets for shielding neutron 
radiation. The thickness of the lead and poly shields is 
based on the Linac and Booster beam parameters and was 
determined using Monte Carlo simulation. Typical lead 
and HDPE shielding configuration is shown in Figure 4. 
Shielding was provided in layers of lead and poly 
thickness to each of these dumps to block the radiation 
remaining from the steel plates, which is around 67.6KeV 
for FC3. The carbon re-entrant cone was machined at a 
cone angle of 30 degrees [2].

Figure 4: Shielding thickness for FC.

TESTING AND CALCULATION RESULTS
While penetrating the layers of the Faraday’s Cup, the 

electrons interact with the material atoms both elastically 
and inelastically. For electrons with energy higher than 
tens of Mev, the energy loss is mostly through 
Bremsstrahlung, and can be well described by

0/
0)( xxeExE .                                              (1)

Where E0 is the initial energy and the radiation length

2
0

)287ln()1(
4.716

cmg
zZZ

A
X .       (2)

With A as the atomic number and z the charge number. 
The beam divergence, however, is mostly affected by 

the frequent Coulomb scattering with the nucleus. The 
angle growth rate is given by

)]/ln(038.01[/
6.13

00 xxxxz
cp
MeV . (3)

To calculate the heat deposition and radiation issues, 
we consider FC3, which is subjected to most severe 
conditions. The initial beam size is calculated from the 
lattice functions, i.e., the emittance from the Booster is 
40/4 nm in x/y; the relevant lattice functions at the 

x/y

x/y=1.7/1.0. The subsequent angle and beam size were 
obtained by integrating Eq.(3). The beam property for 
FC3 is summarized in the following table.

Table 1: Beam Parameters through Materials for FC3
Material L

mm
X0 0 E0

eV
x

mm
y

mm
start 0 0 0 3G 2.3 0.27
Graphite 76.8 0.45 0.45 1.9G 10 2.8
Copper 23.8 1.65 2.1 0.36G 44 23.4
Steel 151.2 8.6 10.7 67.6K * *

*The beam turns into a shower at the end of the steel 
plates. Beam size was also calculated based on the 
thicknesses and materials of each of these components.  
For the Linac FC, the beam size on the graphite surface 
was found to be an ellipse of 20 mm width and 24 mm 
height. The beam power is deposited on the surface as a 
conservative approximation. As can see in fig. 3, for a 
charge of 15 nC in the linac area, the maximum 
temperature was found on the graphite is 35 Degree C.

Figure 5:  FEA simulation of linac transport line FC.

For the Booster FC, considering the charge of 10 nC, 
the total power was around 30 W, with maximum 
Temperature of around 196 Degree C. 

Figure 6:  FEA simulation of booster transport line FC.

DESIGN OPTIMIZATION
Ensuring the accuracy of charge measurements require 

careful attention and accounting for all the error sources.
In reality there are multiple reasons for electrons losses 
that must be considered during the design phases. 
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Penetration losses: Adequate size (radius and length) 
of the beam stop with a safety margin was calculated for 
preventing penetration losses. The design ensures that the 
width of the dump is 5 times the radiation length on both 
sides.

Backscatter losses: The conical shape of the beam 
stopper reduced the electrons escape solid angle [3].
Graphite used has a low atomic number than the high Z 
value which helps the beam stop to slow the incoming 
beam and allow all the particles to flow to the conductive 
dump.

Current leakage: Charge leakage due to insufficient 
impedance to ground may occur in the FC system: FC 
itself (support structure and enclosure), RF cables, 
integrator, or digitizer. The insulation is made of very 
high resistance material (G10 plate 0.75 inch thick).                                                                       
A known source was connected in parallel to the Faraday 
cup during integration tests, and leakage charge was 
found to be negligible (< 1pC).

BEAM MEASUREMENT
An RC network integrates the cup output voltage for 

measurement by a digitizer DC252 (4GS/channel, 2 GHz 
bandwidth, 10 bit resolution). The FC will be used to 
cross check the ICT’s reading.  To reduce signal loss, a 
low loss RF cable LMR900 is used to connect the FC to 
the digitizer. Figure 7 illustrates the bloc diagram of the 
FC system. The charge is calculated by integrating the 
voltage pulse area over a designated region of interest 

(ROI). Q = . , where R = digitizer input 
impedance. The digitizer output waveform is displayed in 
the control room from the appropriate CSS panel.
Figure 8 is a screen shot of beam measured by the 
transport line FC2.

Figure 7:  Block diagram of the FC measuring system.

Figure 8:   Transport line FC measured beam.

Figure 9: BINP FC VSWR measure- 20 GHz span.

CONCLUSION
During LINAC commissioning we have seen that FC1 

does capture close to 100% of the beam seen at ICT1, 
while FC2 captures about 85% of the beam (FC1 closer 
from ICT1 than FC2). To measure the time structure of 
the beam FC1 will be replaced in the future by a wide 
bandwidth coaxial Faraday cup [3].

The heat simulation studies outlined  above also 
indicate that the booster dump is much hotter than Linac 
dump but well within the melting point of graphite, hence 
a safe design. 
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PREPARATION AND INVESTIGATION OF ANTIMONY THIN FILMS FOR 
MULTI-ALKALI PHOTOCATHODES

X. Liang, M. Ruiz-Osés, I. Ben-Zvi, Stony Brook University, Stony Brook, NY, 11794, USA 
S. Schubert, E. Wang, Q. Wu, T. Rao, K. Attenkofer, J. Smedley, BNL, Upton, NY, 11793, USA 

J. Wong, H. Padmore, LBNL, Berkeley, CA, 94720, USA 
J. Jordan-Sweet. IBM T. J. Watson Research Center, Yorktown Heights, NY, 10598, USA 

 
Abstract 
     Multialikali antimonide photocathodes exhibit high 
quantum efficiency in the visible light range, with low 
thermal emittance and are excellent candidate materials 
for high average current next generation ERLs or high 
repetition rate FELs. Although these materials have some 
excellent characteristics, control of the growth mode of 
the thin film and ultimately the surface roughness is 
difficult and will affect the emittance that can be obtained 
in high gradient fields. Being the first step in multi-alkali 
photocathode growth, the morphology of Sb films was 
investigated. X-ray diffraction pole figure (PF) 
measurement was used to determine the crystallinity of 
the Sb films. The measurements were complemented by 
atomic force microscopy (AFM) to determine the 
roughness and particle size. This study demonstrates how 
minor changes in deposition rate, thickness and substrate 
temperature can influence the Sb film properties.   

INTRODUCTION 
      A.H. Sommer discovered that alkali metals such as 
Sodium (Na), Potassium (K), combined with antimony 
(Sb) result in photocathodes with high sensitivity and 
wide spectral response. Although methods for producing 
high QE films were established long ago, the remaining 
problems are mainly how to achieve good stoichiometric 
control so that long wavelength behaviour is reproducible 
and how to make very smooth films as required for high 
gradient photoinjectors. A collaboration of Stony Brook 
University, Brookhaven National Lab and Lawrence 
Berkeley National Laboratory aims to improve the 
performance of alkali antimonide photocathodes by using 
the tools of modern materials techniques such as X-ray 
diffraction (XRD), grazing incidence small angle X-ray 
scattering (GI-SAXS), X-ray reflectivity (XRR), AFM 
and X-ray photoelectron spectroscopy (XPS). [1-5] 
      This report will focus on recent progress in the 
analysis of the relationship between evaporation rates, 
film thickness and roughness.  

EXPERIMENTALS 
Ex-situ X-ray diffraction pole figure measurement was 
performed at the National Synchrotron Light Source 

(NSLS) X20A beam line at Brookhaven National 
Laboratory (BNL). For the PF measurement, the incident 
X-ray flux is approximately 8*1010 photons/second and 
the energy of the X-rays is 8.05KeV (λ = 1.5406Å). The 
size of the incident X-ray beam is 0.7 mm high and 
0.7mm wide. The incident angle at the center of the linear 
detector was 20 degrees.  
 

  
Figure 1: The experimental set up at the X20A beam line 
at NSLS. The beam line has a 4 circle Huber 
diffractometer, here just ψ and ϕ are moveable. 
 
   Si (100) wafers were used as the substrate, and all 
wafers were cleaned using hydrofluoric acid (HF), rinsed 
in deionized water and dried. The deposition was 
performed in a UHV chamber with a base pressure of 
4×10-9 mbar; a Pfeiffer® Prisma QMG 200 residual gas 
analyzer (RGA) was used to monitored contaminants 
during growth. Values of H2O never exceeded 5.8×10-10 
mbar, and CO/CO2 partial pressures were < 1×10-10 mbar 
during deposition. Deposition rates were monitored using 
an INFICON® quartz crystal film thickness monitor 
(FTM).   
   Surface topography was measured in air over a 1.5 × 1.5 
micron area using a Nanosurf® Easyscan 2 AFM with a 
pyramidal Si (A-CLA mode) probe in BNL building 911 
room 210A.   

GROWTH PROCESS AND ANALYSIS 
   Ex-situ XRD PF measurement has been used to 
characterize the phases and texture changes of Sb thin 
films. The substrate size of 2cm ×1cm was used. Sb thin 
films were deposited on these in the UHV chamber by 
thermal evaporation, with the Sb being evaporated from 

ψ 

φ 

 ____________________________________________  

*Work supported by the United States Department of Energy through 
Contract numbers DE-AC02-98CH10886 and at Stony Brook 
University under Grant No. DE-SC0005713 with the U.S.DOE. 
#liangx@bnl.gov                
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PtSb beads. To cover a wide range of growth parameters, 
Sb films were deposited at different evaporation rates at 
100C substrate temperature. For each evaporation rate, 
film thicknesses of 3nm and 10nm were produced; see 
table 1.   

 
Table 1: Sb Thin Film Sample Preparation 

Sample Evaporation 
Rate 

Thickness 

a 0.2Å/s 3nm 

b 0.2Å/s 10nm 

c 0.4Å/s 3nm 

d 0.4Å/s 10nm 

e 1Å/s 3nm 

f 1Å/s 10nm 

 
 
 

 
Figure 2: surface topography of six samples. (a) 0.2 Å/s, 3nm , 
σ=15.8Å;(b) 0.2 Å/s, 10nm, σ=14.6Å; (c) 0.4 Å/s, 3nm, 
σ=5.5Å; (d) 0.4 Å/s, 10nm, σ=3.8Å; (e) 1 Å/s, 3nm, σ=7.0Å; (f) 
1 Å/s, 10nm, σ=5.1Å.  
 

Figure 2 shows the topography and rms roughness of 
the sample. In general, the highest roughness values were 
measured for the lowest (0.2Å/s) evaporation rate 

samples. With the same evaporation rate, thicker films 
were smoother. 

 
Figure 3: 2D reciprocal space maps; d is the spacing 
between the planes in the atomic lattice. (a) 0.2 Å/s, 3nm 
(b) 0.2 Å/s, 10nm; (c) 0.4 Å/s, 10nm; (d) 1 Å/s, 10nm.  
 
    The reciprocal space for the Sb films was acquired 
using radiation with λ=1.5406Å. In these measurements, 
the incidence angle ω=20° and 2θ=40°. Figure 3 shows 
the 2D reciprocal space maps. From these graphs, the 
crystal structure of the thin films can be identified. Figure 
3 (a) shows an example of a 3nm Sb film. From this 
graph, strong Si diffraction peaks were detected. Si (131), 
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(220), (113) and (111) planes can be identified. No Sb 
peaks were found from films of this thickness, as their 
thickness was less than the critical thickness for an 
amorphous to crystalline transition in this material. Figure 
3(b) is for a 10 nm Sb film evaporated at 0.2Å /s 
corresponding to fig 2 (b); the diffraction peaks for the 
(012), (003), (006) and (104) planes are visible. (c) 10 nm 
Sb film evaporated at 0.4 Å /s corresponding to figure 
2(d); this is the same as (b) but the (202) and (021) 
diffraction peaks are present. The intensity of other Sb 
peaks such as (012) (104) and (003) are increased. The 
strongest crystalline features are exhibited by the 10 nm 
Sb film evaporated at 1 Å /s, see figure 3(d); this figure is 
corresponds to figure 2(f). In figure 3(d), the diffraction 
intensity of plane Sb(0 12) is the highest.    
   

  
Figure 4: Pole figures of four samples with the same d-
spacing. (a) 0.2 Å/s, 3nm; (b) 0.2 Å/s, 10nm; (c) 0.4 Å/s, 10nm; 
(d) 1 Å/s, 10nm.

 
Figure 4 presents the pole figure covering a range in d-

spacing values from 3.0812 Å to 3.1435 Å. These values 
cover the Sb (012) peak. (a), (b), (c) and (d) respectively 
corresponding to figure 3 (a), (b), (c) and (d). The sharp 
spots in the image correspond to the Si (001) peak. As 
shown on (a), the background intensity observed is nearly 
flat and showed no Sb crystalline features. From (b) to 
(d), the ring structure due to polycrystalline Sb became 
narrower and sharper, perhaps due to the increase of  

 
 
 
 
 
 
 
 
 
 
 

particle size, though figure 3 makes it clear that there are 
two (012) orientations present in (c) and (d).  

CONCLUDING REMARKS 
    The evolution of the crystalline structure and 
topography of Sb films with different evaporation rates 
and thicknesses at a substrate temperature  of 100C has 
been investigated via X-ray diffraction pole figure and 
AFM measurements.  

AFM measurements indicate the final surface 
roughness is mainly affected by the evaporation rate. The 
highest roughness values were measured at the lowest 
deposition rate of 0.2Å/s. Multi-alkali photocathodes are 
usually grown from Sb films. In order to avoid a high 
roughness surface, high deposition rates should be used.  

Pole figure measurement shows that the deposition rate 
affects the crystallinity of the Sb film. The thickness also 
influences the final texture of the Sb film. When the Sb 
thickness is small, there is no fiber texture. When 
approaching a film thickness of 10nm, a significant fiber 
texture develops.  
     A wide parameter space still remains to be 
investigated, such as using different substrate 
temperatures and a wider range of deposition rates. The 
specific relationship between the initial Sb layer structure, 
roughness and the final performance of the cathodes also 
needs to be determined. Further to this, other sources of 
roughness will be measured, such as that which results 
from thin film strain on reaction with K and Cs.   
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SIMULATION AND OPTIMIZATION OF MULTI-SLIT BASED
EMITTANCE MEASUREMENT FOR BNL ERL∗

C. Liu† , D. Gassner, D. Kayran, M. Minty, P. Thieberger, BNL, Upton, NY 11973, USA

Abstract

A code for determining the beam emittance from a multi-
slit image has been developed. To verify its validity, we
simulated a beam distribution in 4D phase space at the
multi-slit position and the resulting image at a downstream
profile measurement device. We applied the algorithm to
this image pattern to recover the beam emittance at the slit
position. The dependence of the relative difference of the
inferred emittance and the input emittance on the slit width
and drift length are studied in detail and presented in this
report.

INTRODUCTION
At the BNL ERL, a multi-slit device will be used for di-

rect measurement of two dimensional beam phase space,
which samples particles at discrete horizontal (or vertical)
positions and projects the sampled beam on a downstream
screen. The beam size and divergence of the sampled beam
can be determined using the image acquired by the down-
stream profile device and the mask pattern dimensions. The
emittance of the beamlets sampled by the multi-slit mask
will be shown to be representative of the emittance of the
beam incident on the mask. Here we will present the al-
gorithm and its application using simulated data, and a
study of geometry-dependent systematic errors in the in-
ferred emittance.

ALGORITHM
The schematic for a multi-slit emittance measurement

device is shown in Fig. 1. The incoming beam is sampled
by a multi-slit mask. Beamlets formed by the mask project
onto a profile measurement device and the resulting image
is recorded. The beam size at the slits can be determined
by the dimension of the slit pattern and the intensity of the
beamlets. The beam divergence can be determined by the
intensity distribution on the profiler.

The well accepted rules for multi-slit mask design [1, 2]
are: the slit spacing is chosen such that beam is divided
to 4-8 beamlets; the slit width is as narrow as possible as
limited by current fabrication techniques; the drift length
between mask and profiler is such that beamlets will spread
out on the profiler until they overlap; the mask thickness
is thick enough to stop most incoming particles; and the
opening angle of the slit is comparable to the anticipated
beam divergence.

Detailed formulas for slits emittance measurement can
be found in Ref. [3]. The projection of the recorded im-

∗The work was performed under Contract No. DE-AC02-98CH10886
with the U.S. Department of Energy.

† cliu1@bnl.gov

Figure 1: Schematic of a multi-slit emittance measurement
device (not to scale).

age is usually treated as a multi-Gaussian distribution. The
average divergence of each beamlet is calculated based on
slit positions and peak positions. The rms divergence of
the beamlets is calculated from the rms of the fitted Gaus-
sian peaks. Suppose we get three arrays of parameters from
multi-Gaussian fits of the projection, a, b and c, which are
the intensity, peak position and sigma of the peaks. The slit
positions are represented by an array x. The centroid of the
beam at the mask is < x >= 1∑

n
i=1 ai

∑n
i=1(ai ∗ xi), here

n is the number of beamlets. The rms size at the mask is

< x2 >=
1

∑n
i=1 ai

n∑

i=1

(ai ∗ (xi− < x >)2)

The average divergence of the beamlets is given by x′
i =

(bi − xi)/L. The average divergence of the sampled beam
is < x′ >= 1∑n

i=1 ai

∑n
i=1(ai ∗ x′

i). The rms divergence

of the beamlets is σ′
i = ci/L. The rms divergence of the

sampled beam at the mask is

< x
′2 >=

1
∑n

i=1 ai

n∑

i=1

(ai ∗ σ′2
i + ai ∗ (σ′

i− < x′ >)2)

The position angle correlation term is

< xx′ >=
1

∑n
i=1 ai

(

n∑

i=1

ai∗xi∗x′
i−

n∑

i=1

ai < x >< x′ >)

Then the emittance is calculated by

ε =
√
< x2 >< x′2 > − < xx′ >2
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Figure 2: The intensity distribution of sampled beamlets at
the mask.

SIMULATION
It turns out to be difficult to implement cylindrically non-

symmetrical masks in particle tracking code. Therefore,
a standalone Python code has been developed to simulate
a beam distribution in phase space and to track the distri-
bution through a drift space. Space charge effects are not
considered. The statistical error is minimized by generat-
ing and tracking 500,000 particles. The density distribu-
tion is set to be Gaussian in 4D phase space with standard
deviation of 1 mm for position and 1 mrad for divergence
for both planes (numbers are chosen according to the ex-
pected BNL ERL beam parameters). In the following, we
will try to recover horizontal emittance with the algorithm
presented in previous section.

The exact horizontal emittance of initial beam is
1.001 mm·mrad. The vertical multi-slit mask is designed
with a slit width of 0.1 mm and a spacing between slits
of 0.9 mm. One of the slits is set to be centered on the
beam. The intensity distribution of the sampled beamlets
at the mask is shown in Fig. 2. The horizontal emittance
of the sampled beam is 0.998 mm·mrad. This shows that
the sampled beam represents the real beam well in terms of
emittance.

After propagation in a drift space (L =0.15 m), the
beamlets project onto a profiler (YAG screen for the BNL
ERL) with a 2D image shown in Fig. 3.

The projection of the 2D image at the profiler on the
horizontal plane produces a 1D distribution of multiple
quasi-Gaussian peaks. A Python program fits the distri-
bution to multiple Gaussian peaks (a good approximation
for our case with narrow slits). In the process, one finds
the intensity of each beamlet, rms width and peak location.
The Gaussian fits of the original distributions are shown in
Fig. 4. The calculated emittance is 1.067 mm·mrad.

Slit Width Dependency
The Gaussian peak assumption and calculation of rms

divergence of beamlets are possible due to the fact that
the slit width is relatively small. Therefore, the finite slit
width may introduce a systematic error in the final deter-

Figure 3: The intensity distribution of sampled beamlets at
the profiler for a drift length of 0.15 m.

−4 −3 −2 −1 0 1 2 3 4
x (mm)

0

100

200

300

400

500

600

700

800

In
te
n
s
it
y
(a
.u
.)

Figure 4: The horizontal projection of 2D image on the
profiler and its multi-Gaussian fitting for a drift length of
0.15 m.

mined beam emittance; in principle, the narrower the slit,
the closer the measured and real emittances will be. We
studied the slit width dependency of the retrieved beam
emittance with results shown in Table 1. In these simu-
lations, the sum of slit width and slit spacing is kept con-
stant at 1 mm so that total number of beamlets is always
seven. Real emittance refers to the emittance of the ini-
tial beam, the sampled emittance is the emittance of the
beam sampled by multi-slit mask, the simulated emittance
is the emittance determined by the algorithm introduced.
Deviation refers to the relative difference between simu-
lated emittance and sampled emittance.

The slit width correction has been developed and will be
presented in a separate note.

Drift Length Dependency

Slit widths smaller than 80 μm are difficult to produce
due to mechanical fabrication limitations. For the BNL
ERL, the slit width is designed to be 100μm. One other
parameter which has impact on the simulated emittance is
the drift length. The well accepted criteria is that the drift
length should be long enough until the beamlets overlap.
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Table 1: Slit Width Dependency of Simulated Emittance

Slit Width Slit Spacing Drift Length Real Emittance Sampled Emittance Simulated Emittance Deviation

0.05 mm 0.95 mm 150 mm 1.000 mm·mrad 0.993 mm·mrad 0.996 mm·mrad 0.3 %
0.08 mm 0.92 mm 150 mm 1.000 mm·mrad 0.995 mm·mrad 1.009 mm·mrad 1.4 %
0.10 mm 0.90 mm 150 mm 0.998 mm·mrad 0.991 mm·mrad 1.012 mm·mrad 2.1 %
0.12 mm 0.88 mm 150 mm 1.003 mm·mrad 1.006 mm·mrad 1.037 mm·mrad 3.1 %
0.15 mm 0.85 mm 150 mm 1.001 mm·mrad 0.993 mm·mrad 1.037 mm·mrad 4.4 %

Table 2: Drift Length Dependency of Simulated Emittance

Slit Width Slit Spacing Drift Length Real Emittance Sampled Emittance Simulated Emittance Deviation

0.10 mm 0.90 mm 100 mm 1.002 mm·mrad 1.005 mm·mrad 1.043 mm·mrad 3.8 %
0.10 mm 0.90 mm 120 mm 1.003 mm·mrad 0.997 mm·mrad 1.024 mm·mrad 2.7 %
0.10 mm 0.90 mm 150 mm 1.000 mm·mrad 0.997 mm·mrad 1.013 mm·mrad 1.6 %
0.10 mm 0.90 mm 180 mm 0.998 mm·mrad 0.990 mm·mrad 0.998 mm·mrad 0.8 %

−4 −3 −2 −1 0 1 2 3 4
x (mm)

0

200

400

600

800

1000

In
te
ns

it
y
(a
.u
.)

Figure 5: The horizontal projection and its multi-Gaussian
fitting for drift length 100 mm case.

The following study explores the drift length dependency
with results shown in Table 2.

The horizontal distribution and its multi-Gaussian fitting
for 100 mm and 230 mm drift length are shown in Fig. 5
and 6. The beamlets overlap significantly with each other
at a 230 mm drift length. We were able to determine a
more accurate emittance from the fitting at 230 mm than
at 100 mm. We believe this is due to the fact that the slit
width contribution is less when the drift length is longer.
Therefore, beamlet overlap is acceptable and desirable as
long as reasonable fitting can be produced.

SUMMARY

We developed a program for analyzing a multi-slit image
for emittance measurement. The functionality was verified
in simulations. From these we conclude that the narrower
the slit width the better precision of the emittance measure-
ment and that beamlets overlap on the profile screen is to
some extent desirable. In the future, we will include space
charge effects in the simulation.
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Figure 6: The horizontal projection and its multi-Gaussian
fitting for drift length 230 mm case.
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3D HALL PROBE CALIBRATION SYSTEM AT INSERTION DEVICE 
MAGNETIC MEASUREMENT FACILITY AT BNL * 

M. Musardo#, T. Corwin, D. Harder, P. He, C. A. Kitegi, W. Licciardi, G. Rakowsky and T. Tanabe,  
National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, NY 11793, USA

Abstract 
Hall probes are commonly used to measure local 

magnetic field, however they need to be calibrated. This 
paper describes the accurate 3D Hall probe calibration 
system developed by the NSLS-II Insertion devices 
group. The calibration system and the calibration curves 
are presented. An Arepoc 3D Hall probe used to 
characterize the Insertion Devices (IDs) has been 
calibrated. The probe contains three sensors oriented 
perpendicular to each other in order to measure three 
components of the magnetic field. The three Hall sensors 
are mounted on a circuit board and their active area 
dimensions are 0.05 mm x 0.05 mm with a linearity error 
up to 1 T less of 0.2%. 

INTRODUCTION 
The 3D Hall probe calibration system consists of a 

GMW dipole electromagnet, a precision magnet power 
supply system, a nuclear magnetic resonant teslameter 
(NMR) and a motorized probes supporting stage.  

In order to perform an absolute and precise calibration, 
the Arepoc 3D Hall probe must be positioned in a known 
magnetic field. The coordinate frame of the probe is 
indicated in Fig. 2. Sensor 1 is perpendicular to z 
direction (longitudinal direction), sensor 2 is 
perpendicular to x direction (horizontal direction) and 
sensor 3 is perpendicular to y direction (vertical 
direction). 

HALL PROBE CALIBRATION SYSTEM 
GMW dipole electromagnet (see Fig. 1) and a low 

noise and high stability Danfysik System 8500 Power 
Supply are used to create a constant and uniform 
magnetic field in the region around the point midway 
between the coils. The maximum magnetic field obtained 
with a current of 140 A at pole gap of 30 mm is of about 
2.148 T and the uniformity achieved is of 110 ppm in 10 
mm3. The magnet and the power supply are water cooled. 

A Metrolab PT-2025 NMR Teslameter System (Fig. 1) 
precisely measures the absolute magnetic field produced 
by the GMW dipole magnet. It is based on the nuclear 
magnetic resonance effect and achieves 5-ppm absolute 
accuracy and 1mG resolution for measurements in the 
range from 430 G to 137 kG. A multiplexer with different 
NMR probes is used, because the magnetic field value 
could be in one of several probe’s ranges. So the proper 
NMR probe needs to be chosen and positioned within the 

magnetic field in the right position. A motorized NMR 
Probe Supporting Stage (see Fig. 3) is used to manage the 
NMR probe and to position it in the center of the 
electromagnet.  

 

           
Figure 1: GMW dipole electromagnet and metrolab NMR 
teslameter. 

An integrated digital multimeter is used to measure the 
Hall voltages of the sensor under calibration and a Hall 
Probe Supporting Stage (see Fig. 4), needed to move and 
rotate the probe during the calibration, provides precise 
controlled linear and angular motions in all required 
directions. 

 

 
   Figure 2: Coordinate frame system. 

The control system written in LabView coordinates and 
automates the calibration measurements.  

 

     
Figure 3: NMR probe supporting stage. 

 ____________________________________________  

*Work supported by DOE contract DE-AC02-98CH10886 
#musardo@bnl.gov               
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The system is linked to a PC via GPIB for the NMR 
teslameter and a serial interface for the power supply and 
motion control system. 

The control system synchronizes the readings of the 
sensor’s voltage with the NMR probe signal and collects 
and processes the measurement data. 

CALIBRATION PROCEDURE 
Hall probe's output signal is a voltage that is 

proportional to the strength of the magnetic field in which 
the probe is placed. The calibration curve is a function 
that relates the Hall voltage to the strength of the field. 
For a 3D Hall probe is necessary to determine separate 
calibration curves for each of the three sensors. Knowing 
the calibration curve, you will be able to use the probe to 
measure the strength of an arbitrary magnetic field in the 
calibration range. The system calibration procedure 
includes the following steps: System Setup, Alignment and 
Calibration. 

In the System Setup step the connections of all devices 
must be checked and powered on. After the setup, the 
system needs to be properly aligned before calibration 
scan can be executed. Alignment of the sensors into the 
electromagnet consists in three following steps:  

• Align the NMR probes in the center of the 
electromagnet. 

• Align the Hall probe in the rotating stage. 
• Adjust the probes so that they are parallel to the 

electromagnet surfaces. 
Imperfect alignment obviously leads to an 

underestimate of the field. Therefore is important to align 
the Hall probe as well as possible. Instead alignment is 
not an issue for the NMR probe, which measures the total 
magnetic field.  

         
     Figure 4: Hall probe supporting stage 

The angular alignment of the Hall sensors with the 
transverse magnetic field of the electromagnet is made 
rotating the sensor around the z-axis and the y-axis until 
to maximize the reading of the multimeter (Hall probe 
voltage). In this way the deviation of the sensor from the 

perpendicular field direction can be reduced, because it is 
very sensitive to misalignment. 

The calibration positions of the sensors along to the 
direction of the magnetic field of the electromagnet are 
obtained by rotating the probe of 90˚ around the axis of 
sensor. If the sensors are precisely perpendicular to the 
direction of magnetic field of the electromagnet then the 
maximum Hall voltage is measured. In this way for each 
sensor in the proper calibration position were determined 
the alignment angles. 

A Hall sensor is not only sensitive to perpendicular 
magnetic field component B⊥, but also to the parallel 
component B||. If magnetic field vector is not precisely 
orthogonal to the Hall probe, an additional voltage is 
added to the Normal Hall voltage (VNH), due the field 
component in the plane of Hall sensor. This is known as 
Planar Effect (VPHE) [1]. 

 

                         

VNH =GRHIB⊥
VPHE ∝ IB||

2Sin(2ξ )
  (1) 

 
For low magnetic field (< 2T), the basic equation 

describing the relation between the local electric field E, 
the local current density J and the flux density B in a Hall 
sensor is given, neglecting the anisotropy effect, by 

 

     
B = ρJ − RH (J×B)−MρB× (B× J)   (2) 

 
where ρ  is the material resistivity, RH is the Hall 
coefficient an M is the transversal magnetoresistance 
coefficient. The Hall voltage and the Planar effect are 
calculated from equation 2 and for materials with a low 
carrier mobility, the equation that describing the Planar 
Hall voltage may be written as [3]: 

 

            
VPHE =

Mρ
2t

IB2Sin2ΘSin(2ξ )   (3) 

 
where  t  is  the  plate thickness, I is the applied current,  
Θ is the angle between B and axis perpendicular to the 
sensor and ξ is the angle between B||  and the current. 

To remove this error during the calibration, two 
configurations are considered: Normal and Reverse 
position. The Reverse position is obtained with a rotation 
of 180˚ around the orthogonal direction of the magnetic 
field of electromagnet. In Reverse position the polarity of 
the magnetic field and the Hall voltage changes sign, but 
does not change the planar Hall voltage, because is 
proportional to the square of the field. So the difference 
of the two voltages removes the Planar Effect: 

 

        

VNH =
V Norm −V Rev

H

2

VPNH =
V Norm +V Rev

H

2

  (4) 
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The calibration step, for each sensor, can be described 
with the following operations: 

 
1. Select the current on the Magnet Power Supplies 

System. 
2. Choose the relevant probe according to the 

magnitude of the field. 
3. Place the proper NMR probe at the center of the 

electromagnet. 
4. Start the measurement scans with NMR 

teslameter in Automatic Mode: This mode 
sweeps the radio frequency over the whole range 
of the FINE potentiometer. This represents a 
variation of ± 5 % of the frequency actually 
selected by the COARSE potentiometer [2].  

5. Read the NMR magnetic field locked. 
6. Place the Hall sensor in the center of the 

electromagnet at alignment angles. Read the 
Normal Hall Voltage. 

7. Rotate the sensor of 180º around the orthogonal 
direction of magnetic field in order to have the  
Reverse position. 

8. Read the Reverse Hall Voltage. 
9. Change the current of electromagnet and repeat 

the previous steps for whole calibration range. 
10. Rotate the sensor of 90˚ respect to each other, in 

order to have the next calibration position and 
repeat previous steps. 

The calibration was performed in the measurements 
range ± 1.9 T. The calibration at zero field was done using 
a zero-gauss chamber. 

AREPOC CALIBRATION CURVE 
The magnetic field from Hall probe voltage 

measurements can be written as: B=f(V), where B is 
magnetic field, V is the voltage of Hall sensor and f(V) is 
a nonlinear function: f(V)=K0+K1V+...+KnVn. 

     

 
      Figure 5: Calibration urve of By-

      

 
      Figure 6: Calibration curve of Bx-sensor. 

      

 
       Figure 7: Calibration curve of Bz-sensor. 

A polynomial fit of B=f(V) was done to determine the 
coefficients (see Fig. 5, 6 and 7). Using the equation 4, 
the voltage due to the Planar Hall effect was cancelled. 
The best order of the polynomial fit is the minimum value 
that does not involve significant changes to the residual. 
The main nominal parameters of the probe (current 10 
mA) are shown in table 1. 

 
Table 1: Main Nominal Parameters 

CONCLUSION 
The 3D Hall probe calibration system has been 

successfully used to calibrate an Arepoc 3D Hall probe. 
The system works very well and is capable of calibrating 
probes with high degree of accuracy.  

REFERENCES 
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NSLS-II MAGNETIC MEASUREMENT SYSTEM FACILITY* 

M. Musardo#, T. Corwin, D. Harder, P. He, C. A. Kitegi,                                                   
W. Licciardi, G. Rakowsky, J. Rank, C. Rhein and T. Tanabe,  

National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, NY 11793, USA

Abstract 
The National Synchrotron Light Source II at 

Brookhaven National Laboratory (BNL) is a storage ring 
of 3 GeV electron beam energy that will provide ultra 
high brightness and flux and exceptional beam stability 
using advanced insertion devices (IDs). The magnetic 
characterization of these devices is important to achieve 
these performances. In order to perform precise and 
accurate measurements of the NSLS-II IDs, several recent 
improvements on actual magnetic measurement system 
have been developed. The system includes a flipping coil 
bench to measure the first and second magnetic field 
integrals and a Hall probe bench to perform magnetic 
field measurements of different types of IDs.  

The main features of the hardware system, control 
program and the recent improvements in the magnetic 
measurements system are presented. 

INTRODUCTION  
All insertion devices for NSLS-II have been bought 

from different vendors. It is planned to measure these 
devices at NSLS-II in order to confirm vendors. Our 
magnetic measurements are the final verification of the 
complex design and fabrication process, so that proper 
certification of device can be made. The magnetic 
measurement system facility at BNL consists in a Hall 
probe bench MMB-6500, built by Kugler, GmbH and an 
Integrated Field Measurement System (IFMS), provided 
by ADC [1]. 

HALL PROBE BENCH  
The Hall probe mapping bench has an ultra-precision 

granite guide beam. There are nine conrolled axes. The 
air-ride Z axis has a travel distance of 6.5 meters.  The 
trajectory deviation for the Z axis carriage is ± 7 μm and 
the positioning accuracy is ± 1 μm. The X and Y axes are 
high precision stages.  Mounted to the Y stage carriage is 
a rotary stage.  Mounted to the rotary stage is a small X-Y 
stage.  Mounted to that is a pair of goniometers.  Thus the 
extended Hall probe can be positioned in any orientation 
and then translated (see Fig. 1).  The Z’ axis is used as a 
follower stage for transporting the cables, so that cable 
loading does not affect the Z axis trajectory.  
Instrumentation is also carried on the follower stage (see 
Fig. 2). 

The Z axis has two encoders.  A linear scale encoder is 
used for the motion control and a laser interferometric 
encoder is used for generating triggers. A Delta Tau 
controller is used for motion control.  A Senis 3D probe is 
used as the Hall sensor.    

Each Hall sensor, arranged along X-axis, has been 
accurately calibrated to provide a calibration curve of its 
response to the strength of the magnetic field up 1.9 
Tesla. The magnetic field sensitive volume for each 
sensor is 150x150x1 μm and the angular accuracy of axes 
with respect to the reference surface is  about of ± 2°.  
 

 
Figure 1: A: Machine coordinate system. Axis movements 
viewed from undulator towards granite. B: Arrangement 
of the goniometer head axes V, W, A, B and C. C: 
Arrangement of the three main linear axes X, Y, Z and 
auxiliary axis Z’. 

In order to improve the accuracy and the repeatability of 
the Hall probe measurements, the electronics of the data 
acquisition have been upgraded. In particular a new time 
synchronization system has been  developed in order to 
optimize the first integral repeatability and the precision 
of magnetic field measurements. Figure 3 shows the 
vertical field of a Damping Wiggler with period length of 
100 mm at the minimum gap of 15 mm (blue line) and the 
field difference between two consecutive Hall scans (red 
line), which represents an absolute error of the magnetic 
field, measured with the initial triggering method. This 
error is a periodic and systematic curve with precise 
harmonic frequencies (see Fig. 4). The peak-to-peak 
amplitude is about of 30 G and occurs around the 
magnetic field gradient. It is a strong indication of a small 
jitter in the start trigger of the Hall probe measurements.  
This trigger jitter was reduced by changing from a motion 
controller generated trigger to a trigger generated by 
external Hardware, the parallel digital signal from the 
laser encoder is processed in external logic which feeds a 
trigger signal into an FPGA aboard a National 
Instruments CompactRIO real-time PAC. The 
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CompacRIO also houses the digital-to-analog convertor 
which is used for data acquisition. In this fashion trigger 
latency for data capture is reduced to less the 1 μs.   

 
 Figure 2: Hall robe easurement ench  

The magnetic measurements made with the new 
triggering system were carried out with a step of 1 mm 
and a scan speed of 24 mm/s. 
 

Figure 3: Magnetic field (blue line), difference of 
consecutive Hall measurements (red line). 
 

                 
              Figure 4: Spectral analysis of the difference.  
 
Using this new system the error peak-to-peak is decreased 
to 5 G. (see Fig. 5), and also a improvement of the field 
integral repeatability was achieved.  
 

 Figure 5: Magnetic field (blue line), the difference of 
consecutive Hall measurements (red dot). 
 

The standard deviation for first field integral 
measurement of four consecutive scans is of 0.10 G m 
and for the second field integral is about 0.15 G m2. 

Figure 6 shows the horizontal electron trajectory of a 
Damping Wiggler obtained from four consecutive Hall 
probe measurements. The maximum absolute deviation is 
of few μm.  

Figure 6: Horizontal electron trajectory of Damping 
Wiggler with period length of 100 mm at gap of 15 mm. 

FLIPPING COIL BENCH 
The flipping coil bench is typically used to characterise 

the integrated field of long insertion devices [2,3,4]. A 
long coil is stretched between the two ends of the device. 
The bench consists of two supports located at each end of 
an ID. The pedestals are made from granite with 
extremely flat ±10 μm tolerance on the top surface. Each 
pedestal has 3 leveling feet that also provide ±10 mm 
adjustment in the Z (longitudinal) and X (transverse) 
directions and 50 mm in the vertical direction. The six 
linear stages have Renishaw RELM linear encoder 
feedback with 0.1 μm resolution and ±1 μm accuracy. All 
axes have limit switches and a home limit switch that is 
used to tell the motion controller that it is near the home 
pulse located on the encoder. Two rotary direct drive 
servos are used to achieve 1 revolution per second with 
an angular accuracy of 40 arc-sec and encoder resolution 
of about 0.005 deg. These eight servomotors are 
controlled by a Delta Tau GeoBrick PMAC-2. A Keithley 
DVM 2701 integrator is used for data acquisition with a 
custom switching card to select the measurement source. 
A Stretched 38 AWG beryllium copper wire is used to 
support the flip coil given to it mechanical rigidity and to 
reduce its sag. Coil rigidity is desired to attenuate its 
vibrations, swings and curvature. 

 Some recent upgrades have been carried out to 
improve the accuracy and the repeatability of the field 
integrals at high measurement speed. In particular a new 
control software has been developed to perform “on-the-
flight” measurements of both horizontal and vertical field 
integrals. The “on-the-fly” measurements are faster than 
the traditional “step-by-step” measurement, shortening 
significantly the measurement time of an ID. The 
measurement of the two field integral components in a 
range of 60 mm, with a measurement step of 1 mm and a 
scan speed of 55 mm/s is of 90 seconds against the 91 
minutes using the old method “step-by-step”.  

Lot of measurements with different integration time 
and velocity were carried out in order to optimize the 
accuracy and the reproducibility of the field integral 
measurement. A maximum velocity of 55 mm/s and an 
integration time of 16.67 msec provide the best 
compromise between higher sensitivity (large step) and 
better spatial resolution (small step). These settings  also 
ensure a good signal/noise ratio and a good repeatability. 
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The integration time affects the amount of reading noise, 
as well as the reading rate of the instrument. So a digital 
filter has been used to stabilize noisy measurements. The 
digital filter places a specified number of A/D 
conversions into a memory stack. These A/D conversions 
occur consecutively within a selected reading window. 
The readings in the stack are then averaged to yield a 
single filtered reading. The stack has be filled using the 
“repeating average filters”. To further reduce the high 
frequency electrical noise, created primarily from the 
several motors of the system, a capacitor of 1μF has been 
used (see Fig. 7, left). 
 

   
Figure 7: (Left) Electrical noise reduced by fitting a 
capacitor of 1 μF. (Right) Adhesive tape. 

The function of the capacitor is to dampen random 
electrical noise, which causes small voltage fluctuation. 
In addition the capacitor helps to filter and remove the 
alternating currents caused by ripple voltage. 

The disadvantage of an “on-the-fly” measurement is 
the vibration induced by the acceleration/deceleration at 
beginning and end of each movement. Electromechanical 
resonance was detected in the motors during the coil 
acceleration, causing small coil vibrations. To reduce this 
undesired effect, some pieces of adhesive tape were 
applied on the coil (see Fig. 7, right), it’s a very simple 
and cheap solution, but efficient. 

Figure 8 shows the horizontal (red line) and the vertical 
(blue line) field integrals as function of the transverse 
position. The standard deviation of five measurements is 
7 G cm for the vertical field integral and of 3 G cm for 
the horizontal component. The repeatability of the 
measurement using just the coil rotation mode (Fig. 9) is 
3.5 G cm for the vertical field integral and 2.5 G cm for 
the horizontal component. 

 

Figure 8: Horizontal field integral (red line),  vertical field 
integral (blue line)  
 

 
Figure 9: Voltage integrated (red line). Voltage readings 
(black line)  

CONCLUSION 
Replacing actual power supplies of the converter with 

DC batteries is an additional improvement of the Hall 
probe bench. The accuracy shall be increased as the use 
of DC batteries will eliminate time varying interference 
coupled into the converter via the power lines. 
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In this paper we report the upgrade of the diagnostics of 

the beam injection system at BNL NSLS.  Installation of 

commercially available turn+by+turn beam position 

monitors (BPMs) in the VUV and X+Ray rings allowed us 

to build the detailed injection models for each of the 

rings. In addition we built the tools for real time 

monitoring of and troubleshooting the beam injection into 

the rings. 

���	����	��

The NSLS accelerator complex consists of the 120 

MeV linac, the booster accelerating the beam to 740 MeV 

and the two storage rings: 800 MeV VUV ring and 2.8 

GeV X+Ray ring. Injection into each of the rings is 

performed at 740 MeV energy. The injection hardware in 

each of the rings consists of an injection septum (DC+

magnet in case of the VUV ring and pulsed one for the X+

Ray ring) and three fast multi+turn kickers. A single turn+

by+turn (TBT) BPM was added to each ring for the 

purpose of injection monitoring. As a result a set of tools 

was created which are successfully used for 

troubleshooting injection problems. In this paper we 

discuss the operation of this diagnostics using the VUV 

ring as an example. 

�������������	��������

The beam is injected into the VUV ring through the 

septum (BUISH) when the amplitudes of the three 

injection kickers (bumps BUIFB1, BUIFB2 and BUIFB3) 

are close to their peak values. Fig. 1 schematically shows 

the locations of the injection hardware and the fast kicker 

waveforms.  

Since the duration of the kicker pulse is 1.3 us and the 

electron orbital period in the VUV ring is 170 ns the 

injected beam is affected by the kickers on multiple turns 

after the injection. This substantially complicates the 

injection process. At pick+up 5 (see Fig. 1) we installed a 

dedicated turn+by+turn BPM (Libera Electron [1]) to study 

and monitor the injection. The Libera unit is synchronized 

with the VUV ring orbital period and is triggered by the 

Booster extraction kicker trigger. 

Since we can communicate to the machine from 

MATLAB through the “middle layer” software [2] and 

since the Libera settings and readings are easily 

accessible from MATLAB, Accelerator Toolbox (AT [3]) 

is a natural environment to model the ring injection. Thus 

we built the injection model by integrating the fast kickers 

into the AT model of the VUV ring. 

The AT provides tools for beam tracking and 

calculation of lattice functions. Our AT model includes 

the linear ring lattice as well as kicks from sextupoles.  It 

was calibrated with MATLAB+based LOCO [4]. 

������������	���	����

Since the kicker waveforms are nearly identical up to a 

scaling factor, we used the measured BUIFB2 waveform 

for each modelled bump. In simulations we only use half+

wave of the sinusoid and ignore the residual kicker field. 

Each kicker’s amplitude in the model is scalable, but the 

width of the waveform is kept constant. 

 

Figure 1: Locations of injection septum and fast injection 

kickers in the VUV ring (upper plot). The turn+by+turn 

diagnostics is connected to BPM5. Lower plot shows 

measured fast kicker waveforms in arbitrary units. Red 

line is BUIFB1, blue is BUIFB2 and green is BUIFB3. 

Initial benchmarking of the model was performed with 

the stored single+bunch beam. Fig. 2 shows the readings 

of the TBT BPM over 20 turns versus the model 

predictions for the stored beam kicked with BUIFB1.   

As one can see, there is a good agreement between the 

model predictions and the measured data. The same level 

of agreement was obtained for BUIFB2 and BUIFB3, as 

well as all three kickers turned on simultaneously. The 

benchmarking was performed both at the stored beam 
 ___________________________________________  
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energy of 800 MeV and at injection energy of 740 MeV. 

Good agreement between the model and the 

measurements was also obtained at various beam 

currents, from a few milliamps typical for injected beam 

to more than hundred milliamps. 

 

Figure 2: The oscillations of the stored beam kicked by 

BUIFB1 as read by TBT BPM #5 (green trace) and 

modelled (blue trace). Each dot represents BPM reading 

on a single turn. 

Our next step was to measure the actual injection with 

the TBT BPM. We turned off the RF, to make sure that 

the beam is not accumulating in the ring. The obtained 

Libera readings are shown in Fig. 3.  

 
Figure 3: TBT BPM readings of the beam injected into 

the empty ring (green traces) taken over multiple 

injections. The noise up to the 12
th

 turn (t≈2 Is) from 

beginning of the plot shows that there is no beam in the 

ring. Two red dots show the data we use to calculate the 

beam coordinates at injection point. The blue line shows 

the simulated trajectory of the beam injected with these 

initial coordinates. 

As one can see, the injection readings are quite 

repeatable. The readings taken over multiple injections 

show that the beam is entering the ring on the 12
th

 turn 

after the trigger comes to the Libera. This conclusion is 

confirmed by the sum signal from the TBT BPM buttons. 

To find the initial horizontal coordinates (x, x’) of the 

beam at the injection point we first determine x’ at the 

BPM#5 location at the 21
st
 turn (after Libera trigger) from 

the x+readings at the 21
st
 and 22

nd
 turn. Note, since the 

kickers are already off by this time we can use a simple 

single+turn matrix between the turns 21 and 22. Next, we 

find beam (x, x’) at the exit of the injection septum on the 

21
st
 turn. Finally, we backtrack, taking into account the 

effects of the kickers, beam with found (x, +x’) through 

the inversed ring lattice from turn #21 to turn #12 (from 

the Libera trigger). This gives us the initial beam 

coordinates at the moment of injection. We also use the 

found coordinates to simulate the trajectory of injected 

beam. As Fig. 3 demonstrates, the simulated readings of 

TBT BPM coincide with the experimental data quite well. 

�����	���	��	��������

��	������		�����

A dedicated software tool was created to monitor and to 

troubleshoot the injection. It is a MATLAB+based GUI 

that allows one to control the injection settings, take the 

readings of TBT BPM and analyze the obtained results by 

comparing them to the latest injection model. The user 

interface is shown in Fig. 4. 

 

Figure 4: A GUI for the software tool to monitor, analyze 

and troubleshoot the injection process. 

One of the most interesting examples demonstrating the 

power of the developed injection troubleshooting tools 

was during the failure of one of the kickers. As a result for 

some limited period of time we had to operate with two+

bump injections, which is fairly unconventional. 
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The failure of BUIFB1 caused a sharp decline in the 

injection rate. The measurements of the TBT BPM sum 

signal showed that a substantial part of the injected beam 

was lost on the 6
th

 turn after the injection. The analysis of 

the measured injection data showed that on this turn the 

beam horizontal trajectory was deflected too much in the 

injection septum region, causing the beam loss (see Fig. 

5). 

 

Figure 5: The betatron oscillations of injected beam 

obtained from the injection analysis. Only two kickers 

(BUIFB2 and BUIFB3) are operating at nominal settings. 

New turns start where the line colour changes. The initial 

s+coordinate corresponds to the injection septum exit on 

the first turn. 

Scanning the kicker settings in our model with BUIFB1 

off we found (Fig. 6) that increasing the nominal 

amplitude of BUIFB3 by a factor of ~1.7 significantly 

reduces the amplitude of the betatron oscillations of the 

injected beam. 

 

Figure 6: The projected betatron oscillations of the 

injected beam with only two kickers (BUIFB2 and 

BUIFB3) operating. BUIFB3 amplitude is set to its 

nominal value, while BUIFB2 amplitude is increased by 

factor of ~1.7. New turns start where the line colour 

changes. The initial s+coordinate corresponds to the 

injection septum exit on the first turn. 

Indeed, when the kickers were set to the settings found 

in our simulations the beam loss disappeared and the 

injection rate increased significantly, as demonstrated in 

Fig. 7. 

After BUIFB1 was repaired, as an additional test of our 

model, we simulated and performed a two+bump injection 

with BUIFB1 and BUIFB3. Our simulations showed that 

adjusting the BUIFB3 timing by +340 ns and increasing 

the amplitude of BUIFB3 by a factor of ~1.4 one can 

perform a two+bump injection with almost no loss. 

Measurements with found kickers’ settings confirmed our 

analysis (see Fig. 7). 

 

Figure 7: Sum signal of TBT BPM for the injected beam. 

Each point represents a BPM reading on a single turn. 

The injection is happening on the 12
th

 turn. The green line 

represents the nominal 3+bump injection. Red line is two 

bump injection with BUIFB1 off. The magenta line is the 

modified two bump injection with increased BUIFB2 

amplitude. The blue line is two bump injection with 

optimised settings of BUIFB1 and BUIFB3. 

�	�����	���

In this paper we presented the injection diagnostics 

tools based on the turn+by+turn beam position monitors 

installed at the NSLS storage rings. Using the example of 

the VUV ring we described the procedure of building the 

relevant injection model. We discussed the software that 

we developed for monitoring, analysis and 

troubleshooting of the injection process. As an ultimate 

demonstration of application of the developed tools we 

described our successful experience with optimizing a 

fairly unconventional two+bump injection, which was 

temporarily used during a kicker failure.  

����	������������
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ALKALI ANTIMONIDE PHOTOCATHODES FOR EVERYONE 

J. Smedley, K. Attenkofer, S. G. Schubert, BNL, Upton, NY 11973, USA 
H. A. Padmore, J. Wong, LBNL, Berkeley, CA 94720, USA 

 J. Xie, ANL, Argonne, IL 60439, USA  
M. Ruiz-Oses, I. Ben-Zvi, X. Liang, E. M. Muller, Stony Brook University, Stony Brook, NY 

11794, USA 
J. DeFazio, Photonis USA PA, Inc., Lancaster, PA, 17601, USA 

Abstract 
The next generation of x-ray light sources will need 

reliable, high quantum efficiency photocathodes. These 
cathodes will likely be from the alkali antimonide family, 
which currently holds the record for highest average 
current achieved from a photoinjector. In this work, we 
explore a new option for delivering these cathodes to a 
machine which requires them: use of sealed commercial 
vacuum tubes. Two sealed tubes have been introduced 
into a vacuum system and separated from their housing, 
exposing the active photocathode on a transport arm 
suitable for insertion into an injector. The separation was 
achieved without loss of QE in one case. These cathodes 
are compared to those grown via traditional methods, both 
in terms of QE and in terms of crystalline structure, and 
found to be similar.  

INTRODUCTION 

Alkali antimonide photocathodes have a long history in 
low-light photodetection, including image intensifiers. 
These needs have been met by commercial production; 
principally by RCA and its successors. The accelerator 
community also has great interest in alkali antimonide 
photocathodes – they are a prime candidate for use in 
high-brightness photoinjectors of free electron lasers and 
4th generation light sources [1-3]. However, within the 
accelerator community, cathodes have traditionally been 
grown in dedicated vacuum systems tied to specific 
injectors. In some cases cathodes have been transferred 
from one system to multiple injectors, typically on a 
limited basis [2,4].  

We have developed tools to understand the formation of 
these materials, both structurally and chemically, with the 
goal of altering the growth to produce cathodes with less 
roughness, better stoichometry, and larger crystal grains. 
The in situ techniques being used are x-ray diffraction 
(XRD), grazing incidence small angle x-ray scattering 
(GISAXS) and x-ray reflection (XRR). These tools enable 
determination of the crystal form of the cathode at each 
phase of growth, the film thickness and roughness, the 
texture and grain size of the film, and the presence of 
“imperfectly reacted” material. This work has been 
carried out at the National Synchrotron Light Source 
(NSLS) using beamline X21 and at the Cornell High 
Energy Synchrotron Source (CHESS) using beamline G3. 

The goal of this work is to enable the large scale 
production of identical photocathodes, using recipes 
developed in the in situ analysis chamber, which will 
provide high QE while minimizing the surface roughness 
which can dominate the intrinsic emittance [5,6]. One 

aspect of this effort is collaboration with an industrial 
partner to produce photocathodes in sealed tubes which 
can be separated in vacuum. 

Figure 1 shows a prototype photocathode in a sealed 
vacuum capsule. The substrate for growth is 
polycrystalline Molybdenum, which is brazed to the 
copper plug shown in the picture to the left.  The capsule 
is sealed with a low temperature solder visible around the 
copper. A window on the isolated top electrode enables 
the QE of the device to be measured while the capsule is 
still sealed. The photocathode is visible as the blue area in 
the picture on the right, through this window. 

  
Figure 1: Sealed photocathode. 

EXPERIMENT 

In the interest of space, the growth chamber with in situ 
x-ray analysis is described elsewhere [7]. This chamber 
has been used to measure both the capsule photocathodes, 
and to grow cathodes for comparison. The comparison 
cathodes are grown in a UHV chamber, with a typical 
operating pressure of 0.2 nTorr. Residual gas analysis 
confirms that the partial pressures of reactive gases (H2O, 
CO) are better than 0.05 nTorr. Silicon [100] wafers 1x2 
cm2 are used as substrates; these are exposed to HF prior 
to installation, and baked to 500 C for an hour prior to 
growth. Once the substrate has cooled to 160 C, a further 
cleaning of the substrate is achieved by an initial 
potassium evaporation – XRR measurements confirm that 
this K does not remain resident on the surface, however 
the QE of cathodes grown is significantly improved by 
this initial step. Antimony is evaporated from PtSb beads; 
alkali-Bi sources from Alvatech are used to supply 
Potassium and Cesium. Deposition is sequential, with Sb 
evaporated, then K, then Cs, all at ~0.2 Å/s. The QE is 
observed during K and Cs evaporation, and the deposition 
is halted when the QE reaches a plateau. The “traditional” 
cathode is a multi-layer growth on a single substrate, with 
the first cathode “baked off” (substrate raised to 500 C for 
10 min) prior to the growth of a second (recipe in Table 1).  
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Table 1:  Traditional Cathode Recipe 

1
st
 Layer Temp QE 2

nd
 Layer Temp QE 

15 nm Sb 100  15 nm Sb 125  
62 nm K 125 0.14 60 nm K 125 0.37 

118 nm Cs 125 4.1 120 nm Cs 125 7.5 

The Photonis photocathodes are also grown via 
sequential depositions, but on a Molybdenum substrate. 
The recipe used is similar to that used by the company for 
its transmission-mode cathodes (traditionally grown on 
glass substrates), and has yet to be optimized for this 
application. The spectral response of this cathode as 
delivered is shown in Figure 2.  

 
 

Figure 2: Spectral response of Photonis photocathode 
within the sealed tube. Inset shows spatial uniformity.  

RESULTS 

Transfer and Separation 

The initial and final stages of the capsule loading and 
separation are shown in Figure 3. On the left is a capsule 
loaded onto the platen. On the right is the cathode ready 
to be transferred off the platen and into an injector. This 
design is compatible with the transfer system for the BNL 
112 MHz Gun [8], and future iterations of this design will 
be tested in this gun (some design modifications are 
required to mask the solder joint from the gun).  

 
Figure 3: Left – sealed cathode mounted on platen. Right 
– Cathode after cap is removed, still attached to platen. 

The sequence of cap removal is shown in figure 4. 
First the platen with capsule is loaded onto the heater. 
Second, the platen temperature is increased slowly to 
~100 C (the solder eutectic temperature is 72 C; thermal 
conduction from the platen to the solder joint as well as 
alloying of the solder with the base materials likely 
explains this difference). A manipulator is used to gently 
pry at the cap (bottom left), eventually resulting in the cap 
tipping away from the cathode (bottom right).  The QE of 
the cathode is measured using a green (532 nm) laser 
immediately after the removal process (figure 5). The QE 
of the cathode initially decreases due to the rise in 
temperature (to 3.1% for cathode 1 and 1.8% for cathode 
2); the first cathode recovered fully (actually slightly 
higher) once it cooled to room temperature. The second 
attempt resulted in a permanent degradation with a final 
QE of 3%, thought to be due to excessive overheating of 
the photocathode during the cap separation process. 

 
Figure 4: Top: Capsule loaded onto platen and mounted 
for insertion. Bottom Left: Finger positioned to remove 
cap. Bottom Right: Cap partially off. 

 
Figure 5: QE of cathode after cap removal. The QE rises 
due to the post-separation cooling of the substrate. 

Wavelength (nm) 

Q
E
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X-ray Diffraction 

Figure 6 shows the crystalline structure of both capsule 
cathodes, along with the “traditional” recipe cathode 
described above. For the traditional recipe, the cathode is 
cubic phase K2CsSb with a mixed 222 and 220 surface 
textures. The grain size estimated from Scherrer analysis 
is 49.3±2.0 nm. No unreacted K3Sb is observed in this 
cathode. The capsule cathodes are similar, except that 
they have a more pronounced 222 texture. The broader 
peak widths likely imply smaller grains (38.9±0.5 nm for 
cathode 1, 36.8±0.2 nm for cathode 2). The strong peak at 
32.4 degrees is from the Molybdenum substrate. 
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Figure 6: XRD results of two capsule cathodes after cap 
removal, along with a “traditional” recipe photocathode 
for comparison.   

CONCLUSIONS 

Sealed “Phototube like” photocathodes have been 
prepared to be separated in vacuum, allowing the 
photocathodes to emit electrons into a test system. The 
removal process can preserve the QE of the cathodes; 
4.6% QE in the green was observed both before and after 
opening. While this QE is somewhat inferior to purpose-
grown cathodes, the process has not yet been optimized 
and is expected to improve significantly. This technique 
has the potential to allow injector projects to purchase 
photocathodes that are produced commercially in batches, 

providing quality control and reproducibility, and 
dramatically reducing costs.  

Further, the ability of these cathodes to be studied and 
compared to existing recipes using in situ materials 
diagnostic techniques will allow the evaluation and 
optimization of the cathode properties relevant to 
accelerator applications. These are somewhat different 
than traditional phototube attributes – in particular, the 
eventual ability to use GISAXS to evaluate surface 
roughness will provide insight into the expected intrinsic 
emittance of these cathodes. This was not possible on the 
current samples, as the growth substrate was “rough” 
polycrystalline Molybdenum. Samples grown on single 
crystal Molybdenum are already in production, and 
roughness measurements are part of the near-term future 
plan. In addition, other materials, such as Cs3Sb and 
K2NaSb, will soon be grown and evaluated in sealed-tube 
form. In the somewhat longer term, these cathodes will be 
tested in the BNL 112 MHz SRF injector. 

This work was supported by the US DOE, under 
Contracts DE-AC02-05CH11231, DE-AC02-98CH10886, 
KC0407-ALSJNT-I0013, DE-FG02-12ER41837 and DE-
SC0005713. Use of CHESS is supported by NSF award 
DMR-0936384. 
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PROGRESS ON GROWING A MULTI-ALKALI PHOTOCATHODE FOR 

ERL AT BNL 

E. Wang I. Ben-Zvi, S. Belomestnykh, T. Rao,  J. Smedley, BNL, Upton, NY 11973, USA 

X. Liang, M. Ruiz-Oses, Stony Brook University, Stony Brook, New York 11794, USA 

Abstract 
K2CsSb is a robust photocathode capable of generating 

electron beams with high peak, high average current and 

low thermal emittance. During the last two years, a great 

improvement in the design and fabrication of a reliable 

deposition system suitable for K2CsSb cathode growth 

and its insertion into BNL high current ERL SRF gun has 

been achieved. A standard procedure for the growth of 

multi-alkali cathodes combined with another procedure to 

transport these cathodes into the SRF gun was developed. 

The first cathode is planned to be grown on a copper 

insert and mounted into the 704 MHz gun. In this article, 

we will describe the progress of cathode growth and 

transport for ERL project. In particular, effect of excimer 

laser exposure and the cathode growth on Ta will be 

included. 

INTRODUCTION 

The multi-alkali photocathode is considered to be 

suitable for high current applications due to its high 

quantum efficiency at visible wavelengths. The 

photocathode of choice for BNL-ERL photo-injector is 

K2CsSb due to its capability to generate high average 

current and low emittance electron beams. The 704 MHz 

SRF photoinjector is built for testing ERL concept up to 

500 mA high average current. A multi-alkali photocathode 

deposition system for this gun was built by Advanced 

Energy Systems (AES) [1]. In last two years, we 

assembled entire system and grew several cathodes to 

find the optimal cathode preparation parameters. We also 

tested the transport cart and insertion of the cathode plug 

through the load-lock system. 0.2% QE was obtained 

from a K2CsSb cathode grown on the copper substrate. 

Currently, the gun is being conditioned for CW SRF 

operation with a copper cathode plug and the vacuum in 
both the deposition chamber and the transport cart is 

maintained in low 10
-10

 torr range. The cathode will be 

deposited on this plug soon after the conditioning. The 

first cathode test in the gun is scheduled for November.  

DESCRIPTION OF THE DEPOSITION 

SYSTEM 

The K2CsSb deposition system consists of a main 

deposition chamber and three source chambers attached to 
the main chamber but isolated from each other and the 

main chamber through gate valves. The main chamber is 

equipped with two view ports, an RGA, a quartz crystal 

monitor, anode, resistive heater and load-lock port.  Ion 

pumps integrated with NEG pumps maintain the vacuum 

in low-10
-10

 torr scale. Each of the source chambers has 

one ion pump keeping the vacuum in mid-10
-10

 torr range. 

Bellows coupled manipulator can move the sources into 

the deposition chamber and locate them in front of the 

substrate.  We use Alvatec Alkali metal source of type S 

and 99.999% purity pellets antimony source. The alkali 
sources are evaporated by resistive heating of the source 

container and the Sb is evaporated by heating a boat 

which holds the crucible containing Sb pellets. Each 

alkali arm contains two Cs or K sources to increase the 

evaporation area and cathode uniformity.  To protect the 

sides of the cathode plug from being coated with the 

cathode material, an aperture is placed between the 

substrate and the source to limit the deposition area to a 

0.75 inches diameter. The substrate can be heated or 

cooled by flowing dry N2 gas through a pipe in contact 

with the stalk. With the same pipe, the stalk is maintained 

at LN2 temperature when in the SRF gun. The stalk can be 

heated           C and maintained at optimal 

temperature for evaporation. To determine the initial 

quantum efficiency, the cathode is irradiated with a low 

power CW laser.  Emitted electrons are collected at the 

anode in front of the cathode. The whole deposition 
system is placed in a class 10,000 clean room shown in 

Figure 1. The load lock connection port is inside a class 

100 clean room to avoid accumulation of the particulates 

in section that comes in contact with the SRF gun.  

 

Figure 1: The picture of ERL-deposition system: 1 – K 

source; 2 – Sb source; 3 – Cs source; 4 – control system 

for valves and source; 5 – power supply for baking; 6 – 

table for supporting cathode transport cart; 7 – load lock 

port; 8 – heater; 9 – crystal monitor. 

 _________________________________________  

*Work supported by the United States Department of Energy through 

Contract numbers DE-AC02-98CH10886 and at Stony Brook 

University under Grant No. DE-SC0005713 with the U.S.DOE. 
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We use a specially designed transport cart to transfer 

the cathode between the deposition system and the SRF 
gun. The cathode substrate is an integral part of a grooved 

choke joint structure mounted inside the transport cart as 

shown on Figure 2c. The diameter of the copper stalk is 1 

inch. The transport cart consists of a bellow manipulator 

and an intermediate section, which is connected to either 

the deposition system or the gun. The vacuum plenum of 

the cart is made up by two ion pumps and one TSP. 

During baking of the intermediate section prior to 

transferring the cathode, the cathode is protected from the 

gas load by a cold shield near the isolating valve. The QE 

of K2CsSb cathode will be preserved for a few weeks in 

the low 10
-10 

torr vacuum achieved in the load-lock. Two 

identical transport carts have been fabricated to allow the 

gun to be tested with one cathode while the second is 

being prepared. The transport cart is shown in Figure 2a. 

Currently, the transport cart is attached to the gun for RF 

condition, see Figure 2b. 

 

 

 
Figure 2: Photographs of the cathode and transport cart: a) 

The cathode transport cart; b) The transport cart attached 

to the gun and the cathode stalk inserted. Two line 

attached to the manipulator are for cooling the cathode in 

the gun. Same port will be used for heating the substrate 
during cathode preparation; c) The cathode stalk mounted 

on the transport cart.  

STANDARD CATHODE GROWTH 

PROCEDURE 

 Heat up the stalk to 100  C.  Evaporate Sb layer to a thickness of 10 nm. The 

thickness is measured by a crystal monitor.  Increase the substrate temperature to 140  C.   Evaporate K layer to 20 nm while monitoring the 

photocurrent change. Stop evaporation when 

photocurrent reaches maximum amplitude.  Decrease the temperature.   Evaporate Cs                              C, 

while monitoring photocurrent. Cs evaporation is 

stopped when the QE plateaus.  

SELECTION OF CATHODE SUBSTRATE 

In the first gun tests with electron beam, we will use 

K2CsSb photocathode grown on the copper stalk. Because 

copper atoms easily diffuse into K2CsSb crystal, the QE 

of a single layer cathode is usually lower than pure 

K2CsSb crystal. Typically, the QE of K2CsSb on copper 

cathode would be around 0.1% to 0.2% following the 

standard growth procedure. We have grown a single 

K2CsSb layer on the copper substrate in this deposition 

system several times. The best QE was 0.2%. Additional 
K2CsSb layers reduce the probability of copper atoms 

diffusing into emission surface, thereby increasing the 

overall QE But the thicker layer may result in flaking of 

the cathode material, which is detrimental to SRF 

operation. It is shown that  high QE K2CsSb cathode can 

be grown on Si  [2], however, the large dielectric loss of 

Si in CW SRF environment precludes its use in an SRF 

gun. To find the suitable metal substrate for the 704 MHz 

gun, we compared the performance of the cathode on two 

substrates, Mo and Ta, chosen for compatibility of their 

mechanical, thermal and electrical properties with the 

SRF gun. Both samples were from Goodfellow with 

better than 99.9% purity. The samples’ thickness is 
0.5 mm. The Mo sample has an optical quality surface 

finish. The Ta samples with different surface finishes 

were tested for QE. One Ta sample was polished by 9 um 

polishing compound with Metadi No 40-6543 diamond 

suspension from Beuhler. Another identical Ta sample 
was not polished. No in situ cleaning was performed on 

any of these samples and ex situ cleaning consists of only 

typical ultrasonic cleaning and rinsing with acetone prior 

to insertion in the vacuum chamber. We found the 

cathodes on polished and unpolished Ta substrates to 

have nearly the same spectral response. Also, QE of both 

cathodes is similar with a value of 2.53%. Then, with the 

same procedure, we obtained a 3% QE with Mo substrate. 

The operating life time of the cathodes on all these 

substrates, measured using a low power 532 nm laser 

beam was comparable. Therefore, both Mo and Ta are 

suitable substrates for growing K2CsSb cathode. The next 

a 

b 

c 
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step was incorporating the substrate material in our pre-

existing cathode stalk, to be inserted into SRF gun. We 
sputtered a Mo layer with different thicknesses onto a 1 

inch diameter polished copper stalk. However, none of 

the Mo layers adhere to the copper well and easily flaked 

off raising concerns over its operation in SRF gun. Then, 

AES, Inc. brazed a 0.006” thick Ta foil on the copper 

stalk. The braze material is under the entire surface of the 

Ta foil. The Ta attached to the stalk well, as shown on the 

left hand side of Figure 3. We measured the particles 

generation and electrical contact for the Ta-Cu brazed 

sample before and after cooling down to LN2 temperature. 

Four-point resistance measurement shows that the 

resistance between Ta and Cu did not change after the 

cool down cycle. In a class 100 clean room, we immersed 

a particulate free Ta-Cu brazed sample into LN2 and after 

cooling cycle, we compared the particle count with 

another identical sample which did not undergo the 

thermal cycling. We found the particle counts of both 
samples are comparable. There was no fracture in either 

Ta or braze material after cooling cycle.  Therefore, we 

chose the Ta-Cu brazed stalk for the 704 MHz SRF gun 

test. This stalk is currently under procurement. 

 
Figure 3: Left – the dummy brazed Ta-Cu sample; 

Right – the polished copper cathode stalk with the choke 

joint section. 

NON-THERMAL SUBSTRATE CLEANING 

AND CATHODE REMOVAL 

While operating in an electron gun, the K2CsSb 

cathodes have limited charge life time. Usually, new 

cathode layers are grown over the used layer. However, 

after a few evaporations, the collective layer becomes 

thick enough to flake and contaminate the gun 

environment. For an SRF gun, non superconducting 

material contaminations will lead to field quenching or 

field emission. Heating the substrate    8  ˚C may 

remove the old layers but is not suitable for the 704 MHz 

gun stalk due to significant engineering problem 

associated with the design of the heavy cathode plug. We 

have demonstrated that 248 nm excimer laser can totally 

remove the K2CsSb cathode and preserve the substrate 

roughness [3]. We grew a cathode following the standard 

procedure described above. The excimer laser beam size 
is 3.5 mm

2
. A collinear green laser with spot size smaller 

than that of the UV laser was used to measure the change 

in QE. We found that with excimer laser energy density of 

3.5 mJ/mm
2
 and repetition rate higher than 30 Hz, the 

cathode photocurrent decreases to background within 10 

seconds. Figure 4 shows the regions exposed to the 
excimer laser, appearing visibly different. We used EDX 

to measure the elements present on the surface. In the 

EDX spectrum, we found the Sb, K, Cs signals were 

completely eliminated in laser exposed areas. 

 
Figure 4: Excimer laser radiated K2CsSb cathode sample. 

The rectangular regions are exposed to the laser. The 

cathode material in these regions is removed. 

 

This technique can be used to address three issues 

associated with multi-alkali cathodes in high current 
photoinjectors. For instance, i) once the QE of the cathode 

decays below the design value, by irradiating it with the 

UV laser, we can clean substrate and remove the cathode 

simultaneously prior to fabricating the new cathode on the 

same substrate without any degradation of the UHV 

system. ii) Enhance the photoemission. We fabricated 

cathode with a stable 6% QE on a laser exposed Ta 

substrate. iii) In a photo-injector, by exposing the cathode 

to the UV laser, the cathode area could be exactly 

matched to the electron beam size, the halo electron beam 

generated either by the halo of the laser or the scattered 

laser beam can be completely eliminated, thereby 

improving the electron beam quality and reducing the 

beam loss induced pressure increase.  

CONCLUSION 

The cathode deposition system for the 704 MHz gun is 

ready for use. The photocathodes were grown on the 

copper cathode stalk a few times and a reasonable QE 
was obtained. The transport cart with the cathode stalk 

was pumped down to low 10
-10

 torr and tested in the SRF 

gun. We developed a new technique to remove the 

K2CsSb cathode material by an excimer laser. 
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Abstract 
Photocathodes remain the principal electron sources for 

many particle accelerators.  With the increasing interest in 
the use of superconducting radiofrequency electron guns, 
it is important to understand how operation at cryogenic 
temperatures affects the performance of photocathodes. 
Here we report measurements of the quantum efficiency 
of copper and niobium under illumination with 266 nm 
light at temperatures between 85 K and 400 K.  The 
quantum efficiency of copper was found to vary strongly 
over this range, while there was only a minimal change in 
the quantum efficiency of niobium. 

INTRODUCTION 
Superconducting radio-frequency (SRF) electron guns 

combine efficient CW operation with the excellent 
vacuum needed for high-quantum efficiency (QE) 
photocathodes and the high surface gradients needed to 
maintain the quality of high-charge bunches.  However, 
they remain an immature technology, with a number of 
very different configurations currently being investigated 
[1].  One major concern has been how to best balance the 
tradeoffs associated with integrating photocathodes into 
these devices.  As part of its research program on SRF 
guns [2,3,4,5], the Naval Postgraduate School has studied 
some of these issues, including the potential 
contamination from dispenser photocathodes [6,7] and 
cathode stalk cooling to mitigate thermal and RF losses 
[8].  Many SRF guns use a normal-conducting cathode 
which is mechanically isolated from the cavity to 
minimize heat leaks.  But even without mechanical 
contact between the cavity and the cathode, the cathode 
will be radiatively cooled due to the surrounding 2 - 4 K 
environment.  This raises the interesting question of how 
the cryogenic environment affects the performance of 
photocathodes.  There have been many measurements of 
the QE of metal cathodes, including at cryogenic 
temperatures.  However, comparing QE measurements 
from one experiment to the next is difficult because of 
differences in sample and testing conditions.  Having a 
single experimental apparatus where the temperature of a 

cathode can be varied, while keeping other influences 
largely constant, aids in effectively isolating the 
dependence of QE on temperature.  Accordingly, we 
modified the cathode stalk cooling experiment to serve as 
a temperature-controlled photoemission test stand, and 
used it to measure the QE of copper and niobium at 
temperatures from 85 K to 400 K with 266 nm light [9].  
Our experimental apparatus and results are reported here.   

EXPERIMENTAL APPARATUS 
Figure 1 shows a schematic of the test stand.  The 

cathode stalk (Fig. 2) was formed from a copper cylinder 
with a recess in the front surface to accept metal cathode 
samples, with the samples held in place by a copper 
retaining ring to provide good thermal and electrical 
contact between the samples and the stalk.  Temperature 
control was provided by a liquid nitrogen line and a pair 
of resistive heaters in the back of the cylinder.  The 
heaters were supplied from a variable autotransformer, 
while liquid nitrogen was supplied from a pressurized fill 
pot used for the experiments described in Ref. [8].  
Temperature measurements were made with LakeShore 
DT-670-SD and DT-670-CU-HT diodes placed on the 
front and back faces of the cathode, respectively;  these 
limited operation to temperatures at or below 400 K.  The 
diodes were connected to a computer by a LakeShore 218 
temperature monitor, and the data was recorded every 5 
seconds by a LabView program.     

The vacuum envelope was made from conventional 
UHV components, with an ion pump providing typical 
pressures of 3 x 10-8 - 4 x 10-7 Torr at room temperature 
during testing.  In operation, the rate of cathode heating 
had to be limited to prevent vacuum pressure spikes.  A 
ceramic break was placed around the cathode stalk, with 
the downstream end electrically isolated from the rest of 
the experiment to serve as the anode, and connected to a 
10 kV Glassman high voltage supply.  The floating end 
also contained a UV window and a small magnet to 
disperse the photoelectrons to prevent charging of the 
window.  A Bergoz fast current transformer mounted 
outside the ceramic break provided a time-resolved 
measurement of the current flow on the stalk, and 
therefore served as a measure of emitted current.  

 ___________________________________________  
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Figure 1: Schematic diagram of the temperature-controlled photoemission experiment [9].   

 

 
Figure 2: Photographs of the cathode stalk used in the temperature-controlled photoemission experiment, showing the 
niobium sample installed for testing [9].  

Integrating under the transformer signal yielded the 
number of photoelectrons produced by each laser pulse. 

This experiment used a frequency-quadrupled 
Continuum Minilite II Nd:YAG laser producing a 5 ns, 40 
mW pulse of 266 nm light.  A filter was used to block any 
light which was not fully converted to UV inside the laser, 
and a remote-controlled shutter and polarizer were used to 
control the laser power.  Preliminary testing showed that 
at an anode voltage of 10 kV, the laser power on the 
cathode must be less than 4 mW to stay in an emission-
limited, rather than space-charge-limited, regime.  
Conversely, our PM10 power meter required at least 5 
mW to stay within its specified range and avoid a 
nonlinear response.  To balance these requirements, 70% 
of the laser power was directed to the power meter using a 
beam splitter.  The power meter measured the average 
power delivered to it by the laser;  this was converted into 
the number of photons arriving at the cathode per shot 
using a conversion factor involving the measured UV 
window transmission coefficient, the nominal beam 
splitter power ratio, the laser repetition rate (10 Hz), and 
the energy per 266 nm photon.   

RESULTS AND DISCUSSION 
For this testing, a copper sample was machined from 

material already on hand, and a fine-grain niobium sample 
etched to 150 m using buffered chemical polishing was 
provided by Cornell.  Using the system described above, 
the sample temperatures were adjusted between 85 K and 
400 K.  At each temperature, the laser power was varied 
from the minimum power needed to avoid nonlinearity in 
the detector, to the maximum power that avoided the 
onset of space-charge-limited operation.  The beam 
current data was integrated to determine the number of 
photoelectrons produced per laser pulse, and the power 
meter data was converted to find the number of photons 
arriving at the cathode per laser pulse.  This data was 
plotted as shown in Fig. 3 and fit to a straight line, with 
the slope of that line giving the QE.  Additional lines were 
used to conservatively bound the data, and the slopes of 
these lines set the upper and lower error estimates on the 
QE.   
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Figure 3: Data reduction for copper sample at 85 K, 
showing data, fitting line (dashed) and error bounding 
lines (dotted), with slopes (QE values) indicated. 

Figure 4 summarizes the measured QE as a function of 
cathode temperature for the copper and niobium samples.  
Also shown are the measured vacuum pressures in the test 
stand at each temperature during the two sets of 
experiments.  The measured QE of copper increased from 
0.27 x 10-5 to 1.2 x 10-5 as the temperature increased from 
85 K to 400 K.  This represents a clear and statistically 
significant increase in QE by more than a factor of four.  
Over this range, the trend is well described by a quadratic 
fitting function (Fig. 5), except for the values at 200 K;  
the cause of this discrepancy is unknown.  Vacuum 
pressure changed very little until the sample temperature 
exceeded about 350 K in these tests, suggesting that this 
does not explain the steady change in QE observed for 
copper. 

 
Figure 4: Measured QE (solid lines) and vacuum pressure 
(dotted lines) during experiments with copper (red) and 
niobium (blue) as a function of sample temperature. 

By contrast, the observed dependence of QE on 
temperature for niobium is much weaker than for copper, 
with measured values varying from 1.4 to 1.7 x 10-5.   

This experiment found values of QE for copper and 
niobium that were generally in line with those reported in 
the literature [9], but the difference in the observed 
temperature dependence between copper and niobium is 
dramatic and unexplained.  It is important to note that 
while the samples were handled and cleaned using 
standard vacuum procedures, the details of their surface 
conditions are unknown, and there was almost certainly 
some degree of oxidation present. However, this is 
representative of the likely surface conditions of these 
materials when used in actual accelerators.       

 
Figure 5: Measured QE of copper and fitting curve. 
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Figure 2: Prototype BPM as 

tested in ReA3. 

BEAM POSITION AND PHASE MEASUREMENTS OF MICROAMPERE 

BEAMS AT THE MICHIGAN STATE UNIVERSITY REA3 FACILITY* 

J. Crisp, D. Constan-Wahl, B. Durickovic, G. Kiupel, S. Krause, D. Leitner, S. Nash, J. A. 
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Abstract 
A high power CW, heavy ion linac will be the driver 

accelerator for the Facility for Rare Isotope Beams 

(FRIB) being designed at Michigan State University 

(MSU). The linac requires a Beam Position Monitoring 

(BPM) system with better than 100 micron resolution at 

100 microamperes beam current. A low beam current test 

of the candidate technology, button pick-ups and direct 

digital down-conversion signal processing, was conducted 

in the ReA3 re-accelerated beam facility at Michigan 

State University. The test is described. Beam position and 

phase measurement results, demonstrating ~250 micron 

and ~1.5 degree resolution in a 45 kHz bandwidth for a 

1.0 microampere beam current, are reported. 

INTRODUCTION 

The Facility for Rare Isotope Beams (FRIB) [1] will be 

a new accelerator-based user facility for research in 

nuclear physics. It will be located in the MSU campus and 

it is scheduled for completion in 2022. Its driver linac will 

accelerate ions as heavy as Uranium to energies higher 

than 200 MeV/u delivering up to 400 kW of beam power 

into a target. The desired Rare Isotope Beam (RIB) 

product of the reactions in the target will be transported to 

the different experimental areas after being selected in a 

fragment separator. Alternatively, the RIB can be 

thermalized, charge-bred and postaccelerated in the ReA 

re-accelerator [2] before being sent to an alternative 

experimental hall. 

While the FRIB facility completion is scheduled for 

2022, the first stage of the ReA re-accelerator was 

recently completed and connected to the Coupled 

Cyclotron facility (CCF) [2, 3]. During the measurements 

described in this paper, it has been used as a stand-alone 

accelerator to test the FRIB’s prototype BPM system 

using a molecular Hydrogen beam produced by the off-

line stable ion source.  

DESCRIPTION OF REA3 AND THE BPMS 

A Colutron-type ion source is used to produce several 

microamps of H2
+
 beam with an initial energy of 24 keV 

(defined by the 12 keV/u injection energy of the RFQ). 

The beam is then transported through an electrostatic 

transfer line and injected into a 4-rod 80.5 MHz RFQ 

after being bunched using a multiharmonic buncher. After 

the RFQ, the 600 keV/u beam is rebunched as it passes 

through a β = 0.041 SRF cavity operated at its zero-

crossing phase (located in the first cryomodule (CM1) of 

the linac) and then accelerated to a few MeV/u when it 

passes through six more β = 0.041 SRF cavities located in 

the second cryomodule (CM2). Superconducting 

solenoids equipped with corrector coils inside the 

cryomodules are used to focus and steer the beam. During 

the tests, the two BPM sensors were installed in a drift 

space approximately 0.6 

m down-stream of CM2 

and separated by 2.08 m 

(Figure 1). Movable slits 

and Faraday cups in 

diagnostics stations 

before and after the 

BPMs were used to 

center and characterize 

the beam during the tests 

and beam attenuators 

and collimator slits were 

used to change the beam 

current. 

The BPM system comprises two button-type BPM 

sensors (Figure 2, Table 1), signal amplifiers and 

digitizers that provide raw and processed data via EPICS 

channels to the control room. The button pickup has a 

design capacitance of 2 pF and impedance of 50 Ω. The 

 ____________________________________________  
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Figure 1:  Layout of the ReA3 re-accelerator during the BPM tests. 
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signals from the buttons are small (~ -80 dBm), requiring 

amplification before digitization. Each front-end channel 

has a low-noise amplifier with 80 dB gain and 14 MHz 

band width centered near the 2
nd

 beam harmonic at 

161MHz. The entire analog front-end is enclosed in a 

shielded box and connected to the bpm using solid copper 

shielded coax to further reduce noise from surrounding 

systems.  

The signals are digitized and processed by an 8-channel 

digital receiver board developed at Fermilab. This board 

was initially used for the ATF damping ring BPMs [4]. 

The board consists of 125 MS/s 14 bit ADCs connected to 

a Cyclone III FPGA. 

 

Figure 3: A block diagram of the DDC filter. 

For the ReA3 system, an RF reference of 80.5 MHz is 

provided for the digitizer clock input. An internal PLL-

based clock distribution chip sets the ADC clocks to 

operate at 32/33 of the RF clock. This undersamples the 

161 MHz input signal producing an intermediate 

frequency (IF) of approximately 5 MHz. The IF signal is 

then processed by a Digital Down-Converter (DDC) 

circuit as shown in Figure 3. The output rate of the DDC 

is 91 kHz. The DDC yields the magnitude and relative 

phase of the input signal.  

The 91 kHz output rate of the filter provides 2048 

samples over a 22.5 ms window for each trigger. The 

beam pulse length was limited to approximately 25 ms for 

the tests. For each trigger, the front-end software reports 

the complete array of magnitude and phase data for the 

beam pulse as well as time-averaged values for positions, 

intensity and phase over the pulse.  

Table 1: Characteristics of the BPMs 

Parameter Value 

BPM aperture 1 3/8 in 
Button diameter 20 mm 

Signal frequency 161 MHz (2nd harmonic) 

Trigger frequency 5 Hz 

RESULTS OF THE TESTS 

Several tests were conducted during 2012. The first 

tests confirmed the expected beam signal levels and 

uncovered an issue with electrical noise caused by the 

RFQ power amplifier. Electromagnetic shielding and 

filters were added to the BPM signal amplifiers in the 

following tests.  

Beam Intensity Measurements 

In an effort to understand the BPMs’ performance at 

low currents and measure their response versus beam 

intensity changes, data were recorded while the beam 

current through the line was changed and measured in a 

Faraday cup located after the second BPM. The results of 

this measurement are shown in Figure 4 and demonstrate 

that the BPMs can be used with currents as low as 50 nA 

which is several orders of magnitude smaller than the 

anticipated 50 µA FRIB commissioning beam current. 

Their responses were linear over the range of available 

beam currents, which was limited by the ion source. The 

similarity in the results from the two BPMs indicates 

good reproducibility. 

 

Figure 4: BPMs intensity signal vs. beam current. 

Currents as low as 50 nA could be measured. 

 

Figure 5: Typical measured beam position over 2048 

consecutive samples (i.e. over 22.5 ms) for a 2 µA beam. 

 

Figure 6: RMS variation of position and phase 

measurements as a function of beam current. 

Variability of Position and Phase Measurements 

Several experiments were conducted to characterize the 

resolution of the BPMs’ position and phase 

measurements. Figure 5 shows the result of a typical 
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measurement; Figure 6 shows a summary of the RMS 

distribution of position results as a function of current. 

Without an independent measurement of actual beam 

motion, this data merely sets an upper limit for the 

achieved measurement resolution. 

The variability for currents lower than 0.5 µA seems to 

be defined by the BPM system itself; however, this may 

not be the case for higher currents. Figure 5 suggests that 

coherent beam motion might be dominant at the 2 µA 

current level. The resolution of the BPM system at 

currents between 1 and 2 µA might be a fraction of the 

~100 µm shown in Figure 6. 

Beam Position Measurements 

To observe the BPM system response to changes in 

beam position, data was recorded while the beam was 

steered several millimetres horizontally and vertically 

using the last correctors in CM2. Inside the cryomodules, 

the corrector coils are embedded in the solenoids which 

explains the horizontal and vertical coupling apparent in 

Figure 7.  

Currently the position and intensity is scaled linearly.  

A 3
rd

 order two-dimensional polynomial is being 

implemented to linearize and decouple the positions and 

to correct the intensity. The polynomial compensates for 

non-linearity effects with good results over two thirds of 

the pickup aperture.  

 

Figure 7: Beam position over time as it was steered 

horizontally (on the left) and vertically (on the right) 

during the test. 

Phase Measurements 

Simultaneous beam phase measurements enabled 

relative beam energy measurements by determining 

changes in time-of-flight. The beam phase at each of the 

two BPMs was observed as the beam energy was changed 

by scanning the RF phase of the last cavity in the second 

cryomodule.  

Results show the expected sinusoidal-like phase 

variation between the two BPMs as a function of cavity 

phase setting (Figure 8). Measurement resolution was 

better than one degree of phase (17 picoseconds) in a 10 

Hz bandwidth at 161 MHz for a 2 µA beam current.  

The time-of-flight information provided by the BPMs 

has proven to be useful during the commissioning of the 

ReA3 linac. The time it takes to phase each cavity in the 

linac using the BPMs was reduced to a few minutes after 

automating the procedure, which is very important for 

FRIB given the number of cavities in the driver linac. 

More details on this procedure can be found in [5]. 

 

Figure 8: BPM phase measurements as the phase in the 

last cavity of CM2 is varied. 

Signal to Noise Ratio Measurements 

A spectrum analyser was used to measure noise with 

the amplifier located at the bpm and then at the digital 

receiver 18 m away. The noise power spectral density 

referenced to the amplifier input measured -167.4 dbm/Hz 

for both locations. No degradation in BPM signal quality 

was observed. This is relevant for FRIB because it is 

highly desirable that the amplifiers be located outside the 

tunnel to be shielded from ionizing radiation and 

accessible for maintenance.  

CONCLUSION 

The BPM experiments in the ReA3 facility have 

successfully demonstrated that high resolution for 

position and phase measurements with microampere 

beams can be achieved using button-type BPMs and 2
nd

 

harmonic signal processing. Scaling the ReA3 results to 

FRIB suggests a resolution 7 times better than the 100um 

at 100uAmp requirement. While work remains to assure 

this performance is achieved in the real FRIB accelerator 

environment, these tests provide a basis for proceeding 

with a FRIB BPM system design based on button-type 

pickups and a direct digital down conversion receiver. 
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LIFETIME STUDY OF TUNGSTEN FILAMENTS IN AN H- SURFACE 
CONVERTER ION SOURCE* 

 
 
 
 
 
 
 
 I.N. Draganic#, ���������	
	��and L. Rybarcyk, LANL, Los Alamos, NM 87545, USA 
 
�������� 

The tungsten filaments are critical components that 
limit the lifetime of the H- surface converter ion source. 
Their finite lifetime has a huge impact on the maintenance 
schedules and overall availability of an accelerator 
facility. We present in this work a simple analytical 
filament lifetime model and 3D thermal simulation 
explaining basic phenomena of filament erosion and 
electrical resistance changes during a normal run of an H-

 
production ion source at the Los Alamos Neutron Science 
Center (LANSCE). The calculation of filament 
longitudinal temperature profile takes into consideration 
the effects of ohmic heating, thermal conductivity and 
total emissivity for tungsten wires in high vacuum. The 
simulation includes the DC voltage operation of the 
filament with and without pulsed arc discharge current 
and gives the differential filament resistance changes, 
metal evaporation rates and theoretical electron emission 
currents. The results of the computation are compared 
with observed experimental data recorded using the 
EPICS control system during a normal LANSCE 
production cycle of 28 days with pulse repetition of 60 Hz 
and duty factor of 5%. 

H- ION SOURCE LIFETIME 
H- surface converter ion sources are well described 

elsewhere [1-4]. Three nearly-identical H- radial 
extraction converter ion sources (see Fig. 1A) have been 
utilized for proton beam production at LANSCE for more 
than 25 years. These H- sources deliver typical beam 
current up to 18 mA into an 80-kV electrostatic column 
and have operational lifetimes more than four weeks 
between accelerators maintains periods at a repetition rate 
of 60 Hz and duty factor of 5 %. Typical EPICS-recorded 
data of the extracted H- ion beams and an evolution of 
each filament�s relative differential resistance during an 
entire cycle are presented in Figure 2. The negative-ion 
source consists of a filament driven arc discharge in a 
permanent-magnet, multi-cusp vacuum chamber for 
plasma confinement and a negatively biased converter 
electrode for H- beam production. The source uses two 
filaments made of high purity tungsten wires (99.99%), 
bent in a characteristic shape (see Figure 1B) with length 
of 297 mm, 1.6 mm thick diameter, weight of ~12 g and 
resistance of 7.8 m�������	�
. Nominal filament currents 
of 100 to 106 A are driven by DC constant voltage power 
supplies (11 - 12V) bringing the wires to working 
temperature range of 2600 to 2700 K. The increase of 
filament temperature for higher electron output (plasma 
discharge) or more intense H- current is limited by the 
increasing of evaporation of filament material, which  

  
Figure 1: An internal side view of the LANSCE H- ion 
source is shown (A). New tungsten wire mounted on the 
water cooled ports (B). 

 
Figure 2: An EPICS application plots for operation 
monitoring purposes the filament relative differential 
resistances and the 80 keV extracted beam currents during 
a LANSCE beam production cycle (points every 6 hours). 
 
decreases the lifetimes of the filaments, and ultimately 
limits the ion source operating period before replacement. 
The characteristics of tungsten filaments in vacuum at 
various high temperatures were studied in detail for 
incandescent lamps, radio tubes and in other scientific and 
engineering investigations [5-12]. There are two empirical 
criteria for critical differential resistance that predict the 
onset of filament failure: a) 12% of total increase in 
filament resistance or decrease in mass weight [5, 6] and 
b) 19 % of total increase in filament resistance or 10% of 
reduction in wire diameter [4, 8-12]. 

FILAMENT RELATIVE DIFFERENTIAL 
RESISTANCE 

The LANSCE EPICS control system continuously 
records (a sample per minute) the filament currents and 
voltages, as well as the arc discharge peak currents and 
voltages. The filament resistances, based on U/I 

 ___________________________________________  
*Work supported by the US Department of Energy under Contract 
Number DE-AC52-06NA25396 
#draganic@lanl.gov 

Tungsten 
Filament 
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measurements, change in the range from 100 to 115 m��
(Figure 3A). The hot wire resistance increases over 140 
times from the room temperature resistance. Differential 
resistance is calculated using a simple formula: 

11
R
R

21

12

1

2

1

12 ����
�

�
�

IU

IU

R

R

R

RR   (1) 

where R1 is the filament resistance at beginning of run 
(t1=0) and R2 is resistance recorded later during the cycle 
(t2��1). A characteristic relative differential resistance 
increase of 7.5% is shown in Figure 3B staying well 
below the 12% criteria. Digitized resistance data (40,000 
points over 28 days) obtained using EPICS, enables easy 
data access and manipulation. The new filaments were 
weighed prior to installation and refurbishment to 
determine their mass, and later, after the production cycle 
and filament disassembly. The mass measurements are 
presented in Table 1. An average tungsten evaporation 
rate of 27 mg/day was observed. Measured relative mass 
changes were 2% less than the recorded differential 
resistances. Even after a correction for the inserted wire 
length into holder/ports, the discrepancy between mass 
and relative resistance measurements was considerable. 
Step-wise changes in both differential resistance graphs 
were observed during adjusting of the DC heating 
currents and source optimization. Systematic errors in 
differential resistances due to the long connection cables, 
shunts and voltage readings are being neglected. 
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Figure 3: Characteristic filament resistances and relative 
differential resistances calculated using EPICS recorded 
U/I measurement data for both filaments. 

Table 1: Mass Measurements and Recorded Differential  
��* is a  

ated Mass (k=1.072). 

Filament  Left (#1) Right (#1) 

M1 (g) (before) 11.808 11.737 

M1 (g) (after) 11.134 11.020 

����� 0.674 0.717 

������ 5.71 6.12 

��* (%) 6.12 6.56 

��������� 7.5 7.44 

FILAMENT RESISTANCE MODEL 
    A simple analytical filament resistance model is needed 
to explain the wire erosion and recorded differential 
resistance behavior. The model has the following 
assumptions: a) an ideal wire is considered; it has a 
constant position/shape (no plastic deformation, sagging 
etc.), b) the filament temperature is constant across the 
wire length, c) thermal expansion is negligible, d) the 
mass evaporation is uniform over the wire surface and is a 
function of temperature, e) the total emissivity for 
tungsten wire varies only with temperature, f) the filament 
current is a sum of DC heating current and peak arc 
discharge current averaged by the duty factor, g) plasma 
sputtering is not taken into account, and h) microscopic 
effects like a recrystallization, grain growth, impurity 
content, electro-��
	�������
�������������	
������������� 
[12]. The tungsten wire resistance is described using 
dimensional formula Ri =�iLi/Si, for i=1(t1=0), i=2 (t2��1); 
L and S are the wire length and cross section respectively. 
Because the filaments have very small thermal expansion 
differences (L1�L2), equation (1) can be simplified: 
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In our model, the specific electrical resistance is a linear 
function of temperature (�i=a+bTi). The time averaged 
mass evaporation is defined by the equation �= M/Ae � 
�
��!��m" ��#�Ae ��, where ���#��3/s) is an evaporation 
rate [6. 11], Ae is the wire evaporation surface area,  M 
and  ��are evaporated mass and evaporation time,  ��is a 

�������� �� $
�� �
���� ������� 	��� �m is tungsten mass 
density (19.25 g/cm3) [13]. Equation (2) can then be 
rewritten in the form: 
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Equation (3) has two components. The first term takes 
into account material electrical characteristics and 
changes in filament temperature with filament current. 
This term represents %�	��& processes and is independent 
of time, describes the tuning processes. The second term 
describes the %���$&� '
�������� �������� filament 
evaporation and steady state changes in filament mass and 
cross section. This time dependent term is a useful 
monitoring tool for the filament and source lifetime. 
      The filament temperature in our model is determined 
from the graphs presented in Ref. [6]. The temperature is 
defined by the heating current though filament, I, and the 
wire diameter d. For our model, we have created a two 
dimension polynomial fit to the data [6]: (surface function 
T(K)=A0+A1d+ A2I+ A3d

2+ A4I
2+ A5Id). 

       The filament resistance model was applied to 
simulate the experimentally recoded data in Figure 2. 
Using estimated wire diameter after processing of H- 
source and recording total current for the left filament, 
calculation of the temperature was possible. Results of 
mass losses integrated over the run cycle and  (#(� step 
changes are presented in Figure 4 and Table 2 showing a 
reasonable agreement with recorded data. 

Resistances from the EPICS Data are Listed.  
Length Corrected Evapor
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Figure 4: (A) Measured total left-filament current as a 
function of days during the run cycle. Also shown are 
associated changes in wire temperature after each source 
adjustment. (B) Measured left-filament differential 
resistance. Percent changes in differential resistances due 
��ast� and �slow� processes are shown. 
 

Table 2: Measured Left Filament Differential Resistance  

Filament  Total (%) Fast (%) Slow (%) 

EPICS data 7.50 2.24 5.26 

Model  7.11 1.76 5.35 

THERMAL FINITE ELEMENT ANALYSIS 
    A thermal finite element analysis was also performed to 
determine a steady state temperature profile. A 3D model 
of the tungsten filament was created. Included in the 
filament thermal simulations are the tungsten physical 
properties, ohmic heating, thermal conductivity and 
thermal emissivity in high vacuum [13]. A constant 
heating current of 103.5 A is applied to the filament. Arc 
current ranging from 0.75 A to zero is assumed to be 
decreasing linearly from one end of the filament to the 
other (discretized in 10 steps). Radiation and temperature 
boundary conditions across all wire segments are applied 
for 294 K at each end (due to water cooling loops). The 
total emissivity varies as a function of wire segment 
temperature. A peak filament temperature of 2684 K was 
calculated. The peak temperature moves from the center 
of the filament towards the higher-arc-current side (Fig. 

As the filament evaporates in a localized area close 
to the peak temperature location, the cross section of the 
filament decreases in that area. This decrease in cross 
sectional area causes an increase in resistance, which 
results in an even higher temperature for the same applied 
currents. This creates a runaway situation of decreasing 
wire cross section, increasing temperature and high 
evaporation rate that leads to creation of a localized hot 
spot that can cause catastrophic failure of the filament [7]. 
This typical filament failure mode is shown in Figure 5B. 

We propose changing the polarity of the DC filament and 
arc voltages at least once per week in order to avoid hot 
spots created by this asymmetric ohmic heating. 
 

   
Figure 5: (A) 3D model of source filament and calculated 
temperature profile with the maximum-temperature 
location shown. (B) Photo showing a filament with a 
typical hot spot - breaking point failure. 
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PIN DIODE DETECTORS AT DARHT II* 
Jeffrey B. Johnson, LANL, Los Alamos, NM 87544, USA

Abstract 
PIN diode detectors are a useful diagnostic tool for 

accelerator operations. The DARHT Axis II electron 
beam accelerator utilizes an array of twelve PIN diodes to 
detect the location of high voltage column electron 
emissions during abnormal injector events. The PIN 
diodes are located outside the injector vacuum vessel and 
detect the x-rays that are produced when the -2 MeV 
column electrons strike the vacuum vessel wall. This 
paper describes the PIN diode selection, calibration and 
use on the accelerator. 

INTRODUCTION 
An array of twelve PIN diode detectors is used on the 

DARHT Axis II accelerator injector to monitor for 
abnormal high voltage events.  The injector consists of a 
Marx bank pulse generator, high voltage column, 
thermionic cathode and a vacuum vessel as shown in 
Figure 1. 

 

 
Figure 1:  DARHT Axis II Injector. 

 
During operation of the injector, abnormal events may 

occur.  These include explosive electron emissions from 
the cathode and injector voltage droops from high voltage 
breakdowns of the cathode region or column.  To help 
identify the precise location of such events, a PIN diode 
detector system was developed and installed on the 
injector. The PIN diodes detect the Bremsstrahlung 
radiation created when high energy electrons emitted 
during an abnormal event intercept the vacuum vessel 
wall.  The array of twelve detectors is evenly spaced 
around the outside of the vacuum vessel. 

PIN DIODE SELECTION 
The sensitivity required for the PIN diodes was 

determined experimentally. A PIN diode detector 
assembly made by Emerge Semiconductors (100-PIN-

250-HN-BG) was initially used as a single channel 
monitor for abnormal events.  Data collected during a few 
abnormal events showed that this diode had the 
appropriate sensitivity to make the measurements.  
Unfortunately, the Emerge PIN diode assemblies are no 
longer available.  An equivalent PIN diode assembly 
needed to be identified or built in order to construct the 
detector array.  A market survey was conducted for a 
silicon PIN diode assembly similar to the Emerge detector 
and none could be found.  This lead to the development a 
LANL designed detector assembly which uses a low cost 
commercial PIN diode chip and a custom made housing 
shown in Figure 2.  The PIN diode chip selected was the 
OSI Optoelectronics PIN-RD-100.  This chip has similar 
geometry (area and Si depth) compared to the Emerge 
diode.  A steel housing was designed to hold the chip and 
provide some degree of collimation and shielding. 

 

 
 

Figure 2:  LANL PIN diode assembly. 

CALIBRATION 
The LANL PIN Diode detector assembly was calibrated 

against the Emerge detector using the DARHT Axis II 
accelerator Beam Clean up Zone (BCUZ) [1] as a 
radiation source.   The BCUZ, shown in Figure 3, is an  
energy filter which absorbs beam energies below 3 MeV 
which occur during the rising and falling edges of the 
accelerator beam pulse. 

 
 Figure 3: BCUZ region used for calibration. 

 
 The absorbed energy creates a pulse of broad band X-

rays for the calibration. The central portion of the signal 
from the rising edge was used for the calibration.  During 
calibration, the detectors were placed downstream from 
and just above the BCUZ. Detector reverse bias voltages 

 ___________________________________________  

*Work supported by the U.S. Department of Energy under contract 
 DE-AC52-06NA25396 
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were 1000 volts for the Emerge detector and 100 volts for 
the LANL detector. Calibration data in Figure 4 shows that  
the LANL detectors are more sensitive to the middle of 
the calibration pulse than the Emerge detector.  The 
LANL detector response is not as fast due to the lower 
reverse bias voltage [2]. The sensitivity for the LANL 
detectors is 1.53x10-7 A/(R/s) for the lower dose rates 
from the BCUZ X-ray source. 

 

 
Figure 4: Calibration waveforms. 

 

SYSTEM OPERATION 
The PIN diode detectors must be operated with a 

reverse bias voltage applied across the P-I-N junction. To 
achieve this, a DC power supply is connected to the 
detector cable using a LANL designed bias tee as shown 
in Figure 5. 

 

 
 

Figure 5: PIN diode schematic. 
 
The bias tee can operate to 1000 VDC and has 1 

microfarad of coupling capacitance. The large coupling 
capacitance provides extended low frequency response 
for slower signals produced during slower changing X-ray 
fluxes. There is one bias tee for each detector.  A single 
DC power supply provides the bias voltage for all twelve 
detectors through a simple fan-out box.  The detectors are 
operated with a 100 VDC reverse bias at DARHT to 
eliminate the electrical hazards associated with operation 
at greater voltage levels.  Each detector output signal is 
recorded on its own high speed digitizer channel each 
time the injector is fired.  The PIN diodes I layer is 
completely depleted at 80 volts reverse bias and the 
sensitivity will remain constant at any reverse bias greater 
than  80 volts as long as the output voltage stays less than 

half of the bias voltage. Increasing the reverse bias 
voltage increases the time response of the PIN diode. 

RESULTS 
On 9/25/2012, (shot 19274) an abnormal event 

occurred while operating the injector.  The injector 
voltage pulse displayed a droop as shown in Figure  6.  
This occurred after the vacuum environment of cathode 
was accidently compromised which may have degraded 
the cathode surface leading to explosive electron 
emissions during pulsing.  When this happens, it is likely 
that some of the emitted electrons do not enter the 
accelerator beam tube and instead impact the vacuum 
vessel wall. 

 

 
Figure 6: Injector voltage waveforms.  Top waveform 
showing normal (red) and droop (blue) conditions.  
Bottom waveform shows PIN diode signals recorded 
during injector voltage droop. 

 
A circular plot of the peak PIN diode signals shown in 

7 provides azimuthal information as to where 
electron emissions occurred inside the vacuum vessel. 
Figure 

 
 

 
 
Figure 7:  Circular plot of peak PIN diode signals during 
an abnormal injector event.  
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CONCLUSIONS 
A comparison of the PIN diode signal intensity shows 

that the LANL detectors are able to identify where 
electron emissions occur inside the vacuum vessel. The 
time response of detectors is limited by the low reverse 
bias voltage used with the system, but is adequate for the 
X-ray dose rates generated during abnormal injector 
events.  
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LANSCE-RM WIRE SCANNERS: SLIP-ENCODED SERIAL 
COMMUNICATION FOR MAINTENANCE DISPLAY AT THE 

INSTRUMENT* 

J. Sedillo, J.D. Gilpatrick, LANL, Los Alamos 87545, USA 
Abstract 

The newest LANSCE-RM wire scanner control 
systems at Los Alamos National Laboratory’s LANSCE 
particle accelerator facility utilize touch-panel displays 
for limited status and control at the instrument. Since the 
wire scanner control hardware utilizes a National 
Instruments CompactRIO embedded controller, no 
display may be interfaced to the CompactRIO via 
conventional means. Thus, in order to display information 
from the CompactRIO, a touch-panel display and 
computer combo unit has been added to each wire scanner 
control chassis with information being exchanged via a 
common, RS-232 interface. This paper describes the 
maintenance features available at the touch screen and the 
underlying SLIP communication scheme used for simple 
packetized transfer of data between the touch-panel 
display and the CompactRIO. 

INTRODUCTION 
The control system outlined in figure 1 represents the 

solution developed by LANSCE staff for wire scanner 
actuator control and data acquisition [1]. Among its 
assortment of features is the control system’s chassis-
mounted, touch-panel PC (TPC) for localized control and 
diagnostics of the wire scanner system. 

 

 

Figure 1: LANSCE-RM Wire Scanner Controller. 
 

Although the touch panel PC offers a variety of high-
bitrate interfaces (e.g. Ethernet and USB), the touch 
panel’s RS-232, null-modem interface was chosen due to 
its ease of use and its common and direct interface to the 
compactRIO (cRIO) controller’s FPGA (via the FPGA’s 
NI 9870 RS-232 c-series module).  

MOTIVATION 
RS-232 null-modem links offer a great deal of 

flexibility with how data is communicated since the 
hardware does not inherently provide the means to 
organize data meaningfully other than its FIFO approach. 
If context of the data may be derived from each individual 
byte communicated, then no expanded form of data 
encapsulation may be necessary. However, for more 
common situations where the data varies in content (e.g. 
varying data structures) and size (the size of the data 
structure in bytes), the implementation of a data 
encapsulation scheme will assist the receiver with making 
a clear determination of data boundaries by placing the 
data in “packets”.  

Data encapsulation schemes are fundamental to many 
familiar hardware communication systems, the most 
prevalent of which is 802.3 ethernet. Common 
encapsulation schemes leveraged on 802.3 networks 
include the familiar IP, TCP, UDP, etc. Given the 
successful standardization and implementation of these 
protocols, almost any one of them may be utilized for 
serial links implemented on hardware other than 802.3, 
depending on the application. Since the wire scanner’s 
cRIO transmits a variety of data structures to the TPC and 
since the data can arrive in an unpredictable order, a data 
encapsulation method was required to assist both the TPC 
and cRIO to 1: understand the where a packetized data 
structure begins and ends, and 2: to determine how to 
direct the data to the proper methods for processing. 

SLIP 
IETF de-facto standard RFC1055, otherwise known as 

SLIP, was deemed the most suitable protocol for data 
encapsulation [3]. SLIP is an acronym for Serial-Line 
Internet Protocol and is a data-link layer protocol in the 
OSI conceptual model. SLIP was developed as a simple 
means of transmitting TCP/IP datagrams over serial lines 
when no standard yet existed and has since been replaced 
by PPP (Point-to-Point Protocol, RFC1661) in most 
applications. SLIP focuses only on packet framing, and 
therefore does not inherently provide a means for 
addressing, packet type identification, error 
detection/correction, or compression [2]. 

SLIP’s simplicity made it an attractive choice for this 
application since encoding and decoding methods of more 
complex protocols would have been needlessly difficult to 
develop for the cRIO FPGA. Furthermore, the limitations 
of the SLIP protocol were of little concern since the wire 
scanner controller can operate without proper operation 
the TPC; and because the414-6541 link was short (<1 ft), 

 ___________________________________________  
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low-speed (56kbps), and directly linked. These qualities 
ensure low probability of data corruption. 

SLIP Encoding 
The SLIP encoding method is generally simple to 

implement. Given a data structure that has been flattened 
into a 1-D array of bytes, the SLIP encoding method 
simply appends hexadecimal byte 0xC0 to the beginning 
and end of the array. These bytes encapsulate the data and 
form the boundaries of the SLIP packet (figure 2).  

Figure 2: Slip packet layout [3]. 

If the 1-D array of data contains the value 0xC0, that 
value is replaced by 0xDBDC (two bytes). If 0xDB is 
encountered, it is replaced by 0xDBDD (two bytes). 
Through this method, special SLIP encapsulation 
characters and data cannot be mistaken by the SLIP 
decoder. 

SLIP Decoding 
SLIP decoding is slightly more complicated than 

encoding. In the ideal case, 0xC0 is the first byte a SLIP 
decoder encounters upon first receipt of SLIP-encoded 
serial data. The decoder must simply accumulate the bytes 
after the 0xC0 header until encountering 0xC0 again. In 
the not uncommon circumstance where the SLIP encoder 
utilized special byte patterns 0xDBDC and 0xDBDD, the 
SLIP decoder will replace 0xDBDC by 0xC0, and 
0xDBDD by 0xDB. The data enclosed with the 0xC0 
characters may then be passed to other routines for its 
appropriate use. In the event that a receiving system 
comes online after data transmission has progressed, the 
receiving system will simply disregard all data received 
until it encounters the next SLIP packet’s 0xC0 header. 

UTILIZATION 
After implementing the SLIP encoding and decoding 

methods for the cRIO and TPC, a custom data 
encapsulation scheme was developed for incorporation 
within the SLIP packets. This was necessary to overcome 
SLIP’s lack of a provision for identifying packet types. 
 

Tag Length 
(1 byte)

Payload Length 
(2 bytes)

Tag 
(1-255 bytes)

Payload
(1-65,535 bytes)  

 

Figure 3: Custom packet structure. 
 

The custom packet (Figure 3) specifies a 3-byte header 
and a variable-length payload. The first header byte 
represents a tag length in bytes. The remaining two 
header bytes represent the data payload length in bytes. 
The header is then followed by the tag and the data 

payload. The tag allows the receiving system to identify 
the data packet and direct its contents to the correct 
methods for proper use. 

Three communication channels operate within the 
single, RS-232 link between the cRIO and TPC. The 
operational flow is shown in figure 4 and described in the 
sections that follow. 

CompactRIO FPGA to TPC Channel 
The wire scanner's CompactRIO FPGA sends wire 

scanner status information to the TPC. This status 
information includes: actuator position, limit status, sense 
wire continuity, remote operation status, the general error 
condition, network ID, beam gate, FPGA state, and the 
cRIO C-series module status. 

The cRIO FPGA accumulates the data from its internal 
processes, encapsulates the data within “custom” packets 
with unique tags representative of the data, and then 
directs the custom packets through a SLIP encoding 
process. The SLIP packets that result are then directed to 
the RS-232 FIFO for transmission to the TPC. The FPGA 
has the least flexibility with regard to packet size since 
arrays dedicated to the transmission and reception of the 
packets must be of a fixed size prior to FPGA 
compilation. The corollary to this is that all packets 
transmitted to the FPGA from external systems must also 
fit within the FPGA’s array size constraints. 

TPC to CompactRIO FPGA Channel 
The TPC sends commands to the cRIO FPGA for 

minimal control of the wire scanner actuator. Command 
information includes the actuator position setpoint and 
actuator operational envelope scan. These data allow for 
some localized control of the wire scanner actuator 
mechanism. 

Data transmitted from the TPC to the cRIO FPGA 
occurs in a similar way to the “CompactRIO FPGA to 
TPC Channel” process. Although the TPC can 
dynamically allocate memory for substantially large SLIP 
packets, the size of the packets it transmits are of a size 
that are compatible with the maximum allocated array 
size of the cRIO FPGA’s receive array. 

CompactRIO RT to Touch Panel PC Channel 
The cRIO RT system sends wire scanner configuration 

data to the TPC through the cRIO FPGA’s RS-232 link. 
Configuration data includes: 
 Actuator configuration: leadscrew pitch, stepper 

motor resolution, sense wire center positions, and 
mount angle. 

 Motion control configuration: closed-loop control 
constants, position deadband, and stepper motor 
settings. 

 Beam data acquisition configuration: AFE (Analog 
Front End) transimpedance values, ADC sampling 
rate, pre and post trigger samples, and macropulse 
waveform cumulative average count. 
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Figure 4: Overview of cRIO/TPC Communication flow. 

 

The relatively large amount of data transmitted by the 
cRIO RT system to the TPC made it essential that data 
packets produced by the cRIO RT avoid the cRIO 
FPGA’s bottlenecks. To do this, the cRIO RT encodes its 
data before transmitting the resulting data stream to a 
DMA FIFO read by the FPGA. Once the FPGA has 
completed sending its own packet stream to the TPC, it 
checks the DMA FIFO for data content. If data exists, the 
FPGA simply directs the data directly into the RS-232 
FIFO for transmission to the TPC. 

IMPROVEMENTS 
SLIP is simply one of many methods for data 

encapsulation over serial streams. Again, SLIP does not 
inherently provide a means for addressing, packet type 
identification, error detection/correction, or compression. 
This work has compensated for SLIP’s lack of packet 
type identification and required minimal error correction 
since a high-fidelity data link was utilized. More 
demanding applications may require more features from a 
SLIP implementation. In such cases, other protocols that 
possess the necessary features may be encapsulated 
within the SLIP packet or used outright, depending on the 
protocol and its compatibility with the application. 

LANSCE-RM WIRE SCANNER PROJECT 
UPDATE 

Six new LANSCE-RM wire scanner systems have been 
deployed throughout the LANSCE facility: two in the 201 
DTL, Three in the 805 linac, and one in the switchyard. 
Integration of these systems is complete with all systems 
fully utilizable by LANSCE’s central control room. 
Figure 5 shows a beam profile obtained by one of the wire 
scanners deployed in the 805 linac. Additional systems 
are planned for installation as resources become available. 

Figure 5: LANSCE Control Room view of wire 
scanner-acquired beam profiles. 

REFERENCES 
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ANALOG FRONT END DESIGN FOR HIGH SPEED DIGITIZING OF 

BEAM POSITION AND PHASE MEASUREMENTS AT LANSCE* 

H. Watkins
#
, J.D. Gilpatrick, R. McCrady, LANL, Los Alamos, NM 87544, USA

Abstract 

The Los Alamos Neutron Science Center (LANSCE) is 

currently developing beam position and phase 

measurements for its 805-MHz linac as part of the 

LANSCE risk mitigation project.  Beam position and 

phase monitors (BPPMs) with four shorted strip lines 

have been installed throughout the linac.  The BPPM 

electronics will sample each strip line at 240 MSPS and 

use a field programmable gate array (FPGA) to calculate 

position and phase of the beam relative to the linac 

reference.  The beam micro-pulses from each electrode 

must be filtered and amplified to provide the correct 

frequency and amplitude level to the digitizer.   This 

paper describes the signal conditioning required to 

interface LANSCE BPPMs to high speed digitizers, the 

diagnostic capabilities of the analog front end (AFE) 

module, digital control of the AFE module and design 

considerations to meet these objectives. 

INTRODUCTION 

Today’s analog to digital converters (ADCs) are 

supporting higher sample rates and signal bandwidths 

allowing for direct sampling of RF signals that once 

required analog down conversion.  The TI ADS62P49 

14-bit ADC is being used at LANSCE to sample beam 

position and phase monitor (BPPM) signals.  These 

signals are down converted digitally in a field 

programmable gate array (FPGA) to in-phase and 

quadrature-phase (I & Q) signals that are used to calculate 

position and phase of the beam centroid.   

To take advantage of high speed digitizing and digital 

down conversion the micro-pulses from the BPPM’s must 

be conditioned in frequency and amplitude to match the 

input range of the ADC.  The analog front end (AFE) 

module was designed to interface between the BPPM and 

the digitizer to provide optimal signals for position and 

phase measurements. 

This BPPM system is being developed as a replacement 

for LANSCE’s legacy ∆t system used for phase and 

amplitude adjustment of RF accelerating fields in the 805-

MHz linac with the addition of measuring transverse 

beam position [1]. 

ARCHITECTURE 

The hardware architecture for the system includes a 

4-port BPPM, an AFE module, a 5-channel digitizer 

module and a Stratix 4 FPGA carrier board shown in 

Figure 1.  The electronics system is housed in a VPX 

chassis that conforms to the ANSI/VITA 46.0-2007 

standard [2].   

The AFE module’s printed circuit board design will 

conform to the VPX standard for size and backplane 

connections.  Its power and control signals will come 

through the VPX backplane from the FPGA.  

 

 

Figure 1: System Diagram 

AFE DESIGN REQUIREMENTS 

The following lists the design requirements for the AFE 

module to interface to the ADC. [1] 

• Filter the micro-pulse signal to a fundamental 

frequency of 201.25MHz for sampling by the 

ADC while preserving pulse information. 

• Increase the signal amplitude to match the 

dynamic range of the ADC without exceeding 

the 2Vp-p full scale range of the ADC. 

• Provide a method of self calibration and signal 

integrity checks without beam present. 

• Protect the digitizer from overdrive events. 

• Provide conditioning for single micro-pulse 

position measurements. 

• Provide remote control of the AFE gain and 

switching. 

SIGNAL CONDITIONING 

The AFE is designed to provide the filtering and gain to 

convert a micro-pulse from the BPPM to a sine wave that 

can be sampled by the ADC and analyzed by the FPGA. 

Selectivity and Filtering 

The beam doublets produced by the BPPM transducers 

are narrow micro-pulses occurring at the fundamental 

accelerating frequency (201.25MHz) with a pulse width 

of approximately one nanosecond.  The ADC can only 

sample every four nanoseconds so the bandwidth of the 

pulse must be limited to provide a signal slow enough for 

the ADC to capture frequency and phase information. 

 ___________________________________________  

*Work supported by the U.S. Department of Energy 

#hwatkins@lanl.gov 
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Harmonic amplitudes from the transducer can be equal 

or above the amplitude of the fundamental frequency and 

will cause interference with position and phase 

measurements.  Figure 2 shows how the AFE module 

filters out higher order harmonics of the beam doublet and 

passes the fundamental frequency. 

 

Figure 2: Transducer output and conditioned AFE signal 

 

The harmonic selectivity requirement for the AFE is 

based on the ADC’s spurious free dynamic range (SFDR) 

performance.  The ADC‘s SFDR specification of 

-71dBFS [3] requires the AFE to provide rejection at least 

10dB better (-81dB) at the harmonic frequencies.   

The selectivity is provided by two filter stages in the 

AFE line-up.  A low pass 5
th

 order elliptical is used at the 

beginning of the line-up and a 3
rd

 order band pass filter is 

used at the end to achieve the required selectivity. 

The corner frequencies of the band-pass filter pass a 

30MHz channel bandwidth.  This channel bandwidth was 

selected based on the timing modulation of the beam.  It 

is desirable for the system to analyze mini-pulses, short 

bursts of pulses (100nsec), at a 2.8MHz burst repetition 

rate.  The bandwidth is intentionally larger than the 

repetition rate (10x) to maintain the pulse envelope for 

edge detection by the digital signal processor (DSP).  

The low frequency corner of the band pass filter 

provides rejection of low frequency modulation 

components that occur from sources such as AC mains. 

Gain and Noise 

Due to space constraints in the accelerator, the BPPM 

transducers are shorter than a quarter wavelength of the 

fundamental frequency which results in reduced RF signal 

coupling.  Two gain stages are added in the RF line-up to 

overcome losses from coupling, cabling and filtering. 

The systems dynamic range requirement is 65dB 

minimum to provide optimal signal levels to the ADC 

over all beam conditions.  This includes current settings, 

beam position, phase de-bunching and noise performance.   

Measurements were done on BPPM’s in the beam line 

to determine amplitude levels and a link budget analysis 

was performed to set the gain and noise figure of the line-

up to levels that met the dynamic range requirement 

without exceeding the input range of the ADC.  Table 1 

shows the summary of the analysis. 

 

 

 

Table 1: Link Budget Summary 

RF Parameter Link 

Budget 

Requirement 

Gain (dB) 20.2 20  typical 

Noise Figure (dB) 11.8 23 maximum 

Input Referred Noise (dBm) -87.3 -76 maximum 

Dynamic Range (dBFS) 77.1 65 minimum 

 

The gain setting of the AFE is adjustable.  Two fixed 

RF gain stages surround a digital step attenuator (DSA) 

which has 31dB of range in 1dB steps.  A typical 

attenuator setting is 7dB to reach the typical gain setting 

but adjustment can be made to compensate for cable loss 

at different locations along the accelerator.  The attenuator 

is digitally controlled by the FPGA.  Support for 

automatic gain control by the FPGA is a future option. 

SELF-DIAGNOSTIC 

To support a method of self calibration and signal 

integrity checks the AFE module includes a switch matrix 

near the input connectors.  The switch matrix allows the 

201.25MHz reference to be injected upstream to the 

transducer or downstream through the AFE module for all 

four channels of the AFE.  Figure 3 shows how the 

system can be tested in loopback mode for basic signal 

integrity or calibration mode to measure offsets in gain or 

phase internal to the AFE.   

The switches selected are high-isolation terminated 

switches so the reference signal will not interfere with the 

desired signal during normal operation. 

 

Figure 3: Single Channel Switch Matrix 

Loopback mode 

Injecting signals upstream of the AFE allows for 

loopback mode testing.   This mode is intended for use 

when no beam is present.   The reference signal can be 

injected from one channel of the AFE upstream to the 

transducer.  Coupling occurs to the adjacent and opposite 

transducers in the BPPM.  The coupled signal can then be 

analyzed by the three other channels of the AFE.  

This mode allows the full system to be exercised.  

Problems with a particular signal path can be discovered 

by rotating the injection signal through all four paths of 

the BPPM.  Imbalances in the signal paths can be 

analyzed and corrections applied to individual channels. 
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Calibration Mode 

Injecting signals downstream through the AFE line-up 

enables calibration mode.  In this mode the AFE has 

injection points that are phase matched at the input to 

each channel.  The 201.25MHz reference is switched into 

the AFE input and analyzed by the FPGA.  This mode 

shows the amplitude and phase differences between each 

of the four RF line-ups.  Corrections can be made in the 

FPGA to improve the phase and amplitude offsets of the 

AFE signal paths. 

OVERDRIVE PROTECTION 

It is desirable to operate the ADC to within 1dB of full 

scale to maximize dynamic range without clipping the 

ADC.  However, the flexibility of having remote gain 

control also poses an overdrive hazard when transducer 

signals are at high amplitudes.  The maximum voltage 

level specification for the ADC is 3.6V or +15dBm rms 

[3].   

The ADC is protected from overdrive events by a 

limiter diode placed prior to the output connector.  This 

diode forward conducts when a power level of +10dBm is 

reached.  This clip point keeps the ADC from receiving 

power levels that would exceed full scale operation. 

SINGLE PULSE MEASUREMENTS 

Certain target areas at LANSCE receive very short 

beam pulses called micro-pulses (~1 nanosecond).  These 

micro-pulses occur as single pulses during a machine 

cycle and repeat at slow repetition rates.   One of the 

BPPM requirements is to make transverse position mea-

surements of these pulses.  The signal must be trans-

formed into a waveform that can be passed by the AFE to 

the digitizer. 

A set of RF switches in the line-up provide the ability 

to change from a low pass filter at the front of the AFE to 

a narrow band filter (5 MHz).  The pulse energy rings this 

narrow filter at its resonant frequency creating a sine 

wave within the channel bandwidth of the AFE as shown 

in Figure 4.  This signal is passed through the RF lineup 

to the digitizer and analyzed by the FPGA to calculate 

beam position of the micro-pulse.  Narrow band filter 

technologies such a surface acoustical wave (SAW) and 

lumped element filters are being evaluated for this 

application. 

 

 

Figure 4:  Single pulse to sine wave conversion 

Measurements show that a trade-off exists between 

pulse length and amplitude level.  Filters that ring for 200 

nanoseconds have very small voltage level afterwards < 1 

mV p-p.  This low signal level will cause precision errors 

of up to 0.5mm for position measurements.   

DIGITAL CONTROL 

The AFE module has forty three digital control pins for 

selection of filters, gain and self diagnostic modes.  The 

FPGA carrier card can only support eight lines of digital 

I/O since the majority of pins are assigned to the ADC 

channels.  These control lines remain static the majority 

of the time making timing requirements fairly relaxed.  In 

order to support the AFE module remotely through the 

FPGA a serial parallel interface (SPI) bus is used.   The 

SPI bus requires four lines of communication (chip select, 

data in, data out and clock).   

The SPI interface on the FPGA is connected to a 

general purpose I/O (GPIO) expander on the AFE 

module.   Two GPIO expanders are used on the AFE 

module each supporting 28 pins of I/O.  GPIO expanders 

can share data lines and clock but the chip select lines are 

separate to send instructions to each chip.  This results in 

five digital control lines needed on the FPGA to support 

digital control of the AFE module. 

CONCLUSION 

The design phase is complete for the AFE module.  

Schematics have been created and the layout work for the 

printed circuit board is in process.   

A two channel version of the system has been 

prototyped with evaluation boards so that the FPGA’s 

DSP code could be evaluated.  Final evaluation of the 

system and deployment are scheduled for 2014. 

 

 

Figure 5: BPPM and VPX System 
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FABRICATION AND VALIDATION OF A NORMAL CONDUCTING 
RADIO FREQUENCY S-BAND DEFLECTING CAVITY FOR THE POHANG 

ACCELERATOR LABORATORY (PAL) 

L. Faillace#, R. Agustsson, J. Hartzell, A. Murokh, S. Storms                                             
RadiaBeam Technologies, 1717 Stewart St, Santa Monica CA, USA 

 
Abstract 

Radiabeam Technologies recently developed an S-Band 
normal-conducting Radio-Frequency (NCRF) deflecting 
cavity for the Pohang Accelerator Laboratory (PAL) in 
order to perform longitudinal characterization of the sub-
picosecond ultra-relativistic electron beams. The device is 
optimized for the 135 MeV electron beam parameters. 
The 1m-long PAL deflector is designed to operate at 
2.856 GHz and features short filling time and 
femtosecond resolution. RF design, fabrication, RF 
validation and tuning will be presented, as well as initial 
beam measurements. 

INTRODUCTION 
Some of the most compelling and demanding 

applications in high-energy electron beam-based physics, 
such as linear colliders [1], X-ray free-electron lasers [2], 
inverse Compton scattering (ICS) sources [3,4], and 
excitation of wakefields in plasma for future high energy 
physics accelerators [5,6] now require sub-picosecond 
pulses. Thus, improvement in resolution and capabilities 
of fast longitudinal diagnostics is needed. 

RadiaBeam has recently developed and delivered an S-
Band Traveling wave Deflecting mode cavity to be 
utilized for direct longitudinal phase space measurements 
of compressed electron beams at the Pohang Accelerator 
Laboratory X-ray SASE-FEL [7]. The PAL deflector takes 
advantage of the well-established cell machining in S-
Band as well as our version of the SLAC-modified 
procedure for surface preparation for high RF power 
operation. 

RF/THERMAL DESIGN
The initial 3D surface model used for RF simulations 

with HFSS [8] is shown in Figure 1. It is a disc-loaded 
traveling-wave (TW) structure operating in the TM110 
mode at 2.856 GHz. Two coupler cells allow the input 
and output of the RF power provided by a standard 
WR284 metallic waveguide. The main deflecting cells, 
stacked in between the couplers, have a pillbox-like 
shape, each with holes located perpendicular to the 
deflection plane for the separation of the two dipole-mode 
field polarizations.   

 
 

 
Figure 1: 3D surface model used for RF simulations in 
HFSS. 

 

 
Figure 3: On-axis deflecting magnetic field profile. 

 
The plot on the resulting on-axis deflecting magnetic 

field is given in Figure 2. The cell-to-cell phase shift is 
120 degrees. The final full PAL deflector consists of an 
overall number (couplers plus main cells) of 28 cells. The 
main RF parameters for the L=1m long 

 
 

 
 
 
 

 ____________________________________________  
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Table 1: PAL eflector RF arameters

RF Parameter Value 

2π/3-mode frequency f 2.856 GHz 

Transverse Shunt Impedance rT 28.7 MΩ/m 

Unloaded Q 13,400 

Attenuation α 0.15 m-1 

Group Velocity vg 0.014 c 

Kick/√Power 2.7 MeV/√MW 

Length L 1 m 

Thermal simulations were carried out with Ansys [9]. 
We only inserted a cooling channels system, very 
compact, for frequency/temperature stabilization. The 
result shown in Figure 3 refers to the case of an average 
RF power of 1kW. Due to the low temperature gradient 
(<3deg) across the structure, no internal channels were 
necessary. 

 

 
Figure 3: Thermal simulation of the PAL deflector model 
for 1kW average RF power. 

THE PAL DEFLECTOR: TUNING AND 
INITIAL BEAM MEASUREMENTS 

 

Figure 4: Picture of the PAL deflector after the final 
brazing and before installation. 

The PAL deflector after final brazing and before 
installation is shown in Figure 4. 

 

 
Figure 5: reflection coefficients at port1 and port2 (S11 
and S22). 

We measured the coupling coefficients at both ports, 
S11= -40dB (RF input port) and S22= -32dB with a 
SWR<1.05 for both ports. 

The deflector cells were tuned to the spec (< 2 ), at 
22C and under nitrogen flow, by using the nodal shift 
procedure (plunger method). 

From bead-pull measurements, we obtained the 
“flower”-like manifold that is plotted in Figure 6 showing 
a perfectly tuned 2π/3 operating mode. 

 

 
Figure 6: Polar plot of the on-axis electric field. 

The bead-pull measurement (off-axis) of the electric 
field profile after final tuning is given in Figure 7. 

 
Figure 7: Off-axis electric field measurement (bead-
pull). 
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Figure 8: Low-power initial beam diagnostics at PAL by using the deflector delivered by RadiaBeam. 

 
The S-Band deflector was delivered to PAL in May 

2013. After RF conditioning, initial beam length 
measurements were performed in August (see Figure 8). 
Only a fraction of MW of RF power was required at the 
moment for the resolution of their 200pC, 85.6 MeV 
beam. 

CONCLUSIONS 
RadiaBeam Technologies has successfully completed 

design, fabrication, brazing and validation of an S-Band 
deflector for the Pohang Accelerator Laboratory (PAL) X-
FEL. Upon delivery to PAL and EF conditioning, 
promising and satisfactory initial beam length 
measurements were carried out.  
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TRANSVERSE BEAM PROFILE DIAGNOSTIC USING FIBER OPTIC 
ARRAY* 

S. Wu#, G. Andonian, T. Campese, A. Murokh, R. Agustsson,  
RadiaBeam Technologies, Santa Monica, CA 90404, USA 

R.K. Li, UCLA, Los Angeles, CA 90095, USA  
M. Fedurin, R. Malone, K. Kusche, C. Swinson, 

Brookhaven National Laboratory, NY 11961, USA 

 

Abstract 
The fiber-mesh diagnostic (FMD) is a transverse beam 

profile diagnostic based on the emission and detection of 
Cherenkov radiation produced as a relativistic electron 
beam traverses through an ordered bundle of fiber optics 
(SiO2), arranged in a hexagonal close-pack configuration. 
Sub-10µm transverse beam profile resolution is attainable 
due to fiber optic core concentricity. Adequate SNR is 
achieved using a standard CCD sensor. A fiber optic taper 
input maximizes light collection efficiency by coupling 
each output channel to approximately single-pixel pitch. 
A v-groove holder and assembly process was developed 
to hold many fiber layers in the desired configuration. In 
this paper, we present results from a fully functional FMD 
prototype evaluated at the BNL ATF facility that 
demonstrates the efficacy of this diagnostic. 

INTRODUCTION 
The FMD was developed to address the need for higher 

resolution transverse profiling in low emittance electron 
beams.  Standard techniques to measure the transverse 
extent of beams include fluorescent screens (such as 
YAG), observation of optical transition radiation, wire 
scanners and others. The resolution limit of these 
diagnostics hovers around >20µm. In the FMD, 
Cherenkov radiation is generated when a charged particle 
strikes a dielectric fiber that is placed at the Cherenkov 
angle. The device collects incoherent Cherenkov 
radiation, so the spatial profile is an accurate 
representation of the beam transverse charge distribution. 

For a relativistic beam striking a dielectric, the 
Cherenkov angle, θC, is: 

 = cos ≅ 46.5° (1) 

 
where n is refractive index of the fiber. 

The approximate photons generated in each fiber are: 

 	≈ 	 √ ∆
 (2) 

 
where α is the fine structure constant, d is the fiber core 
diameter, λ is the wavelength of light, Ne is the number of 

electrons, σx is electron beam RMS width, and Δω/ω is 
the fiber bandwidth. 

A proof-of-concept experiment was executed at the 
UCLA Pegasus lab to demonstrate adequate photon yield 
for a single fiber [1]. The experiment results and theory 
were scaled for Brookhaven ATF parameters (Table 1). 
These results proved the feasibility to build a functioning 
prototype. 

 

Table 1: Electron Beam Test Parameters 

Facility Energy 
(MeV) 

Charge 
(pC) 

Expected 
Photon Yield 

UCLA 
Pegasus 

2.5 25 104 

Brookhaven 
ATF 

57.6 100-1000 105-106 

SYSTEM DESCRIPTION 
The interaction point consists of an ordered array of 

single mode fiber optics (Fluorine-doped SiO2, 6.8μm 
MFD, 245μm OD), which are also used at CERN for their 
radiation resistant qualities [2], to obtain multiple 
measurements in one instance. Cherenkov radiation is 
generated within the fibers, which also guide the radiation 
to an external CCD detector. Custom algorithms convert 
the multiple-fiber signals to a transverse profile charge 
distribution on a shot-to-shot basis. 

The system consists of three key components: 
(1) The fiber array at the interaction point 
(2) The CCD acquires the Cherenkov signal 
(3) DAQ logic converts signals to beam profile 

 
 

Figure 1: Diagram of System Design.  
 ___________________________________________  

*Work is supported by U.S. D.O.E. Contract Number DE-SC0000870 
#swu@radiabeam.com 
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Fiber Holder Fabrication and Assembly 
The fibers are bundled in a hexagonal configuration so 

that each core position is set.  They are held together with 
a v-groove clamping method: 

 

Figure 2: Photograph of fiber array.  Fibers are clamped 
with v-grooves (Left).  Fibers Assembled to holder 
(Right). 

In order to correctly arrange fibers to the holder, fibers 
are initially bundled to single rows of 12. The first row 
settles into the v-grooves, and remaining bundles are laid 
onto the grooves of the previous layer. The tooling holds 
each layer taut during this process: 

 

Figure 3: Tooling for holder assembly.  

After the fibers are clamped to the holder, the holder 
arms are pulled apart, and fastened to the insertion rod:   

 

Figure 4: Fiber holder assembly in situ. 

 

Camera Design 
To maximize light collection efficiency, the fiber ends 

are mounted to a fiber optic taper input bonded directly to 
the CCD, providing a robust mounting surface. The result 
is focused light achieving almost single-pixel coupling, 
which optimizes the system’s detection limit. 

12-bit digital output is sent to the computer via 
Ethernet, enabling long distance data transmission needed 
from the experimental hall to the control room.  

Data Acquisition 
Prior to operation, fiber positions on the camera input 

are located by illuminating the fibers pointing to the 
camera.  The sum of a 5x5 pixel region-of-interest for 
each location is ordered so that it represents the transverse 
position of each fiber core. 

MATLAB interfaces with the camera.  A TTL signal 
triggers the camera to capture an image, which is real-
time processed to display the updated transverse profile. 
Background is subtracted from the profile, and the mean 
and RMS are calculated (See Fig. 5).  

 

Figure 5: Raw image (Left), Single shot profile (Right). 

 

RESULTS 
The experiment was executed at Brookhaven ATF. 

YAG screens located on both sides of the FMD were used 
to benchmark the device under test. 

Beam Width Measurements 
YAG-based profile monitors along the beamline were 

used to tune the beam and for comparative studies with 
the FMD. A parabolic fit to the YAG-profile 
measurements was applied to calculate the expected beam 
width at the FMD location. Three beam widths were 
measured at 500pC and compared to the FMD 
measurements. The results are displayed in Figure 6, and 
shown in Table 2. 

Table 2: Beam Width Comparisons at FMD Location 

Calculated Width [µm] 
(YAG-profile monitors) 

Measured Width [µm]  
(FMD) 

171 139 

341 365 

448 449 
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Figure 6: Top Row –Beam widths measured with YAG screens along the beamline (blue). Beam width measured with 
FMD plotted at the measured z- distance (red).  Bottom Row – The averaged beam profile as measured with FMD. 

 
 
The beam was also intentionally detuned to record a 

“non-Gaussian” profile with the FMD at 500pC (See Fig. 
7) to observe profile features on the ~10µm scale. 

 

Figure 7: Each shot is centered (blue), and the averaged 
profile is calculated (red). 

Quadrupole Scans 
The current in an upstream quadrupole magnet was 

varied and the beam widths were recorded with FMD and 
a YAG-based profile monitor. The beam charge was 
80pC. The emittance is calculated for both diagnostics 
and shows reasonable agreement (see Table 2).  

 

Table 2: Comparison of Calculated Emittance 

Diagnostic Quad Distance [meters]  [mm-mrad] 

YAG 2.58 4.2E-06 

FMD 2.32 3.9E-06 

CONCLUSION 
The Fiber Mesh Diagnostic uses beam-generated 

Cherenkov radiation within a fiber optic array to 
characterize the beam transverse profile. The prototype 
was tested at the BNL ATF and its accuracy was 
compared to the YAG-profile monitors. The results were 
successful and demonstrated the viability of this 
diagnostic for high-precision transverse beam profile 
characterization. Future tests will address issues of fiber 
lifetime in high-radiation environments and an upgraded 
user-interface.  
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SCINTILLATOR DIAGNOSTICS FOR THE DETECTION OF LASER
ACCELERATED ION BEAMS ∗

N. Cook† , R. Lefferts, Stony Brook University, Stony Brook, NY 11790 USA
O. Tresca, BNL, Upton, NY 11973, USA

V. Yakimenko, SLAC, Menlo Park, CA 94025, USA

Abstract
Radiation pressure acceleration with ultraintense laser

pulses presents an exciting new scheme for accelerating
ions. One of the advantages conferred by using a gaseous
laser and target is the potential for a fast (several Hz) rep-
etition rate. This requires diagnostics which are not only
comprehensive for a single shot, but also capable of re-
peated use. We consider several scintillators as candidates
for an imaging diagnostic for protons accelerated to MeV
energies by a CO2 laser focused on a gas jet target. We
have measured the response of chromium-doped alumina
(Chromox), CsI:Tl, and polyvinyl toluene (PVT) screens
to protons in the 2 − 8 MeV range using a CCD camera.
We have calibrated the luminescent yield in terms of pho-
tons emitted per incident proton for each scintillator. We
also discuss how light scattering and material properties af-
fect detector resolution. Furthermore, we consider material
damage and the presence of an afterglow under intense ex-
posures. Our analysis reveals a near order of magnitude
greater yield from Chromox in response to proton beams at
> 5 MeV energies, while scattering effects favor PVT at
lower energies.

INTRODUCTION
Acceleration of protons by intense laser pulses has be-

come an increasingly active area of study amongst nuclear,
plasma, and accelerator physicists. Recent experiments
with intense CO2 laser pulses have produced collimated
bunches of protons with energies greater than 1 MeV and
narrow energy spread with the potential to do so at repeti-
tion rates on the order of 1−10Hz [1] [2]. The evolving na-
ture of this field necessitates flexible diagnostic techniques
suited to measure a myriad of experimental outputs.

Film and resin diagnostics offer single particle sensitiv-
ity but require weeks of analysis. MCPs offer a controlled
gain curve and excellent resolution but are extremely deli-
cate and ill-suited to high energy radiation. The use of scin-
tillators has emerged as a flexible diagnostic as they may
exhibit strong luminescence in response to an array of radi-
ation types and energies; nonetheless their use necessitates
precise calibration and their specific responses may vary
by orders of magnitude [3]. The goal of these tests was to
find a material which produces an adequate and consistent
light yield under expected conditions (104 − 106 protons

∗Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.

† ncook@bnl.gov

with energies ∼ 1 − 20 MeV). The material should have
sufficient resolution to determine bunch size, and should
be relatively inexpensive and robust when exposed to high
radiation flux at a repetition rate near 1 Hz.

EXPERIMENTAL METHOD
We narrowed our potential candidates to three scintil-

lators: Chromox, CsI:Tl, and PVT. Chromox (Al2O3 :
Cr2O3) is a ceramic phosphor designed to be durable un-
der high radiation exposure and is responsive to ions in the
MeV range [4] [5]. Chromox emits at ∼693 nm. CsI:Tl
is an inorganic crystal scintillator which emits at 550 nm.
Though designed for photon detection, it’s high-Z compo-
sition improves proton stopping power and makes it a high
yield candidate. PVT is a low Z organic compound com-
prised of covalently bonded vinyl toluene chains, and as
such it is easily damaged by high linear energy transfer
(LET) radiation [6] [7]. BC-416 is the specific PVT variant
tested, featuring added fluorophores as solvents to adjust
the emission spectrum. It emits light through several chan-
nels, due to the presence of several solvents; the maximum
of its emission spectrum occurs at 434nm, and its stated
decay time is 4 ns.

We obtained a 1 inch diameter, 0.82 mm thick Chromox
disc from Morgan Advanced Ceramics. We evaporated a
225 nm thick aluminium coating on the disc to diminish
noise from electrons and X-rays. An uncoated 25 mm di-
ameter by 1 mm thick CsI:Tl disc was purchased from Mar-
ketech International Ltd. The plastic scintillator is a 2”
× 2” square, 1 mm thick, with a 50 μm Al coat, and has
been used for previous proton experiments at the Acceler-
ator Test Facility at BNL.

Experiments were performed at Stony Brook University
using the Stony Brook Tandem Van de Graaff. Protons may
be accelerated to total energies of 2− 12 MeV with 0.01%
accuracy. Beam currents are flexible from 200 pA to 8.0
nA. Current regulation limits instantaneous uncertainties to
no less than 10% regardless of beam parameters.

We used a Basler scA1400-17gm monochrome CCD
camera to image the scintillator output. It features a 58%
quantum efficiency at 545 nm, 12-bit image depth, and a
1392 × 1040 pixels sensor with 6.45μm × 6.45μm pixel
size. The camera is paired with 75 mm f#/1.4 tv-lens
which corresponds to a maximum aperture of 0.414 sr.

RESULTS AND ANALYSIS
Captured images are analyzed following the European

Machine Vision Association (EMVA) Model 1288 [8]. 300
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images were taken for each camera setting after specify-
ing a 200x200 pixel A.O.I, from which an average back-
ground subtracted grey value was obtained, correlating the
luminescence due to scintillation for given beam parame-
ters. An average yield was then calculated using the EMVA
Model given the optical parameters of our setup. A Lam-
bertian falloff of light intensity versus the angle, θ, between
the scintillator surface and the camera is assumed. This
contributes a factor of cos θ to the model. We define the
yield according to

Y =
μγ

fγNp
(1)

and fγ =
Ω

4π
Tw cos θ

where fγ is the fraction of photons collected by the cam-
era, which is a function of solid angle,Ω, weighted trans-
parency of insertion devices, Tw, and θ. The yield Y then
depends on fγ, Np the number of protons, and μγ , the
number of photons collected per pixel by the camera.

Table 1: Raw Photon Yields for Tests Done in Transmis-
sion for each Scintillator (All Uncertainties ±5%)

Material 2 MeV 4 MeV 6 MeV 8 MeV

Chromox 75.5 216 393 728
PVT 51.9 80.3 174 256

CsI:Tl 0.812 2.32 3.15 4.75

Table 1 shows the measured yield-energy data accumu-
lated during our tests. Tests were limited to 8 MeV due
to proton penetration depth limitations. Uncertainties are
dominated by current regulation instability on the order of
± 5%.

Figure 1: A comparison plot of Log(Y (E)) for each scin-
tillator in transmission.

Chromox Transparency
Assuming a simple model of scintillation, light yield

scales linearly with beam energy in absence of strong
quenching. However, both Chromox and PVT yields do not
correspond to a linear relationship. We consider the role

of transparency in introducing nonlinearities in the yield.
Chromox is constructed of granules of approximate size
wg = 10 − 15μm. Photons passing through the material
may be scattered or reflected at each of the grain bound-
aries, such that the transmission coefficient through a gran-
ule is Tg. Assuming that wg

wc
� 1 and (1 − Tg) � 1, we

conclude that photon yield is a linear function of distance
travelled through the material. Thus, we may use the range
of protons in the scintillator, r(E) as a linear transparency
metric. We have

YA(E) = Y (E) ∗ wc(1− r(E)) (2)

where YA is the transparency-adjusted yield. Figure 2
demonstrates that YA scales linearly with proton energy.
We then work backwards to make an ”expected yield” fit.

Figure 2: Chromox yield is shown with a penetration dis-
tance adjusment and corresponding linear fit. The raw yield
is scaled down for comparison.

PVT Transparency and Damage
We performed a similar adjustment to the PVT yield,

and after accounting for the Al coating, we achieve an im-
proved fit. However, we observe a sharp discrepancy in the
fit above 6 MeV. We believe this can be explained by non-
radiative dissipation of deposited energy in the scintillator
resulting in damage and a diminished yield for high inci-
dent flux [6]. To investigate, we placed the PVT under a
continuous 8 MeV beam at 1 nA and examined the yield
over time; we recorded a 31.6 % decline in mean inten-
sity during 2 minutes of exposure. Afterwards, beam was
blocked for 5 minutes, at which point the average yield was
found to be consistent with the two minute value. As no
significant afterglow was present, we conclude that there is
a long term reduction in yield which corresponds to dam-
age to the scintillator [9].

Resolution Analysis
For use in transmission, we performed comparative tests

by imaging a pinhole with a 6 MeV CW beam. We imaged
the output from each scintillator under these conditions,
and the resulting images can be seen in figure 3. We then
calculated the normalized intensity falloff from the edge of
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the pinhole along a fixed vertical axis, averaged over 300
images.

These tests demonstrate a significantly lower scattering
in CsI:Tl, leading to a 20% falloff length of 0.31mm. For
Chromox, we found a 0.79 mm falloff length, while PVT
displayed the greatest scattering with a falloff length of
1.15 mm. We also observe greater fluctuations in the scat-
tering properties of the PVT than the Chromox, suggesting
further evidence of damage to the scintillator.

Figure 3: Intensity falloff from pinhole edge compared
across three scintillator candidates.

Afterglow Analysis
Though boasting impressive scintillation response to

ions and high dE
dx particles, Chromox demonstrates an af-

terglow effect, only in part due to natural quenching. The
granules introduces more lattice defects at grain bound-
aries, increasing the probability that photons are trapped
away from an activator site thus enhancing afterglow. This
effect has been measured in our Chromox sample both un-
der continuous and pulsed beam conditions.

We generated a beam of 6 MeV protons at a current of
500 pA, and imaged the disc in reflection. The beam was
shut off after an incidence period of several minutes, and
the camera set to take pictures continuously at a 1 ms ex-
posure time at approximately a 1 Hz rep rate. We found that
there is significant afterglow for more than a minute after
the beam is shut off. The sample exhibited a strong imme-
diate afterglow, 28% of the value under beam exposure 1 s
after beam shutoff. After 10 s, the afterglow intensity was
less than 10% of the intensity under exposure. Even after
90 s, an afterglow of approximately 1.5% of the intensity
under incidence was observed.

As laser acceleration produces sub-ns pulses, it is sensi-
ble to examine the afterglow under pulsed beam conditions
as well. Though we cannot replicate experimental condi-
tions with the tandem, pulsed beam was run at 3 Hz with
25 ms pulse lengths. A baseline response to the pulses was
measured before blocking the beam to measure afterglow.
Image intensity is plotted versus time in figure 4. It can be
seen that in the case of pulsed beam, the light output falls
much more quickly, reaching less than 3% of its nominal
value after 0.1 s. Moreover, in this case, a stretched expo-
nential of the form e−( t

τ )β provides a strong fit candidate,

with τ = 0.18ms, and β = 0.20. This fit is characteristic
of phosphorescence and suggests that Chromox is suitable
for pulsed use at Hz-scale rep. rates.

Figure 4: Chromox afterglow measured after a 5nA proton
beam is pulsed for 25ms on, 325ms off.

CONCLUSION
We have measured the response of several candidate

scintillators for use in a high rep rate laser acceleration
experiment. Our findings suggest that Chromox has the
strongest response to protons in the 2-10 MeV range. Res-
olution findings are worse than a single crystal scintillator
like CsI:Tl, but acceptable for use with a Thomson spec-
trometer. Moreover, the afterglow in response to a pulsed
beam is not significant on a 1s time scale, similar to the
current maximum laser rep rate at ATF. Transparency re-
mains a concern as it significantly reduces yield, depending
on the geometry of the scintillator. Likewise, quenching
remains a concern at high energies, but Chromox demon-
strated the best radiation hardness among candidates. How-
ever, at low energies, photon scattering at grain boundaries
reduces both yield and resolution for Chromox. Assuming
comparable disc thickness, at energies < 4 MeV, a PVT
based scintillator provides a superior response.
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DIAMOND AMPLIFIER DESIGN AND PRELIMINARY TEST RESULTS 

T. Xin#, 1, 2, S. Belomestnykh1, 2, I. Ben-Zvi1, 2, M. Gaowei1, 2, E. Muller1, 2, T. Rao1, J. Skaritka1 

J. Smedley1, E. Wang1, Q. Wu1,  
1Brookhaven National Laboratory, Upton NY 11973 

2Stony Brook University, Stony Brook NY 11794 
Abstract 

Diamond as a large band gap material can be easily made 
to have negative electron affinity (NEA) surface. Using a 
few keV primary electrons as input and a few kV bias, the 
NEA diamond will emit cold electrons into vacuum with a 
large gain. We had tested and reported the performance of 
the diamond amplifier in our DC system. The best 
amplification achieved so far was above 170. Next step of 
the experiment is to test the diamond amplifier in a 112 
MHz superconducting RF electron gun. In this report we 
describe the design of the amplifier containing a DC 
primary gun and light optics, to be tested in our SRF gun 
and relevant simulations. We also provide preliminary test 
results of the laser and electron beam transport. 

INTRODUCTION 

In previous papers, works on hydrogenation of CVD 
diamond and on measurements of secondary electron gain 
in a DC system at Brookhaven National Lab were reported 
[1-3]. The next step will be testing the diamond amplifier 
in a Superconducting RF (SRF) gun. For this purpose a 
specially designed cathode stalk is needed to work as a 
transporter/holder of a diamond in the gun. Besides that, 
we also designed a subsystem, which will be inserted into 
the cathode stalk and act as the DC stage of the amplifier. 

DIAMOND AMPLIFIER 

A basic diagram of a diamond amplifier is shown in 
Figure 1. A primary beam, with a few keV energy, hits the 
Pt coated back of the diamond and generates a cloud of 
electron/hole pairs inside the diamond. This entrance 
surface of the diamond is negatively biased hence the 
electrons separate from the cloud and drift across the bulk 
of diamond to the opposite, hydrogenated NEA emission 
surface. An anode is placed 200 m away from the 
emission surface so that the electric field will extract the 
secondary electrons from the NEA surface of diamond into 
vacuum. 

 
Figure 1: DC test of Diamond Amplifier (conceptual 
diagram) [1]. 

   

Design of Amplifier for SRF  n Test 
For the test of the Diamond Amplifier in an SRF gun, we 

need a special stalk to position the diamond in right 

location in the cavity and hold it there. The detailed 

description of the stalk can be found in previous papers [4, 

5]. As for the source of primary electrons, we decided to 

use a newly designed DC assembly with a UV driven 

copper cathode. A CAD model and a photo of this system, 

which will hereby be called Amplifier, is shown in Figure 2. 

 
Figure 2: Section view of the Amplifier: red lines show 

the path of UV light. Smal insert is a photo of the first 

prototype Amplifier with a penny on the side as size 

reference. 

 

This is the first prototype amplifier we made for SRF 
test. There are four major pieces. A gold plated copper top 
plate is used to hold the diamond and ground it to the 
cavity. A ceramic spacer serves as an insulator between the 
grounded top plate and biased molybdenum base. It also 
acts as a holder for the cathode and mirror and defines the 
crucial distance between the cathode and diamond. The 
third part is the cathode/mirror pair that will provide 
electron beam and guide the laser beam out of the cavity. 
The fourth part is the molybdenum base that works as the 
connection between the Amplifier and the transport arm. 

 Laser will come in through a hole in the top plate and 
illuminate the cathode. There is an aluminium electrode 
surrounding the cathode optimized for beam focusing.  
After the laser bounces off the mirror-finished cathode, it 
will hit a metal-coated mirror on the other side, which will 
redirect the laser out of the amplifier through an exit hole 
in the top plate. Figure 3 shows how the amplifier will be 
positioned in the stalk and cavity as well as depicts the 
paths of laser and electron beams. The angles of the 
cathode and mirror are chosen to meet two conditions. The 
first one allows the laser beam to escape the cavity with no 
obstacles. And the second condition is that the electron 
beam must hit the center of the diamond so that we do not 

* This work was carried out at Brookhaven Science Associates, LLC 

under Contracts No. DE-AC02-98CH10886 and at Stony Brook 

University  under grant DE-SC0005713 with the U.S. DOE. 
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have to worry about charging up of ceramic spacers. The 
cathode will be negatively biased by a DC power supply to 
-5 kV. The top plate will be grounded to the cavity though 
the gold plated fingers. 

 

Figure 3: Diagram of laser and electron beam paths. 

Simulation Result of Amplifier 
In order to find the optimal orientation of the cathode, 

we used CST Particle Studio to simulate the trajectory of 
electron beam after it leaves the cathode. Table 1 shows 
parameters we used in the simulation.  

Table 1: Parameters for simulation 

Parameters Value 

High Voltage -5 kV 

Average Current 5 nA 

Pulse width 1 nS 

Repetition rate 80 kHz 

 

After a few iterations the angle between the normal 
direction of cathode and axis of cavity is chosen to be 42 
degrees. The distance between centers of the cathode and 
the diamond is optimized to 6.6 mm. Figure 4 shows the 
potential distribution inside the amplifier and the electron 
beam trajectory. We were able to guide the primary beam 
onto the center of Pt coating layer on back of the diamond. 
The distance between the center of the beam spot and the 
center of the diamond was eventually brought down to 180 m. RF field leakage through the holes in top plate was 
taken into consideration and it was found that the field is 
low enough that there is no observable effect on the beam 
energy and position. 

Prototype Testing Result 
We built a prototype Amplifier this year and made some 

preliminary measurement on it to demonstrate the 
feasibility of our design in terms of laser and electron beam 
paths. 

 
Figure 4: Trajectory of electron beam between primary 
cathode and diamond. Smaller picture shows the 
potential distribution inside the Amplifier.  
 

Figure 5 shows the test with a green alignment laser. 
Incoming laser goes through the half pass Kapton film then 
illuminates the copper cathode. After two reflections it 
comes out of the exit hole on the other side of the top plate. 
The reflected laser beam was captured by the half pass film 
and indicated as a weaker spot. 

 

 
Figure 5: Demonstration of the laser beam passage. 

 

We also measured the percentage of electrons that we 
were able to capture with a dummy electrode, which is 
acting in place of diamond. In this measurement we 
successfully applied -5 kV bias to the cathode. Then a 
220 nm UV light was introduced to the amplifier. A 
deuterium lamp/monochromator system was used to 
generate the required UV light. 

We recorded the current leaving the cathode and the 
current intercepted by an isolated dummy electrode under 
different bias voltages. The result of the measurement is 
shown in Figure 6.  
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Figure 6: Percentage of electrons reaching dummy 
electrode over electrons leaving cathode. 
 

One can see that about half of the electrons that left the 
primary cathode didn’t make it to the dummy electrode. 
This can be result of stray light illuminating the cone 
shaped electrode sitting on top of the cathode. Since the 
spot size of UV light from lamp could not be reduced to 
exactly match the size of the copper cathode, we are 
expecting certain amount of electrons from the aluminium 
electrode. Figure 7 shows the effect of changing light spot 
size on the percentage of intercepted electrons.  

 
Figure 7: Percentage of electron intercepted by dummy 
electrode vs. UV light spot size. 
 

Considering the total area of the electrode and the QE of 
the aluminium, it is possible that nearly half of the signal 
in the measurement of current leaving cathode was due to 
the photoemission from aluminium. In future tests the light 
source will be changed to a UV laser and the spot light will 
be sufficiently reduced to minimize the number of 
electrons caused by stray light.  

Future Modification 

We are planning to change the previous one hundred 

percent coverage metal coating to a lithographical 

patterned grid coating. Because the metal layer will reduce 

the energy of primary electrons, less coverage means larger 

effective impact energy from primary beam. Hence the 

total number of secondary electron product in each pulse 

will be increased according. The trade off is that the weaker 

electric field established by grid coating inside diamond 

will drag less secondary electrons to the emission surface. 

Figure hows the pattern we are planning to use and the 

coating made from it.  

 

a b 

Figure 8: (a) Mask used for lithography; (b) Picture of 
back electrode made with patterned mask. The grid 
spacing is 50 m. 

CONCLUSION 

For future tests of the Diamond Amplifier in a 
Superconducting RF gun, a DC subsystem was designed to 
provide primary electron beam inside the RF cavity. The 
system includes the following parts: a primary 
photocathode made of copper; an aluminium electrode for 
beam regulation; a metal-coated dielectric mirror to guide 
the laser out of the cavity; a holding mechanism to hold the 
diamond in position and ground it to the cavity; and a 
molybdenum base part to connect the amplifier to the 
transport arm. Simulation result from CST Particle Studio 
shows good aiming of electron beam onto the center of the 
diamond and acceptable DC field strength near the 
dangerous region. Experimental result verified the design 
of the optics for the laser beam and showed a reasonable 
capture ratio of electrons by the diamond. We are still 
working on improving the Amplifier in order to make it 
more compatible with our SRF electron gun.  
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J. Skaritka2, E. Wang2, Q. Wu2 
1) Stony Brook University, Stony Brook, NY 11794, U.S.A.  

2) Brookhaven National Laboratory, Upton, NY 11973-5000, U.S.A.  
3) Niowave, Inc., Lansing, MI 48906, U.S.A

Abstract 
The 112 MHz quarter wave superconducting electron 

gun was designed and built as an injector for the coherent 
electron cooling experiment. Besides that, the gun is 
suitable for testing various types of photocathodes thanks 
to its specially designed cathode holder. In recent RF tests 
of the gun at 4 K, the accelerating voltage reached 
0.9 MV CW and more than 1 MV in pulsed mode. During 
this testing, we observed several multipacting barriers at 
low electromagnetic field levels. Since the final setup of 
the gun will be different from the cool down test 
configuration, we want to understand the exact location of 
the multipacting sites. We used Track3P to simulate 
multipacting. The results show several resonant 
trajectories that might be responsible for the observed 
barriers, but fortunately no strong multipacting barriers 
have been found in the cavity. 

INTRODUCTION 
The fabrication of the 112 MHz SRF quarter wave 

cavity as well as the cryomodule has been finished and 
the cold test was successfully conducted early this year. 
The gap voltage had reached 0.9 MV in CW mode test 
and 1 MV in pulsed mode. Further increase in gap voltage 
was limited by radiation. During the conditioning process 
we encountered several multipacting barriers. The 
purpose of study shown in this paper is to investigate the 
relative strength of the known barriers to the ones that are 
predicted by the simulation under higher field level with 
different FPC and cathode stalk for future test so that the 
difficulty of future conditioning can be estimated.  

EXPERIMENTAL ASPECTS 
General Layout 

The cavity and a new cryomodule were built and 
assembled at Niowave. The layout of the cavity, 
fundamental power coupler (FPC) and pickup antenna is 
shown in Figure 1. The FPC antenna was designed with 
an adjustment range allowing critical coupling at different 
levels of RF losses in the cavity. Special precaution was 
taken during the cool down to avoid the accumulation of 
residual gas on the outer conductor of the FPC. We 
suspected that changing of surface condition might 
explain multipacting in a previous cold test. Also a 
standing wave structure was introduced between the RF 

amplifier and the feed through of the FPC to further 
enhance the coupling in case stronger coupling is needed 
to condition a multipacting barrier. The design parameters 
of the 112 MHz electron gun are shown in Table 1.  

 

 
Figure 1: Layout of the 112 MHz SRF cavity horizontal 
test. The coaxial FPC approaches from the exit of the 
cavity and the pickup antenna goes through the nose cone 
part of the cavity and positioned 2 cm behind the entrance 
of the cavity. 

Table 1: Design Parameters of the 112 MHz Electron Gun 

Parameters Value 

Frequency 112 MHz 

Charge per Bunch 1~3 nC 

Repetition Rate 78 kHz 

Acceleration Voltage 1~2 MV 

Cavity Q0 1.8e8 

R/Q 122 Ω 

 

Experimental Results 
The cool down took about 4 hours to bring the cavity to 

superconducting status. To avoid condensation of residual 
gas on the FPC, the thermal shield was not cooled until 
later in the process. 

Soon after the superconducting status was reached, the 
multipacting barriers were observed at relatively low field 
level. The corresponding gap voltage was estimated to be 
below 50 kV and the more accurate value was later 
confirmed to be in the range of 30 kV to 40 kV by 
Track3P simulation.  

After overcoming the multipacting barriers, the cavity 
Q vs. accelerating voltage Vc was measured. Figure 2 
shows the result of the measurement.  

____________________________________________  

*This work was carried out at Brookhaven Science Associates, LLC 
under Contracts No. DE-AC02-98CH10886 and at Stony Brook 
University under grant DE-SC0005713 with the U.S. DOE. 
#txin@bnl.gov 

THPAC35 Proceedings of PAC2013, Pasadena, CA USA

1214C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Accelerator Technology

T02 - Electron Sources and Injectors



 
Figure 2: Q0 vs. Vc during the 112 MHz SRF cavity cold 
test. The black squares show the process of conditioning 
and the blue dots show the final measurement after the 
high power pulse processing.  
 

Black squares show the processing which includes the 
activation of emitter and the consequent Q switch. Blue 
dots show the final Q0 vs. Vc curve after the high power 
pulse process. As we can see under CW mode the gap 
voltage reached 0.9 MV, only limited by the radiation 
concern at Niowave test facility.  

MULTIPACTING SIMULATION 
The multipacting barriers we encounter in this cold test 

were relatively easy to overcome as soon as we improved 
the FPC coupling. However, in a future test of the gun at 
Brookhaven National Lab, there will be a different 
fundamental power coupler. In addition, a cathode stalk, 
which is specially designed to transport and support the 
photocathode in the gun, will take the place of the pickup 
antenna [1, 2]. All these differences might introduce 
different multipacting barriers and we want to see the 
relative strength between the known one and the barriers 
predicted by simulations. 

Secondary Electron Yield Curve 
For the Secondary Electron Yield (SEY) curve, we 

chose Furman's model [3]. The SEY curves of the 
materials we encounter in our gun are shown in Figure 3. 
The parameters used to generate these curves are shown 
in Table 2. The formulae for three different type of 
secondary emission are shown bellow.  

True secondary: 

δ                             (1) 

Elastic backscattering: 

δ ∞ ∞     (2) 

Rediffused electrons: 
δ ∞            (3) 

Total SEY: 
δ δ δ δ                          (4) 

The cavity and part of the beam pipe is made of 
niobium. For Niowave test, the center conductor of the 
FPC and pickup were copper. 

 
Table 2: Parameters used to Generate SEY Curves 
 Niobium Copper  

True secondary    
δ  1.36 1.88  

(eV) 300 276e  
s 1.3 1.54  

Elastic backscattering    
∞  0.001 0.02  
 0.002 0.496  

W 100 60.86  
P 0.9 1  

Rediffused    
 0.001 0.2  

 40 0.041  
r 1 0.104  

 

 
Figure 3: SEY curves of niobium (blue diamonds) and 
copper (red squares).  

Simulation Result for Niowave Test 
Figure 4 shows the electric field and magnetic field 

simulated by Omega3p. This field distribution was used 
as the input for Track3p simulation. The primary 
electrons were generated from the inner surface of the 
whole assembly near the vertical symmetry plane. Then 
the electrons would be tracked under the force exerted by 
the RF field. After each impact the phase of the field will 
be evaluated, if the direction of the field favours the 
emission of the secondary electron, the impact energy and 
the location of the electron will be recorded. If the field 
on impact phase doesn’t allow the emission of secondary 
electron then the particle is removed from simulation. 
After 50 RF cycles, only the survived particle would be 
recorded and marked as resonance particle [4]. The total 
enhanced counter function of these particles will be 
calculated based on the impact energies and the SEY 
curve of the impact surface. By looking at the relative 
height and width of the Enhanced Counter Function peaks 
we can get the idea of the difficulties in overcoming those 
barriers.  
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Figure 4: Electric (upper) and magnetic field (lower) 
simulated by Omega3p for the 112 MHz SRF cavity in 
the Niowave test configuration. 

The simulation gives two potential bands of 
multipacting. Figure 5 shows the longitudinal location of 
resonance particles versus impact energy. Since the SEY 
curve of niobium surpass unity between 100 eV and 
1300 eV, we only have to pay special attention to the 
particles that have impact energy fall into this range. 

 

Figure 5: The diagram on the right hand side shows 
longitudinal location of potential multipacting sites. 
Picture on left hand side shows the locations (white dots) 
of those sites inside the cavity. The longitudinal 
Coordinate axis is mutually applicable to both pictures. 
The gap voltage was scanned between 100 V to 100 kV.   
 

Post processing of Track3P data shows two 
multipacting barriers near 30 and 40 kV gap voltage, 
which is consistent with the observation during the 
Niowave cold test. Figure 6 shows the Enhanced Counter 
Function versus the gap voltage of the cavity. One site is 
located near the gap of the cavity and the other one is 
located near the high magnetic field region. Both of them 
survived 50 impacts in RF cycles. 

 
Figure 6: Enhanced Counter Function versus gap voltage 
of the cavity. 

After identifying the field level of two multipacting 
barriers, we performed the single field mapping with 
Track3P and extracted two typical trajectories of the 

potential multipacting electrons. Figure 7 shows the 
trajectories of two suspicious multipactors. The one that is 
close to the gap of the cavity is a 1st order multipacting 
and the one located in the high magnetic field region is a 
2nd order multipacting. 

 

 
Figure 7: Trajectories of electrons at two multipacting 
sites (red lines). The left one is under 29 kV gap voltage 
and the right one appears at 40 kV gap voltage. The color 
scale indicates the relative strength of electric field.  

CONCLUSION 
The successful cold test at Niowave gave us a good 

opportunity to compare the experimental result with the 
simulation result of the multipacting barriers in the 
112 MHz cavity. Two major sites of potential 
multipacting in the cavity were captured by the simulation 
of Track3p and also observed during the conditioning 
process. The multipacting barriers were relatively easy to 
overcome. This gives us more confidence in future test at 
BNL since the strength of the suspected multipacting 
barriers given by previous simulation in the FPC and 
cathode stalk are much lower than what we found from 
this run. 
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PROGRESS IN THE DEVELOPMENT OF TEXTURED DYSPROSIUM
FOR UNDULATOR APPLICATIONS∗

F. H. O’Shea† , R. Agustsson, Y.-C. Chen, T. Grandsaert II, A. Murokh and K. Woods
RadiaBeam Technologies, Santa Monica, CA 90404, USA

J.-H. Park, R. Stillwell, NHMFL, Tallahassee, FL 32310, USA

Abstract
RadiaBeam Technologies is in the process of develop-

ing bulk textured dysprosium as a potential replacement for
CoFe steel as undulator poles. For cryogenic undulators
that can be cooled below the ferromagnetic transition of
dysprosium, textured dysprosium offers potential increase
in the peak field of the undulator. Here we report on the
progress of the project, including magnetization curves for
the material.

INTRODUCTION
The operation of cryogenic permanent magnet undula-

tors (CPMUs) at temperatures below the Curie transition
of rare-earth metals offers the opportunity to develop new
pole materials that take advantage of the existing cryogenic
conditions to potentially produce higher peak field undula-
tors. To this end, RadiaBeam Technologies has been inves-
tigating the use of dysprosium and gadolinium to replace
the cobalt-iron (CoFe) typically used in high field hybrid
undulators. CoFe is the pole material of choice for high
field undulators because of its large saturation magnetiza-
tion (2.35 T), very large initial permeability (µi ∼ 104)
and small non-linear knee region which is the transition
between the two regions. In single crystal form, dyspro-
sium demonstrates much higher magnetic moment (>3 T
[1]) at low applied field and cryogenic temperatures than
CoFe [2]. However, single crystals of these materials are
difficult and expensive to produce at the dimensions and
scale required for undulator fabrication and polycrystalline
versions of the materials are not useful for undulator appli-
cations because of low initial permeability.

A compromise between the single crystal and polycrys-
talline forms can be reached through a processing tech-
nique that generates so-called texture in the material. This
technique takes advantage of a favorable energy difference
between crystallographic orientations during a rolling and
annealing cycle [3]. Briefly, the polycrystalline material is
rolled out and then annealed near the melting point. For
dysprosium, which has an hcp structure, grains within the
foil that are oriented with the hardest axis within the plane
of the foil are taken over by grains that have the hardest axis
pointed normal to the plane of the foil in a process known
as secondary re-crystallization. This process dramatically
increases the permeability within the plane of the foil [1].

∗Work supported by DOE under contracts DE-SC0006288 and NNSA
SSAA DE-NA0001979
† oshea@radiabeam.com

The foils can then be annealed together in stacks to produce
a macroscopic piece for further machining.

MATERIAL DEVELOPMENT

We have previously reported the results of magnetic
measurement of the textured dysprosium [2]. Those results
showed that the textured dysprosium, made up of 100 µm
thick foils, used in the initial 2-period prototype would not
produce an improvement in peak field over CoFe poles. In
that publication we suggested several changes that might
increase the performance of the the textured dysprosium
poles: operate the undulator at lower temperature, use thin-
ner foils in the poles, and increase the complexity of the
design of the undulator by installing backing magnets on
the side of the poles opposite the magnetic gap. Because of
those observations, all foils created subsequently have been
25 µm thick. Since that previous publication we have found
evidence of another feature of the textured dysprosium that
will influence future magnetic designs, namely that the di-
rection of rolling affects the orientation of the easy axes of
magnetization. Unfortunately, because cryogenic magnetic
measurement techniques below 77 K require the use of liq-
uid helium, we have had difficultly finding facilities willing
to perform these measurements until recently.

Figure 1: Comparison of the magnetic performance of tex-
tured dysprosium at 2 K and 77 K. The sample was cut such
that the direction of measurement was within the rolling
plane.
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Temperature Effects
The first suggested solutions is to decrease the temper-

ature of the device. A colder undulator would have both
higher remanent magnetic field of the PrFeB magnets [4, 5]
and higher initial permeability in the textured dysprosium
poles. The former results in larger applied fields while the
latter results in greater pole tip field per unit of applied
field, both critical to attaining large on-axis magnetic fields
[6]. Figure 1 shows a comparison between the magnetiza-
tion of textured dysprosium at 2 K and 77 K. The two fea-
tures of note are that above 5 kOe applied field, the colder
textured dysprosium is more strongly magnetized and be-
low 5 kOe, the warmer sample is more strongly magne-
tized. We would expect that as the material is cooled, it
is more easily magnetized because the thermal energy that
allows the individual dipoles to resist the torque of the ap-
plied field is reduced [7]. That appears to be the case at
larger applied field (>10 kOe), but not lower applied field.

The shape of the measured sample in Fig. 1 was mod-
ified from the original shape to fit into the measurement
device. The modification resulted in a large demagnetiz-
ing factor [8]. Because of this we hypothesize that the
unexpected reversal of performance below 5 kOe can be
explained by the effect of the large demagnetizing fac-
tor. At low applied field, we would expect that the ac-
tual applied field would be lower than the observed ap-
plied field, which is the abscissa of Fig. 1, in the case
of stronger magnetization because the two are related as
Hactual = Hobserved −NM , where N is the demagnetiz-
ing factor and M is the magnetization of the sample.

Figure 2: Comparison of the magnetic performance of
textured dysprosium at 30 K and 77 K. The sample was
cut such that the direction of measurement was within the
rolling plane. Note the different ordinate as compared to
Fig. 1.

To test this hypothesis, a different sample, manufactured
identically and of smaller demagnetizing factor, was mea-

sured in a different measurement setup at a different loca-
tion. The results of the measurements at 30 K and 77K,
after correction for the demagnetizing factor, are shown in
Fig. 2. It can be seen that the lower temperature magne-
tization curve always shows higher magnetization than the
higher temperature curve, consistent with the hypothesis of
a large demagnetizing factor in the measurement shown in
Fig. 1 We chose to perform the second measurement at 30
K, instead of the previous 2 K, because that temperature
can be maintained by a closed loop cold head, reducing fu-
ture experimental complexity. 30 K is also the approximate
temperature of maximum thermal conductivity of copper
[9].

Orientation Effects
In previous simulation work, we have treated textured

dysprosium as an anisotropic material with one hard axis,
[0001], and two easy axes, <101̄0> and <112̄0>. This is
because the available simulation packages can only handle
anisotropy of this 2+1 form [10]. The assumption is that
there is an equal mixture of the two easy domains in the
plane of the foil (the basal plane). However, the two easy
axes are not equivalent, the <101̄0> axis is actually harder
than the <112̄0> axis, even though both are much softer
than the [0001] direction [11, 12]. Therefore, if the process
that generates texture produces a preference for grain ori-
entation, there will be a preferred direction for cutting the
poles out of the bulk laminated material. The highest on-
axis magnetic field will be obtained if the pole is manufac-
tured such that the <112̄0> axis is normal to the undulator
mid-plane. This is, of course, a statement of the average
direction in which each axis points.

Previous work studying textured dysprosium has ob-
served that the texture develops such that the <101̄0> axis
is preferentially aligned with the direction of rolling [13].
We should, therefore, be able to detect this difference in
measurements made on samples cut from the two different
orientations. To measure the difference in magnetization,
two samples were cut from the same piece of bulk lami-
nated pole, called sample A and sample B. Sample A was
measured along the direction of rolling and sample B was
measured along the direction perpendicular to the rolling
direction and the foil normal. As can be seen in Fig. 3,
sample A is clearly magnetically harder than sample B,
consistent with previous observations showing a preference
for the texture to develop with the <101̄0> axis along the
direction of rolling. Both samples are more easily magne-
tized at lower temperature and the benefits of cooling the
textured dysprosium to 30 K are almost entirely erased by
non-optimal orientation of the texture relative to the undu-
lator mid-plane.

Simulation has shown that, in a hybrid undulator design
of 7-9 mm period length, the applied field at the pole tips
is approximately 0.15 T. At this applied field, the rema-
nent field of the textured dysprosium is 25% larger for a
pole cooled to 30 K and cut such that the <112̄0> axis
is optimally oriented, as compared to a pole cooled to 77
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Figure 3: Comparison of the magnetic performance of
textured dysprosium as a function of measurement along
the two axes of the basal plane, <101̄0> (sample A) and
<112̄0> (sample B), at two different temperatures.

K and cut such that the <101̄0> axis is normal to the un-
dulator mid-plane. In fact, this is a conservative estimate
because the more easily magnetized material will apply a
larger field at the pole tip.

Material Performance

It is clear from the preceding that the highest peak field
will result from choosing sample B cooled to 30 K. By cut-
ting the poles from the bulk laminate such that the<112̄0>
axis of the texture is oriented in the same direction as the
dominant magnetic field. For example, in a vertically (ŷ)
polarized planar undulator in which and electron in the
mid-plane oscillates horizontally (x̂) and the beam travels
along the ẑ-direction, the texture of the dysprosium should
be oriented such that (x̂,ŷ,ẑ):([0001],<112̄0>,<101̄0>)
for optimal performance. Previous simulation has shown
that there is a small decrease in performance when the tex-
ture is oriented with the x̂ and ẑ directions switched, poles
with this texture orientation are much easier to manufac-
ture.

To more efficiently produce a large amount of bulk lami-
nate textured dysprosium, we modified the processing tech-
nique that produced excellent magnetic results in earlier
phases of the project. The principal modification was an
intermediate annealing step during rolling to relieve strain
from the rolling. Although x-ray 2θ scans of the mate-
rial show good texture development [1], this additional step
substantially increases the fraction of the bulk laminate that
is made up of dysprosium oxide, reducing overall magnetic
performance. This additional annealing step has been re-
moved from the process and additional measurements are
being performed at the time of publication.

Figure 4: Comparison of the easy magnetization curves
from the current sample B and the data presented in Ref.
[2]. The decrease in magnetic performance is due to in-
creased oxide formation in the updated procedure for mak-
ing the bulk laminate.

ACKNOWLEDGMENT
We thank E. Mun and J. Betts at the National High Mag-

netic Field Laboratory at Los Alamos for the data used in
Fig. 1 and T. Scrivnor for careful machining of the samples
measured.

REFERENCES
[1] A. Murokh, et al., submitted to NIM A.

[2] F. H. O’Shea, et al., IPAC’13, Shanghai, China, WEPWA081,
p. 2298, http://www.JACoW.org

[3] W. Swift, and M. Mathur, IEEE Trans Mag. 10, 308 (1974).

[4] K. Uestuener et al., 20th workshop on Rare Earth Permanent
magnets, 2008, Crete, Greece.

[5] C. Benabderrahmane et al., Nucl. Inst. Meth. A 669, 1 (2012).

[6] R. Dejus, M. Jaski and S. H. Kim, Argonne Nat. Lab. Rep.
No. ANL/APS/LS-314.

[7] J.J. Rhyne and A.E. Clark, Journal of Applied Physics 38,
1379 (1967).

[8] J. A. Osborn, PHys. Rev. 67, 351 (1945).

[9] E. D. Marquardt, J. P. Le and R. Radebauch,
11th International Cryocooler Conference (2000).
http://cryogenics.nist.gov/MPropsMAY/material

properties.htm

[10] O. Chubar, P. Elleaume and J. Chavanne, J. Synch. Rad. 5,
481- 484 (1998).

[11] D.R. Behrendt, S. Legvold and F.H. Spedding, Phys. Rev.
109, 1544 (1958).

[12] A.S. Chernyshov, et al., Phys. Rev. B 71, 184410 (2005).

[13] R. H. Hopkins, Metal. Trans. 5, 1183 (1975).

Proceedings of PAC2013, Pasadena, CA USA THPAC36

07 Accelerator Technology

T15 - Undulators and Wigglers 1219 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



SURFACE PLASMON RESONANCE ENHANCED MULTIPHOTON 

EMISSION FROM METALLIC CATHODE* 

H. To, R. Li, P. Musumeci, UCLA, Los Angeles, CA 90095, USA 

G. Andonian, Radiabeam Technologies, Santa Monica, CA 90404, USA

Abstract 
We investigate the use of surface plasmonic 

nanostructures in increasing the efficiency of copper 
photocathodes for high-brightness electron sources. A 
nanohole structure was fabricated, using focused ion 
beam milling, such that it exhibited a strong plasmonic 
response near 800 nm. The reflectivity of the 
nanostructured surface was significantly lower compared 
to that of a flat surface, due to plasmonic resonance 
effects. A previous experiment [1] demonstrated an 
increase in charge yield by over a factor of 100, using a 
slightly off-resonance structure. With this new near-
resonant structure, the reflectivity is expected to be even 
lower and the charge yield enhancement factor even 
larger. 

INTRODUCTION 

Recently, progress has been made in using metal 
photocathodes to generate high brightness electron beams, 
as an alternative to using semiconductor cathodes [2]. 
Because of their prompt response, low vacuum 
requirements, robustness, and fabrication simplicity, 
metals are typically the preferred choice in high peak 
brightness photoguns [1]. However, metal cathodes are 
not without disadvantages, a significant one being that 
they are often highly reflective at optical and infrared 
wavelengths and in general offer lower QE than 
semiconductors [3]. 

We, at the UCLA Pegasus laboratory, have 
demonstrated the generation of electron beams through 
multiphoton emission using a copper photocathode with 
an 800 nm Ti:Sa incident laser [2]. At 800 nm, copper is 
~95% reflective, and thus, most of the photons from the 
incident laser are wasted and do not participate in the 
multiphoton emission process [3]. To increase the 
efficiency of the cathode, an obvious solution would be to 
increase the absorptivity of copper at 800 nm.  One way 
we propose to do this is to pattern a cathode surface with 
nanoscale features that take advantage of plasmonic 
effects. 

THEORY 

Recent advances in nano-plasmonics have enabled fine 
control of optical properties of metal surfaces by 
patterning them with sub-wavelength or nanoscale 
features [4]. Nanoscale features of the correct geometry 
can lead to surface plasmon resonance, or a resonant 
interaction between surface plasmons and incident 
photons [5]. This produces two major effects [4]: 1) 
significant reductions in metal reflectivity due to photons 

being absorbed by surface plasmons, and 2) large 
enhancements of local optical field intensity due to 
photon energy being stored in the surface plasmons. 
These nano-plasmonic phenomena could be applied to 
optimize the optical response of a cathode and obtain high 
efficiencies in photoemission charge yield. 

Previously, we reported the first experimental results of 
the generation of relativistic electron beams from a 
nanostructured photocathode in a high gradient RF gun 
[2]. The aforementioned nanohole array structure 
exhibited a resonant response at ~810 nm. At 800 nm, the 
reflectivity of the nanopattern was ~60%, still producing a 
>100-fold enhancement in the multiphoton charge yield. 
With a nanopattern that is resonant closer to 800 nm, the 
charge yield can be expected to be greater.  

SETUP 

The geometry of the nanopatterns consist of rectangular 

arrays of nanoholes fabricated with focused ion beam 

(FIB) milling, as shown in Fig. 1. The patterns were 

milled onto a single crystal Cu(100) substrate to avoid 

pattern variation due to the random grain sizes and 

orientations associated with polycrystalline substrates. 

 

 
 

Figure 1 [1]: Scanning electron microscopy images of a 

nanohole array. Inset: Zoomed in profile view of 

nanoholes. 

 

When using the nanohole array geometry, the resonant 

wavelength is much more sensitive to the spacing of the 

holes than to their depth, width, and even their shape [1]. 

Each nanohole has an approximately Gaussian profile, 

mainly due to the current density distribution of the 

milling ion beam. Finite Difference Time Domain 

(FDTD) simulations were performed to compare the 

 ___________________________________________  

*Work supported by U.S. DOE Grants No. DE-FG02-92ER40693 and 
U.S. DOE SBIR Grant No.  DE-SC0009656    
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difference in resonant response between Gaussian-shaped 

holes and ideal rectangular holes, using the same depth, 

width, and spacing. We found that the resonant 

wavelength for these two profiles differed only by about 4 

nm, as shown in Fig. 2. This finding is important in that it 

allows us to fine tune the resonant wavelength primarily 

by changing the hole spacing p, which is the most 

controllable and reproducible parameter in a FIB device. 

 

 

 Figure 2 [1]: Simulated reflectivities at normal incidence 

of two types of nanohole pattern: square holes and 

Gaussian holes. 

 
In this study, we fabricated nanopatterns with spacing p 

of 765 nm, shown in Fig. 3. The dimensions of the 

structure (spacing p, depth h, and FWHM width w of the 

holes) were optimized through finite difference time 

domain (FDTD) simulations. The values of h, w, and p 
are ~300 nm, ~200 nm, and ~765 nm respectively. The 

middle right pattern is the same as the top and middle left 

patterns, but rotated 90 degrees.  This is to check the 

possibility of asymmetry in the nanoholes, i.e. the holes 

could be slightly elliptical rather than perfectly circular. 

Fig. 4 shows the reflectivity curves for the un-rotated and 

rotated patterns. When imaging the nanopattern at normal 

incidence using a 2 nm FWHM laser at the resonant 

wavelength, the incident light is strongly absorbed (Fig. 

3).  

 
 

Figure 3: Nanopatterns with 200 nm FWHM width and 

300 nm depth. Top left: 765 nm spacing. Middle left: 765 

nm spacing. Middle right: 765 nm spacing, pattern rotated 

90 degrees with respect to first two patterns.  Bottom 

right: practice pattern. Pattern square sizes: ~ 100 μm by 

100 μm. 

 

When imaging the nanopattern at normal incidence 

using a 2 nm FWHM laser at the resonant wavelength, the 

incident light is strongly absorbed, as shown in Fig. 3. 

The measured resonant wavelength of this nanopattern is 

795 nm with a bandwidth of 34 nm, and corresponds to a 

reflectivity of 12%. At 800 nm, the nanopattern exhibited 

a reflectivity of 23%. 

 

 

 
 

Figure 4: Reflectivity curves for most recent nano-

patterns. Solid curves: 0 degree laser polarization. Dashed 

curves: 90 degree laser polarization.  Blue curves: un-

rotated pattern.  Magenta curves: rotated pattern, 90 

degrees with respect to un-rotated pattern. 

ANALYSIS 

The reflectivity curves in Fig. 4 indicate polarization 

dependence for the nanostructures.  For a pattern, the un-

rotated pattern for example, the resonant wavelength 

shifts when the laser polarization is changed by 90 

degrees (blue curves).  The rotated pattern exhibits the 

same behaviour, but in reverse (magenta curves).  This 

suggests that the holes are indeed slightly elliptical in 

shape.  The small shift (< 4 nm) in the plasmonic 

resonance peak can be explained due to some asymmetry 

in the FIB machine's focus in the x and y directions in 

agreement with the simulation prediction. 

It is interesting to compare the potential increase in 

charge yield from the 795 nm resonance pattern to the 

previous 810 nm resonance pattern. In the previous 

experiment [1], IR laser pulses (150 fs FWHM) were 

focused to 120 μm rms and scanned around the 

nanopattern at near normal incidence (<1
o
) with a piezo-

controlled mirror. The position of the laser spot on the 

cathode was monitored using a virtual cathode screen, and 

the generated beam charge was measured by a calibrated 

high efficiency beam profile camera. The maximum 
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signal, obtained when the laser spot fully covered the 

nanopattern, was Yexp > 1.2 x 10
2
 times greater than when 

the laser was hitting only a flat surface [1]. 

This large increase cannot by fully explained by just the 

change in IR reflectivity and absorption. The generalized 

Fowler-Dubridge theory [6] predicts an increase of 

YFD=(1-Rp)
3
/(1-Rf)

3
=27 times, where Rp=64% and 

Rf=88% are the measured reflectivities of the previous 

nanopattern and the flat cathode surface, respectively. The 

additional enhancement in charge emission can be 

attributed to the optical intensity enhancement due to 

surface plasmon resonance (Fig 5.).  

 

 

 
 

Figure 5 [1]: Intensity distribution on the nanohole 

surface. 

 

It is estimated that a nanopatterned surface produces ~5 

times more charge than a flat surface under equal 

absorbed intensity [1]. As mentioned, the more recent 

nanopattern exhibited a reflectivity of Rp=23%. From a 

reflectivity standpoint alone, this corresponds to a charge 

enhancement factor of YFD=(1-Rp)
3
/(1-Rf)

3
~250 times. 

Taking into account the enhancement due to surface 

plasmon resonance, this suggests that the total 

enhancement factor could be at least 1000. 

It is important to consider possible limitations to this 

large enhancement factor. It has been demonstrated that 

structural changes to a nanopatterned cathode surface 

occur when the absorbed fluence approaches 10 mJ/cm
2
 

[1]. The result is consistent with the 50 mJ/cm
2
 limit 

reported for a flat copper surface [7] taking into account 

the ~5 times enhancement due to surface plasmonic 

effects. This sets an upper limit to incident laser power for 

nanopatterned surfaces that is lower than the limit for a 

flat surface, i.e. using an arbitrarily high laser power does 

not yield an arbitrarily high charge yield. In regards to an 

upper limit to charge yield, at present, it is unclear 

whether the localized emission of photoelectrons from a 

nanostructured cathode sets a different limit on the 

highest extractable charge density than a flat cathode 

case, but that should be an interesting topic for future 

studies. 

CONCLUSION 

In summary, this work demonstrated the potential to 

use plasmonic nanostructures to change the optical 

properties of a copper photocathode. In doing so, we were 

able to mitigate the inherent ~90% reflectivity of a flat 

copper surface. We showed a significant increase in 

charge yield from using a previous nanostructure that was 

64% reflective at 800 nm, and thus, we can expect any 

even larger increase from the current nanostructure, 

which is 23% reflective. Our next steps include 

generating an electron beam with this nanostructured 

cathode and comparing its characteristics (charge yield, 

intrinsic emittance, and bunch length) to that of a beam 

from an ordinary flat cathode. We envision this work to 

be a promising step in a new direction of photocathode 

research. 
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BEAM DYNAMICS DRIVEN REQUIREMENTS ON THE ARIEL E-LINAC
SRF SEPARATOR CAVITY∗

Douglas W Storey1,2† , Yu-Chiu Chao2, Lia Merminga2,
1University of Victoria, Victoria, B.C, Canada, 2TRIUMF, Vancouver, B.C, Canada

Abstract

A possible future extension to TRIUMF’s ARIEL e-linac
is the addition of a recirculation path for an Energy Re-
covery Linac (ERL), which will drive an Infrared or THz
Free Electron Laser (FEL). The ERL electron beam will be
interleaved with the single-pass beam bound for Rare Iso-
tope Beam (RIB) production in the ARIEL facilities, allow-
ing for simultaneous beam delivery to both FEL and RIB
users. A superconducting RF separator will separate the
beams at the exit of the linac at a frequency of 650 MHz
in CW mode. After a second pass through the linac, the
energy recovered ERL beam will pass through the separa-
tor cavity out of phase with the deflecting fields, and at a
much lower energy, before continuing to a beam dump. Us-
ing the General Particle Tracer software, three-dimensional
simulations of the beam dynamics of the passing beams
have been performed to determine the requirements on the
SRF separator’s deflecting field uniformity. Operation of
the FEL requires minimal emittance dilution of the ERL
beam from the separator. This contribution describes the
results of these studies and the requirements imposed on
the SRF beam separator.

INTRODUCTION

The ARIEL e-linac will produce a 50 MeV, 10mA CW
electron beam as the photo-fission driver for the production
of neutron rich Rare Isotope Beams (RIB). This comple-
mentary RIB source will expand TRIUMF’s existing ISAC
experimental program. The electron beam is accelerated
through an injector cryomodule to an energy up to 10 MeV,
and two accelerating cryomodules (ACM) up to an energy
of 50 MeV in cavities operating at 1.3 GHz [1].

A future phase will be the addition of a recirculation
loop to return the electrons for a second pass through the
main linac. This may be configured as a recirculated linac
(RLA), accelerating the beam up to 75 MeV before con-
tinuing on for RIB production, or as an Energy Recovery
Linac (ERL) with a Free Electron Laser operating in the
back leg of the recirculation loop and interleaved with the
RIB beam in the main linac.

Successful operation of the FEL depends on a low emit-
tance beam, requiring minimal emittance dilution imparted
during the separation of the beams at the exit to the main
linac.

∗Work supported by the Natural Sciences and Engineering Research
Council of Canada.
† dstorey@uvic.ca

RF Separator Layout
Bunches bound for either RIB production or the ERL

will have the same energy when reaching the separator sec-
tion and will occupy alternating buckets of the 1.3 GHz ac-
celerating RF. Separation of the bunches will then require
RF separation at a frequency of 650 MHz at the exit of the
main linac. Furthermore, the separator layout must also be
compatible with the RLA operating mode, which will rely
on the static magnetic separation of the two beams.

The basis of this separation scheme has been developed
in [2] and comprises of an RF separator cavity imparting
an initial differential transverse kick to the two beam types,
followed by a steering dipole, a defocusing quadrupole to
further enhance the separation, and finally a septum magnet
to perform the final separation of the beams. This scheme
is driven by rigid space constraints that require the full sep-
aration of the beams within a distance of about 3 m. The
layout of the separation section of the e-linac is depicted in
Fig. 1.

Figure 1: The layout of the ARIEL RF separator on the left
with the beam deflections shown on the right. The elements
shown are the a) RF separator cavity, b) dipole magnet, c)
quadrupole, and d) septum.

In addition to the RIB and ERL beams, the decelerated
beam after making its second pass through the ACM, will
reach the RF separator with energy of 5 to 10 MeV and
90◦out of phase with the cavities deflecting phase. It will
therefore pass mostly unaffected through the separator cav-
ity and receive a sharp deflection by the dipole magnet due
to its low energy to be directed down a short transport line
to a beam dump.
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An SRF cavity with RF Dipole geometry [3] is being
considered for the RF separator. This cavity is compact in
size and the transverse deflections are high with low peak
electric and magnetic fields.

Beam Properties
The RF cavity will operate at 650 MHz to give opposing

transverse momentum kicks to adjacent bunches from the
main linac at ±90◦. The required angular deflection im-
parted by the cavity is ±4.5 mrad for beam energies of up
to 66 MeV and currents up to 16 mA CW.

The incoming RIB and ERL beams will have normalized
emittances of 5 mm-mrad in both x and y and the transverse
RMS beam widths on entering the RF separator cavity are
0.68 mm and 0.42 mm respectively, as determined from
the e-linac optics. The energy spread of the beam will be
around 0.5%.

After deceleration in the main linac, the beam will have
an energy of 5 to 10 MeV with a significant energy spread
of about 5%. Additionally, the bunch length will be quite
long, up to 6.5 mm RMS.

TRACKING SIMULATION
The simulations of the beam dynamics were performed

using the General Particle Tracer (GPT) [4] to quantify the
emittance growth of the beam primarily within the separa-
tor cavity. The fields in the separator cavity, as described in
[5], were exported from the HFSS RF simulation tool on a
grid with 1 mm spacing [6]. GPT in turn uses this field map
in an 8-point bilinear interpolation to evaluate the field at a
specific point in space.

Bunches of 100,000 macro-particles were initiated im-
mediately before the RF cavity with Gaussian spatial distri-
butions and divergences scaled to obtain 5 mm-mrad emit-
tances. The macroparticles were given a uniform distri-
bution of energy spread about the mean beam energy of
50 MeV for the ERL/RIB beams and 7 MeV for the decel-
erated beam.

The tracking simulation through the RF cavity was per-
formed with varying incoming beam parameters, different
momentum kick strengths, and different cavity geometries
to determine the emittance growth imparted by the cavity.

RESULTS
For the nominal beam parameters, the emittance growth

in the horizontal direction was found to be very minimal
with well under a 1% increase. The emittance in the verti-
cal direction was found to be mostly unaffected by the RF
cavity within the parameter space studied.

Sensitivity Studies
To investigate the impact of the RF separator cavity un-

der non-optimal beam properties, the transverse and longi-
tudinal RMS sizes, energy spread, and transverse position
of the beam were varied about their nominal values.

The horizontal emittance was found to be most sensitive
to changes in the transverse beam sizes, particularly in x
direction, as shown in Fig. 2. The emittance growth stays
below 1% for beam widths under 2 mm but grows very
quickly for larger beams.

The emittance showed very little dependence on both the
energy spread of the beam and the transverse position.

Figure 2: The normalized RMS transverse emittance, εn,x
at the exit to the RF separator cavity for different beam
widths, for an RF voltage of 0.3 MV. The nominal beam
widths are marked by the * symbol.

Increased Momentum Kick
Due to the limiting space within the TRIUMF E-Hall, a

larger momentum kick imparted by the RF separator could
achieve the separation of the beams in a shorter distance.
This is desirable as it would loosen space requirements on
the surrounding beam-line by allowing a shorter distance
between the separator cavity and septum.

Increasing the transverse voltage of the RF cavity will
amplify its effect on the emittance of the beam. This ef-
fect was studied with increasing deflecting voltages from
the nominal 0.3 MV up to 1.7 MV for a 25 mrad angular
deflection. This is nearing the upper limit of this cavity ge-
ometry with the peak fields approaching operational limits.

At the nominal beam parameters, minimal emittance
growth is seen up to the maximum kick strengths stud-
ied, with the horizontal emittance increasing by less than
0.5%. Again, the emittance growth sees the largest corre-
lation with the width in the x direction, as shown in Fig.
3. The emittance growth also shows a dependence on σy ,
bunch length, and shows a growing dependency on the y
position of the beam.

Based on these results, the deflecting voltage of the cav-
ity may be increased to approximately 0.7 MV, after which
the emittance would become too sensitive to the beam
width in the x direction. This corresponds to angular de-
flections after the separator cavity of up to around 10 mrad.

Field Uniformity
The main source of emittance dilution when passing

through the separator cavity is the non-uniformity of the
fields across the aperture, which causes beam particles to
receive a different momentum depending on their trans-
verse position. One way to achieve more uniform deflect-
ing fields is to modify the geometry of the inner ridges of
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Figure 3: The normalized RMS transverse emittance,
εn,x at the exit to the RF separator cavity for different
beam widths and varying momentum kick from 0.3 MV to
1.7 MV.

the RF dipole cavity to shape the fields in a more uniform
way.

The cavity considered thus far has flat inner ridges, as
shown in Fig. 4. By giving the inner ridges a slight out-
wards curvature, the field uniformity can be greatly in-
creased with little effect on the RF properties of the cavity.

Figure 4: The cross section of the separator cavity with flat
inner ridges on the left and curved ridges on the right.

In Fig. 5, the cavity with curved ridges contributes to
the emittance growth similarly to the flat ridged cavity for
RMS beam sizes less than 1.5mm, after which the curved
ridge cavity results in lower emittance growths.

Figure 5: The normalized emittance, εn,x at the exit to the
RF separator cavity for the two different cavity geometries.

Decelerated ERL Beam
The decelerated beam passes through the RF separator

cavity at the zero crossing, nominally with no deflections.
However, as the bunch enters the cavity it sees the decreas-
ing deflecting fields, imparting a small momentum to the

bunch. While exiting, it sees the fields increasing again
and receives an opposing kick. This results in a net zero
angular deflection, but also a small horizontal deflection at
the exit of the cavity. Additionally, since the bunch length
of the decelerated beam is quite long, the head will see a
small net angular deflection in the opposite direction as the
tail, resulting in a small defocusing effect on the beam.

The scale of the horizontal deflection is approximately
0.5 mm for a 0.3 MV transverse deflecting voltage. This
scales linearly with kick strength, resulting in a maximum
offset of 2.5 mm for the highest kick strengths considered
here, 1.7 MV. The defocusing effect was also found to be
minimal.

Deflections of this size will not impede the safe pas-
sage of the decelerated beam through the separator cavity
and dipole magnet without losing particles along the way.
Quadrupoles located after the dipole along the dump beam
line will ensure safe transport of the beam to the 10 MeV
beam dump, located another 2 m past the separator cavity.
The effect of the decelerated beam therefore does not im-
pose any further requirements on the RF cavity.

CONCLUSION
These studies indicate that operating with nominal beam

properties, the RF separator cavity will impart minimal
emittance growth to the ERL and RIB bound beams. The
beam width in the x direction contributes the largest to
emittance dilution and for a cavity with flat inner ridges,
RMS beam widths of under 2 mm will limit the emittance
growth to less than 1%. Overall, the beam dynamics do
not imply any stringent requirements on the RF separator
cavity.

The upper limit to the deflecting voltage of the cavity
is approximately 0.7 MV, after which with the emittance
becomes very sensitive to the transverse beam width. This
corresponds to a ±10 mrad angular deflection by the RF
cavity. This sensitivity may be decreased by using a cavity
with better field uniformity such as one with curved inner
ridges.
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FEASIBILITY OF AN RF DIPOLE CAVITY FOR THE ARIEL E-LINAC
SRF SEPARATOR∗

Douglas W. Storey1,2† , Robert Edward Laxdal2, Lia Merminga2, Vladimir Zvyagintsev2

1University of Victoria, Victoria, B.C, Canada, TRIUMF, Vancouver, BC, Canada2

Abstract
A megawatt class CW e-linac is being designed and con-

structed at TRIUMF with the main goal of producing neu-
tron rich isotopes for TRIUMF’s Rare Isotope Beam (RIB)
program. A possible extension of the beam-line will allow
recirculation of the beam for an Energy Recovery Linac
(ERL) to operate in tandem with the RIB user program. A
superconducting cavity with RF dipole geometry is being
considered for separation of the ERL and RIB beams at
the end of the linac to provide simultaneous beams to both
the ERL and RIB programs. This contribution describes
optimization studies performed on the RF dipole design to
determine if this geometry will meet the requirements of
the ARIEL e-linac. The resulting 650 MHz structure has
compact cavity dimensions, low peak fields, and high trans-
verse shunt impedance. Due to the large aperture beam-line
and stringent requirement on preserving beam quality, ex-
tensive focus has been placed on transverse uniformity of
the deflecting fields.

INTRODUCTION
A future extension to the ARIEL e-linac [1] will be the

addition of a recirculation path to the beam-line for an En-
ergy Recovery Linac (ERL), the driver for an Infrared or
THz Free Electron Laser (FEL). The ERL electron beam
will be interleaved with the single-pass beam bound for
Rare Isotope Beam (RIB) production in the ARIEL facili-
ties, allowing for simultaneous beam delivery to both FEL
and RIB users.

Bunches of electrons bound for either the ERL or RIB
will occupy alternating buckets of the 1.3 GHz accelerating
RF. The separation of the beams will take place at the exit
of the main linac. The basis of this separation scheme is in-
troduced in [2], which describes the layout and deflections
required by each element in the separation complex: an
RF separator, steering dipole, defocusing quadrupole, and
septum magnet. This scheme is driven by the rigid space
constraints that require the separation of the beams within
a distance of about 3 m.

After energy recovery in its second pass through the ac-
celerating modules, the recirculated ERL beam will reach
the RF separator with beam energy of approximately 5 to
10 MeV, and 90◦out of phase with the deflecting phase of
the cavity. It will therefore pass mostly unaffected through

∗Work supported by the Natural Sciences and Engineering Research
Council of Canada
† dstorey@uvic.ca

the separator cavity and receive a sharp deflection in the
dipole magnet and be directed down a short beam-line to a
beam dump.

The initial separation will take place in an RF separa-
tor cavity operating at a frequency of 650 MHz, imparting
opposing transverse momentum kicks to the ERL and RIB
bound beams and deflecting them by ±4.5 mrad in the hor-
izontal direction. This deflection will be amplified by the
quadrupole magnet with the final separation of the beams
reaching ∼ 35 mm by the time they reach the septum. At
this point, the ERL beam will be directed around the re-
circulation loop and the RIB beam back towards the main
linac axis.

Additionally, the layout of the separator section of the
linac is compatible with a two pass Recirculating Linac in
which the beam is directed around the recirculation loop
after its first pass to be accelerated a second time in the
main linac before continuing on for RIB production. This
mode would not employ the RF separator cavity, but would
rely on the static magnetic separation of the beams with
different energies in the dipole.

The maximum beam energy at the exit of the main linac
will be 66 MeV. This translates to a 0.3 MV transverse
momentum kick imparted by the RF separator cavity and
transverse deflecting field of E⊥ = 1.3 MV/m for a single
deflecting cavity.

SRF SEPARATOR CAVITY
The RF dipole deflecting cavity is being considered for

use in the ARIEL separator complex. This cavity is com-
pact in size and the transverse deflections are high with low
peak electric and magnetic fields. Extensive scaling stud-
ies have been performed on this geometry [3], however de-
tailed optimization is required to fully access the suitability
of this cavity design for the ARIEL e-linac separator.

The geometry of the RF dipole separator cavity is shown
in Fig. 1. The inner ridge length of the cavity will be of or-
der βλ/2 = 230 mm at 650 MHz, and the aperture 50 mm,
the same as along the rest of the length of the e-linac.

Figure 1: The RF dipole geometry showing the key param-
eters affecting the cavity performance.
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In the deflecting mode, a transverse electric field is pro-
duced between the cavity ridges while the magnetic field
circulates around them. The x component of the electric
field provides the main contribution to the horizontal de-
flections while the y component of the magnetic field acts
to decrease the deflection, by a relatively small amount.
The deflecting mode of this cavity geometry is the lowest
order mode of the cavity and the next higher order mode
has a frequency far from the fundamental mode.

GEOMETRY STUDIES
The RF Dipole cavity behaviour has been studied using

HFSS [4] to determine an optimal separator cavity geome-
try for the ARIEL separator specifications. The main goals
of the optimization were to maximize the transverse shunt
impedance while minimizing the peak electric and mag-
netic fields.

The parameters that have the most significant effect on
the cavity behaviour are shown in Fig. 1. These are the
height and length of the inner ridge, the angle of the ridge
cut-out, and the length and radius of the cavity. For each
change to the geometry, the cavity radius was adjusted such
that the fundamental frequency of the cavity was held at
650 MHz.

The length of the inner ridge was varied, along with the
cavity length, to determine the optimal ridge length. It was
found that a ridge length of 0.6 times the cavity length
consistently resulted in minimized electric fields, as seen
in Fig. 2. The peak magnetic fields followed a similar
trend. Increasing the overall cavity length also resulted in
lower peak fields, and an increase in the transverse shunt
impedance,R⊥. For the remainder of the parameter search,
the ridge length was set to 0.6 times the cavity length.

Figure 2: The peak electric fields on the left, and the
transverse shunt impedance on the right for varying ridge
and cavity lengths. For reference: βλ/2 = 230 mm at
650 MHz.

Next, the height and angle of the ridge were varied
simultaneously for different cavity lengths. Again, the
outer radius was adjusted to retain a cavity frequency of
650 MHz. The HFSS results show that the peak fields are

lowest for larger ridge heights and larger ridge angles, as
seen in Fig. 3. In each case, the electric field reaches a min-
imum value at a cavity length of approximately 380 mm.
This corresponds to an inner ridge length of 230mm, pre-
cisely the value of βλ/2. The peak magnetic fields show a
similar dependency on ridge length and angle.

Figure 3: The peak electric fields for varying ridge height
and angle and the cavity length. The colour of the line
indicates the ridge height and the shape of the data point
the angle of the ridge.

Figure 4: The transverse shunt impedance for varying ridge
height and angle and the cavity length.

The transverse shunt impedance, Fig. 4, is seen to de-
crease with increasing cavity length as well as for larger
ridge height and angle. This leads to conflict between the
objective to minimize the peak fields while maximizing the
shunt impedance.

A compromise of a ridge height of 50 mm and an-
gle of 50◦would provide reasonably high transverse shunt
impedance while keeping the peak electric and magnetic
fields below 5 MV/m and 10 mT for a transverse deflect-
ing voltage of 0.3 MV. These are well below currently ac-
cepted upper limits for electric and magnetic fields in SRF
cavities. Since the shunt impedance decreases with cavity
length, a cavity length of ∼ 330 mm provides a compro-
mise between minimizing the peak fields and maximizing
the shunt impedance.
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Field Uniformity

Successful operation of an FEL requires a beam with
low emittance, and therefore minimal emittance dilution of
the ERL beam as it passes through the RF separator. Non-
uniformity of the fields across the cavity aperture is one of
the main sources of emittance growth.

A larger ridge height and angle results in the most uni-
form fields within the central portion of the cavity, leading
to lower emittance growth. However, as noted in the previ-
ous section, a large ridge height and angle would also result
in a lower shunt impedance.

Another way to achieve more uniform deflecting fields
is to modify the shape of the inner ridge in such a way that
forces the uniformity of the fields between the ridges. Giv-
ing the inner faces of the ridges a slight curvature allows
the bars to come slightly closer together while maintaining
the 50 mm diameter aperture, as well as shaping the fields
in a more uniform way. This geometry is shown in Fig. 5,
along with the cavity geometry with flat inner ridges.

Figure 5: The cross section of the original RF dipole geom-
etry, with flat inner ridges on the left and the modified sep-
arator cavity shape on the right, showing the curved faces
of the inner ridge.

To quantify the field uniformity, the momentum gain in
the x direction relative to the kick received by an on-axis
particle was plotted across the aperture of the separator cav-
ity, Fig. 6. The transverse radius within which the relative
momentum kick is less than 2% of the on-axis kick strength
was found to be 8.5 mm for the flat ridged cavity, com-
pared to 12.5 mm for the curved ridge geometry. The shunt
impedances of the two geometries are very similar and the
peak electric and magnetic fields are slightly higher for the
curved ridge cavity, but are still well below operational lim-
its.

An in depth analysis of the beam dynamics has been per-
formed to access the emittance growth of the ERL and RIB
beams passing through the RF separator cavity [5]. It was
found that under nominal beam conditions, the flat ridged
cavity will contribute to acceptable emittance growth. For
beams with larger RMS width or requiring stronger trans-
verse momentum gain, the curved ridge may be useful to
limit the emittance growth.

Figure 6: A comparison of the kick-uniformity for the RF
dipole with flat ridge geometry on the left, and curved
ridges on the right. The dashed circle shows the area in
which the momentum kick is within 2% of the on axis kick
strength.

CONCLUSION
The RF dipole cavity has been determined to be compat-

ible with the requirements for the ARIEL e-linac RF sep-
arator. The main properties of the cavity with flat inner
ridges are summarized in Table 1.

Table 1: Properties of the RF Dipole Separator Cavity Op-
timized for the ARIEL e-linac Requirements

Parameter Value Units

Frequency of the deflecting mode 650 MHz
Cavity length 330 mm
Cavity diameter 210 mm
Inner ridge length 198 mm
Transverse deflecting voltage, V⊥ 0.30 MV
Transverse deflecting field, E⊥ 1.30 MV/m
Geometry Factor, G 117 Ω
Transverse Shunt Impedance, R⊥/Q 411 Ω
Peak electric field, Ep 4.5 MV/m
Peak magnetic field, Bp 7.8 mT
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DESIGN, FABRICATION, MEASUREMENT, INSTALLATION AND 
ALIGNMENT OF 2 TYPES OF QUADRUPOLE-SEXTUPOLE COMBINED 

MAGNETS FOR THE UPGRADE OF THE 1.2 GEV BOOSTER 
SYNCHROTRON AT TOHOKU UNIVERSITY 

W.Beeckman, S.Antoine, P.Bocher, F.Forest, P.Jehanno, P.Jivkov, M.J.Leray, L.Swinnen, 
S.Taillardat, , SIGMAPHI, Vannes, France 

H.Hama, F.Hinode, Electron Light Science Centre, Tohoku University, Sendai, Japan

Abstract 
The upgrade of the 1.2 GeV booster synchrotron is part of 
the recovery program from the March 11 2011, Great East 
Japan Earthquake. The replacement of standard 
quadrupoles by combined quadrupole-sextupole magnets 
will tame the head-tail instability by changing the 
chromaticity from the natural, negative, values to positive 
values, and prevent the unstable m=0 mode to develop. 

In January 2012, Sigmaphi was awarded a contract for 
the design of 2 kinds of combined magnets and the 
fabrication of 8 magnets of each type, including rotating 
coil and Hall probe measurements of every unit. The 
contract also required disassembly of the old quadrupoles 
and installation of the new combined magnets, including 
disassembly/reassembly of the vacuum chambers and 
fitting with new UHV gaskets.  Finally, all the booster 
magnets, namely 8 dipoles, 4 achromat quadrupoles and 
the 16 new combined function magnets were to be 
realigned within ±0.2 mm accuracy by mid-January 2013. 
The presentation outlines the main steps of the different 
operations and presents the achievements and results. 

DESIGN 
A general overview of the status of the project is given 

in [1] and we concentrate here on the magnets. 
Table 1 presents the requirements for the new magnets. 

Table 1: Magnet Requirements 

Requirement QSF QSD 

Quadrupole  k=2.01044 m-2 k=2.21750 m-2 

Sextupole 
2.4 times 4-pole 
m=4.825061 m-3 

3.8 times 4-pole 
m=8.426508 m-3 

 
Additional requirements are listed below 
 Same geometry as old magnets including coil shape 

and electrical/water connections. Only the pole face 
may be changed. 

 Magnetic centre at ±0.5 mm from mechanical centre 
in both transverse dimensions 

 Alignment error may not be larger than ±0.2 mm 
 1 year from contract to end 

All these requirements put together make a very 
demanding job with little freedom.  

Many different designs of such combined magnets can 
be found in the literature. The extra function is added on 
top of the main multipole either through pole shaping 
[2][3], or by using extra coils that superimpose a second 

multipole [4][5]. By requirement, we must not only adopt 
the first scheme but we must also abide to the very strong 
constraint of keeping the magnetic circuit within the yoke 
shape of the existing magnets.  

The pole profile [6] of such a combined function 
magnet is a superposition of the potentials, hence an 
equation   3

6
12

2
132

6
1 3 mRkRyyxmkxy 

 The field components are summarized in table 2. 

Table 2: Field Components 

Field component Bx By 

Quadrupole  ky  kx  

Sextupole  mxy   22
2
1 yxm   

 
Thus, the vertical component in the horizontal plane 

(y=0) is equal to 
Starting from the above theoretical pole profile with a 

pole radius of 50 mm and maximum coil current of 700 A 
we can aim at designing a pole profile that satisfies the 
requirements. However, as shown below, incompatible 
symmetries generate differential saturations which 
prevent required fields to be achieved with the prescribed 
yoke thickness. The possible m/k ratio was redefined as 
m/k(QSF) ~ 1.0 (2.4) and m/k(QSD) ~ 1.8 (3.8)  

The pink and green rectangles locate the 4 and 6-poles 
and the matching arrows the resulting field, adding on the 
right and subtracting on the left. 

 

Figure 1: 2d cross-section of a combined magnet showing 
the strong differential yoke saturation. 

 
Figure 2: Opera3d model  

2
2
1 mxkxBy 
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MEASUREMENTS 
For pure multipoles, iso-modulus lines are concentric 

circles but for combined multipoles, the 
modulus is not purely radial. 

Hall probe measurements are therefore better suited 
than harmonic coils for some data. 

 

 

Figure 3: Hall probe median plane measurement. 

 
Figure 4: Homogeneity is computed from Hall probe data  

 
 

Figure 5: Faro arm fiducialization is performed on the 
harmonic coil measurement bench. 

 
Figure 6: Some of the harmonic coil results showing a 
good reproducibility between magnets and a good 
agreement with the Opera3d models. 

INSTALLATION AND ALIGNMENT 
Replacing magnets in an existing facility is much more 

complex than installing new magnets in a newly built 
place since space is usually very crowded as shown in 
figures 7 below. 

Disassembly and storage of the old magnets also 
required disassembly of the vacuum chambers and 

1)(  nn rB
3

2
142

4
122)32( mxrmrkB 
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replacement of all UHV gaskets after installing the new 
magnets. 
 

 
 

Figure 7: South and East sides with new magnets installed. 

 
Alignment was performed using the following material. 
 
 Tracker: Leica AT401 
 Targets: Leica red-Ring Reflector 1.5” 
 Monument holders: Hubbs 1.5 TSM M10 
 Target holders: Hubbs 1.5 SMN 40mm 25mm outer 

diameter 46 mm. 
 Software: Polyworks IMInspect Probing 
 
Achieved accuracies are shown in figures 8 and 9. 
 

  
 

Figure 8: Alignment errors are much smaller than the 
required ±0.2 mm (East side). 

  
 

 

 
 

Figure 9: Dipoles and central quads positioning error 
before and after realignment (mm). 

CONCLUSIONS 
We have successfully designed, built, measured, 

installed and aligned 2 types of combined 4+6-poles. 
All specifications were met but the integrated sextupole 

which is impossible to achieve with the prescribed 
geometry. A new set of possible m/k ratio was redefined. 

Besides the 16 new magnets, the contract also included 
the removal of old quads, change of all UHV gaskets and 
realignment of all magnets including the 8 big dipoles. 

Everything was finished by mid-January 2013, within 
the 1-year allotted time-schedule. 
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DESIGN AND CONSTRUCTION OF THE PROTO-TYPE QUADRUPOLE 

MAGNTS FOR THE SUPERKEKB INTERACTION REGION 

N. Ohuchi
#
, Y. Arimoto, H. Yamaoka, Z. Zong, M. Tawada, K. Tsuchiya, H. Koiso, Y. Ohnishi,       

A. Morita, H. Sugimoto, K. Oide, KEK, Tsukuba, Japan

Abstract 
Construction of the SuperKEKB accelerator started 

from 2010. The final focusing system in SuperKEKB was 

designed, and it consisted of 8 superconducting 

quadrupole magnets. As part of the R&D of the final 

focusing system, two prototype magnets were designed 

and constructed. The magnets were cooled to 4 K, and 

they were excited over the design current and the field 

measurements were performed. 

INTRODUCTION 

SuperKEKB [1] is the upgraded machine of KEKB, 

and the design luminosity is 8×10
35

cm
-2

s
-1

, which is 40 

times higher than that achieved at KEKB. SuperKEKB 

has a single interaction point, IP, to collide the 7 GeV e- 

beam and the 4 GeV e+ beam with a finite crossing angle 

of 83 mrad. The colliding energy is planned to be 

increased to 12 GeV. The design concept of SuperKEKB 

is based on the Nano-Beam Scheme, originally proposed 

by P. Raimondi for SuperB [2]. In order to focus the beam 

at IP with the vertical beam size of about 50 nm, a pair of 

the quadrupole doublet system for LER and HER [3, 4], 

respectively, was designed with 8 superconducting 

magnets. As the R&D of the final focusing system, the 

QC1P and QC1E prototype magnets were constructed and 

cold tested at 4K. In this paper, the magnet designs, 

constructions and test results are reported. 

DESIGNS OF QC1P/QC1E MAGNETS 

The QC1P and QC1E magnets were designed for the e+ 

and e- beams, respectively, and they are located at the 

closest position to IP on each beam line [3]. 

QC1P  M agnet D esign 

The QC1P is the collared quadrupole magnet without 

iron yokes in order to make the solenoid field profile 

required from beam optics. The magnet cross section is 

shown in Fig. 1, and the parameters are summarized in 

Table 1. The magnet consists of two layers of the 

superconducting coil, and the thickness of the two-layers 

is 5.425 mm. Because the separation between two beams 

at the front end of the QC1P magnet is only 61 mm, the 

outer radius of the magnet was designed to be 30.425 mm 

while the coil inner radius was 25 mm. The field gradient 

of the magnet was 76.17 T/m at the design current, 

Id=1800 A, and the magnetic length was 0.3372 m. Id was 

for the colliding energy of 12 GeV, and the magnet 

current for 11 GeV was 1624 A. For this magnet, the 

small Rutherford cable, which consisted of 10 strands, 

was developed. The cable size was 0.93 mm in mid-

thickness × 2.5 mm in height, and the key stone angle of 

the cable was 2.09 degree because the coil inner radius 

was 25 mm. Id is 60 % of the critical current of the cable, 

Ic, at 4.7 K. The cable parameters are listed in Table 2. 

The magnetic field of the QC1P magnet was calculated 

with the magnet cross section model and with the whole 

magnet model including the lead end and the non-lead 

end. They are summarized in Table 3. The each coil was 

designed with three coil blocks, and b6 and b10 of two 

layer coils were optimized to be 0.16 units and -0.02 units 

in the cross section, and -0.11 units and -0.05 units in the 

whole magnet, respectively, at the reference radius of 

Rref=10mm.  

QC1E agnet D esign M

The QC1E magnet was located behind the QC1P 

magnet from the IP. The prototype magnet was designed 

with iron yokes, and the yoke outer radius was 70 mm. 

The magnet consisted of two layer coils, and the inner 

radius was 33 mm. The superconducting cable had same 

parameters as those for the QC1P magnet except for the 

cable keystone angle of 1.59 degree. The QC1E was 

designed to generate the field gradient of 91.73 T/m at 

Id=2000 A, and the magnetic length was 0.3774m. The 

magnet current for 11 GeV was 1577 A. The magnet cross 

section was optimized with three coil blocks of each layer 

as same as the QC1P magnet, for b6 and b10 to be -0.04 

units and -0.08 units at Rref=15mm, respectively. In the 

whole magnet, b6 and b10 were optimized to be -0.17 units 

and -0.20 units, respectively. 

 

Figure 1: Cross sections of QC1P/1E prototypes. 

 

 ___________________________________________  

#norihito.ohuchi@kek.jp 
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Table 1: Magnet Parameters of Proto-types 

 QC1P QC1E 

Magnet type Non-yoke Yoke 

Coil inner/outer radius, mm 25.0/30.425 33.0/38.425 

Collar or yoke outer radius, mm 35.5 70.0 

Turn number per pole 25 34 

Design current (Id), A 1800 2000 

Field gradient (G), T/m 76.17 91.73 

Effective magnetic length (Leff), m 0.3372 0.3774 

Maximum field at Id, T 2.61 4.17 

Id/Ic at 4.7 K, % 60 73 

 

Table 2: Cable Parameters 

 QC1P QC1E 

Cable type Rutherford cable 

Cable size (mid-width×height), mm 0.93×2.50 

Keystone angle, degree 2.09 1.59 

Number of strand 10 

Strand diameter, mm 0.498 

Cu/NbTi ratio 1.0 

Critical current at 5T, and 4.22 K 3165 3070 

Critical current at 7T, and 4.22 K 1880 1830 

 

Table 3: Design Error Field Components 

 QC1P QC1E 

Field Gradient, T/m 76.17 91.73 

Rref, mm 10 15 

Cross section       b6, units 0.16 -0.04 

b10, units -0.02 -0.08 

Whole magnet     b6, units -0.11 -0.17 

b10, units -0.05 -0.20 

 

 

 

Figure 2: QC1P (upper) / QC1E (lower) coils. 

CONSTRUCTION OF MAGNETS 

The QC1P and QC1E prototype magnets were 

constructed in KEK. Since the cable was the small size of 

0.93 mm × 2.5 mm, the cable tension during winding coil 

was carefully controlled. The tension was decreased from 

130 N to 60 N as function of turn number. After winding 

coil, the coil was cured in the form block at the 

temperature of 130 degrees C. Figure 2 shows the cured 

coils of QC1P and QC1E. The average lengths of QC1P 

and QC1E coils were 384.14 mm and 430.31 mm to the 

design values of 384 mm and 430 mm, respectively. 

The four coils were assembled together, surrounding a 

support bobbin in the vertical position. The coils were 

covered with multiple ground plane insulation layers. The 

2-split High-Mn collars were assembled around the coils 

with 90 degree rotation every set of collars. Assembled 

collars were squeezed and keyed from the four directions 

at once with a hydraulic press. Until these assembly 

processes, the QC1P magnet was completed. Yoking 

process for the QC1E magnet was performed with the 

same collaring tool. The half–split iron yokes of 3 mm 

thickness were assembled around the collars with 90 

degree rotation every set of yokes. Yokes were fitted to 

collars by the collaring press. Figures 3 and 4 show the 

completed QC1P and QC1E prototype magnets. 

 

 

Figure 3: QC1P prototype magnet. 

  

 

Figure 4: QC1E prototype magnet. 

EXCITATION TESTS 

Two magnets were installed into the vertical cryostat, 

individually, and they were cooled by liquid helium. The 

QC1P and QC1E prototype magnets were excited to 2100 

A and 2157 A without quench, respectively. The 

maximum currents were limited by the power supply.  

The current of 2100 A of the QC1P magnet corresponded 

to 70 % of Ic on the load line at 4.7 K. The current of 

2157 A of the QC1E magnet was 87 % of Ic. 
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MAGNETIC FIELD MEASUREMENTS 

Magnetic field measurements were performed with the 

harmonic coils. Two coils of 600 mm and 40 mm long 

were used for measuring the integral field and the field 

profile, respectively.  

Integral Fiel d

The integral field was measured with the 600 mm long 

harmonic coil. The coil radius was 9.55 mm. At the 

magnet currents of 1701.7 A for QC1P and 1561.7 A for 

QC1E, the measured integral field gradients were 24.32 T 

and 26.22 T, respectively. For comparison, the calculated 

integral field gradients of the QC1P and QC1E magnets at 

these currents are 24.28 T and 27.03 T, respectively.  

The measured error field components at R=9.55 mm are 

shown in Table 4. From the result, the both magnets had 

large sextupole field components. The components can be 

converted at the reference radius of each magnet. a3 and 

b3 for QC1P are 2.95 units and 3.83 units at Rref=10mm, 

and a3 and b3 for QC1E are 1.79 units and 8.64 units at 

Rref

showed these sextupole components remarkably degraded 

the Touschek beam life time. 

 

Table 4: Measured Error Field of Prototypes in Units 

 QC1P QC1E 

n an bn an bn 

2 0 10000 0 10000 

3 2.82 3.66 1.14 5.50 

4 2.08 0.24 0.18 -0.28 

5 0.35 0.23 0.06 -0.48 

6 0.03 -0.56 -0.06 -0.31 

7 0.07 0.13 -0.01 0.01 

8 0.03 0.01 0.05 -0.00 

9 -0.08 0.05 0.02 -0.00 

10 0.02 0.01 -0.00 -0.02 

Field 

The field profiles of the prototype magnets were 

measured with the 40 mm long harmonic coil. The coil 

radius was 9.74 mm. Figures 5 and 6 show the profiles of 

the field gradient, a3 and b3 along the axes of the QC1P 

and QC1E magnets, respectively.  

From Fig. 5, a3 and b3 in the QC1P magnet straight 

section (-100mm<position<100mm) are in the range from 

-2 units to 2 units. On the other hand, in the QC1E 

magnet, b3 is from 5 units to 8 units while a3 is within 

plus or minus 1 unit.  

For the QC1E magnet, the error field due to the coil 

deformation was calculated. The b3 and a3 components 

were produced by the dipole deformation of 4 quadrant 

coils. The coil movements in the radial direction by the 

measured b3 component were calculated to be plus and 

minus 30 µm for the two coils in the left and right sides of 

the magnet cross section, respectively. For the QC1P 

magnet, the b3 and a3 of 3 units was produced by the 

dipole deformation of 10 µm.  

As the results of the field measurements, the b3 and a3 

correctors has been decided to be installed in the final 

focusing system in order to attain the acceptable Touschek 

beam life time of 600 seconds. 
 

 

 

Figure 5: QC1P field profile measurement. I=1627 A. 

 

 

Figure 6: QC1E field profile measurement. I=1561 A. 

SUMMARY 

As the R&D of the SuperKEKB final focusing system, 

the prototype magnets of QC1P and QC1E were 

constructed and tested at 4K. The magnets were excited 

over the design current without any quenches. From the 

field measurements, the b3 and a3 correctors were decided 

to be installed in the final focusing superconducting 

magnet system. 
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MULTIPOLE MAGNETIC MEASUREMENTS USING A LOCK-IN 

AMPLIFIER TECHNIQUE* 

C. Doose, M. Kasa, ANL, Argonne, IL 60439, USA 

Abstract 
Magnetic measurement systems for accelerator magnets 

typically use relatively complicated rigid rotating coils 

and digital integrators to capture the integrated coil signal 

as a function of angular position of the coil. This 

technique has proven to be reliable and accurate for 

measuring the field quality of conventional multipole 

magnets; however, the design and construction of the 

rotating coils ultimately determine the accuracy of the 

measurement system. A different concept and 

implementation of a simple stretched-wire rotating coil 

will be described. This system utilizes a single-turn radial 

coil continuously rotating at a fixed angular velocity. The 

coil signal and a reference pulse are sampled with a 24-bit 

ADC. A lock-in technique or an FFT can be used to 

determine the harmonic content of the signal and thus 

calculate the main field strength and angle, multipole 

coefficients, and magnetic center offsets. The main 

advantages of such a system are ease of coil 

manufacturing and simple mechanical system design. 

INTRODUCTION 

Motivation for this project was prompted by the need to 

quickly measure modified multipole magnets for the APS 

storage ring. Existing six-pole horizontal/vertical dipole 

corrector magnets were modified to become horizontal 

correctors and skew quadrupoles. A need to measure the 

multipole components and magnetic center of these new 

combination magnets prompted the design of a new, 

relatively simple multipole magnet measurement system. 

The previous APS multipole magnetic measurement 

system used G-10 and ceramic Morgan coils that were 

supported in air bearings and driven by a DC motor.  A 

16-bit absolute encoder was used to trigger an integrator 

based on rotary position. This system had not been used 

in many years and the quality of the coil assemblies was 

questionable. We had recently completed magnetic 

measurements of a superconducting undulator (SCU) and 

had used a single-turn stretched coil to measure the 

integrated dipole components. Since we already had much 

of the hardware required, we decided to use a single-turn 

radial coil for harmonic field measurements of multipole 

magnets. 

SYSTEM OVERVIEW 

The following is a list of some of the features of the 

new multipole measurement system: • Continuous coil rotation without slip rings • Quasi-real-time measurements of individual multi-

pole components using a lock-in amplifier (LIA) 

• Measurement of the integrated magnetic field 

strength, multipole coefficients, magnetic-center 

offsets, and magnetic angle • Automatic alignment of quadrupole and sextupole 

magnet positions relative to the center of rotation of 

the coil 

The key components for the multipole measurement 

system were two Newport RGV100BL precision rotary 

stages. The precise control of position, velocity, and 

simultaneous timing allowed synchronous operation of 

both stages as if the coil wires were rigidly linked. 

The system utilized a single-turn stretched coil in a 

radial configuration, as shown in Fig. 1. The coil-wire 

was 100-µm-diameter CuBe. The coil-wire ends were 

held in place with plastic fixtures connected to the rotary 

stages, as shown in Fig. 2. Coil fixtures can easily be 

made overnight on a 3D printer, so changing the radius of 

the coil would be a simple matter of changing the fixture 

radius. The coil was tensioned by moving the signal-end 

rotary stage in the longitudinal direction until the sag was 

minimized. The coil-wire sag was typically less than 200 µm when using a 1.5-m-long coil. Optical alignment 

telescopes were used to confirm the coil dimensions and 

alignment to approximately 50-µm accuracy. 

 

 

Figure 1: Radial coil configuration is sensitive to the 

radial component of the B field. 

 

 

Figure 2: Signal-end rotary stage looking at the plastic 

coil positioning fixture. 
 ___________________________________________  
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The non-signal-end rotary stage was located at a fixed 

position; the signal-end rotary stage could be moved in all 

axes for alignment purposes. The signal-end rotary stage 

contained a sealed mercury-filled rotary connector from 

Mercotac. The rotary connector provided a means of 

coupling a low-noise signal from the rotating coil to the 

fixed signal cable. This rotary stage also utilized an opto-

interrupter, which provided a trigger pulse for angular 

reference of the coil signal, as shown in Fig. 3. 

 

 

Figure 3: Signal-end rotary stage looking at the rotatable 

connector and opto-interrupter (left of stage scale), which 

provided a pulse for phase reference. 

The two rotary stages were aligned to be co-linear, 

level, and parallel, and rotate in unison with a constant 

velocity of 1 rps. The coil signal could be amplified with 

gains of 10, 100, or 1000 before being digitized by a 

National Instruments dynamic signal analyzer (DSA) 

module.  

LOCK-IN-AMPLIFIER 

The integrated harmonic field components could each 

be separately measured using the rotating coil and a lock-

in amplifier. Using National Instruments hardware and a 

LabVIEW software module downloaded from National 

Instruments, the LIA was easily implemented at very little 

cost. The software required two input signals, a reference 

and a measured signal, which were measured with the 24-

bit analog-to-digital inputs of a PXI-4462 DSA module. 

The sampling rate of the DSA was 200 kHz and 25600 

samples were recorded per coil revolution. This gave an 

angular resolution of 0.25 mRad between samples. The 

reference signal was provided by the opto-interrupter 

pulse, which occurred once per revolution. 

The reference and measured signals were processed 

with LabVIEW software and the integrated field 

components were derived. The vertical and horizontal 

components were derived simultaneously and the 

individual harmonic number to be measured could be 

chosen through a user selectable software option. The 

software used the measured frequency and phase of the 

reference signal to create a new sine wave reference that 

was mixed with the measured signal [1]. The result of 

mixing the two signals was a DC signal and an AC signal 

with twice the reference frequency. The DC level was 

proportional to the measured signal at the reference 

frequency and was used to calculate the magnitude of the 

integrated field components. The LIA software also 

returned the phase of the measured signal relative to the 

reference signal. 

The LIA measurement technique was convenient for 

initial magnet alignment or studying the effects of magnet 

coil current changes. The results can be observed in 

quasi-real time after a short settling time. The 

disadvantage of the LIA was that an individual 

measurement for each desired harmonic was required to 

fully characterize a particular magnet.  

 MULTIPOLE MEASUREMENTS 

A multipole measurement (MM) technique was 

developed whereby ten rotations of the coil voltage signal 

were digitized and time averaged to create an averaged 

single-rotation time record. The time record harmonic 

content was then processed by a built-in LabVIEW FFT 

routine. The magnet main field strength, angle, and all 

harmonics were then calculated. Total time per 

measurement was approximately 15 seconds.  

The rotating coil voltage waveforms of three different 

magnetic fields are shown in Fig. 4. The dipole and skew 

quad waveforms were generated by a six-pole 

combination dipole and skew quadrupole magnet. The SR 

quad waveform was from an APS 0.5-m storage ring 

quadrupole. The dipole and skew quadrupole signals had 

visibly large harmonic content. The skew octupole (a4) is 

especially large at -344.3×10
-4

. The relative normal and 

skew harmonic coefficients for each magnetic field from 

Fig. 4 are listed in Table 1. The b2 and a2 components 

represent the normal and skew quadrupole components, 

respectively. The components are relative to the main 

field for each case, and all are calculated at a specification 

radius of 10 mm. 

 

Figure 4: Digitized coil voltage waveforms for three 

different magnetic fields. “Normal Dipole” and “Skew 

Quad” are two configurations of the same six-pole 

magnet structure. The “SR Quad” is a 0.5-m-long APS 

storage ring quadrupole magnet. 

Table 1: Relative Multipole Coefficients (10
-4 

units) at 

10-mm Specification Radius (b2, a2 are quadrupole) 

Harmonics 

Normal 

Dipole 

Skew 

Quadrupole 

Normal 

Quadrupole 

b2, a2 -7.4, -2.1 0, 10000 10000, 0 

b3, a3 2.8, 0.2 -16.9, 11.0 -1.0, -0.5 

b4, a4 -0.5, -0.5 1.2, -344.3 -0.2, 0.1 

b5, a5 -0.1, 0.3 -.1, 0.3 -0.004, 0.0 
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Ambient Field and Magnet Alignment 

The typical measurement sequence for a quadrupole 

magnet began with recording the ambient field with the 

magnet under test fully degaussed. The dipole 

components, due to the Earth’s field, were then subtracted 

from subsequent measurement of the dipole components. 

This was most important for accurate measurement of the 

magnetic offset and alignment of quadrupole magnets 

since a quadrupole magnet is aligned to minimize the 

integrated dipole field. After the ambient measurement, 

the magnetic offsets and angle were measured and the 

magnet was aligned with a motorized magnet support 

table. Multipole measurements were then performed at 

the prescribed coil currents. 

Measurement Repeatability and Resolution 

A series of 16 measurements were performed over the 

course of 10 minutes using a storage ring 0.5-m 

quadrupole magnet. The results of the repeatability of the 

magnetic offsets and magnet angle are shown in Fig. 5. 

The coil radius for these measurements was 38.14 mm. 

 

Figure 5: Plots of the measured magnetic offsets in x and 

y from the coil rotation center and the magnetic angle 

relative to gravity. The standard deviation of the offsets 

and angle were less than 1 µm and 25 µRad, respectively. 

HARMONIC CALCULATIONS 

The theory of harmonic magnetic measurements has 

been well known for many years [1], but can be confusing 

due to differences in notation and conventions. Two 

invaluable references used by the authors were by A. Jain 

[2] and L. Walckiers [3].  

The instantaneous single-turn coil voltage can be 

described by:  

 V(t) = ∑ K�∞n=1 ����−��(��+�)�, (1) 

where  

 Kn = Lω �R2n−R1nRspecn−1 �. (2) 

The complex Fourier components are 

 �� = Kn�� = Kn(Bn + iAn), (3) 

where L is the magnet length; R2 and R1 are the coil 

major and minor radii, respectively; δ is the reference 

phase angle; Rspec is the specification radius; and Bn and 

An are the normal and skew integrated multipole 

coefficients, respectively. The relative multipole 

coefficients listed in Table 1—bn and an—are Bn and An 

normalized to the main field components. 

CONCLUSION 

The implementation of a single-turn CuBe radial coil 

has proven to be an effective means to measure the 

harmonic content of accelerator magnets. By combining 

very accurately controlled rotary stages, a rotatable signal 

coupler, and a 24-bit DSA module, measurements of the 

main and harmonic field errors were possible with a 

simple radial coil design. Continuous measurements of an 

individual harmonic could be performed using the LIA 

technique, or when complete harmonic components were 

desired, the MM technique was chosen.  

Repeatability, as shown in Fig. 5, was quite good. The 

absolute accuracy was dependent on how well the 

dimensions of the coil could be measured; typically it was 

on the order of 0.5% for a 38-mm coil radius. Presently 

the repeatability of the magnetic center measurements of 

the new system is approximately an order of magnitude 

better than the previous APS measurement system. 

Further testing of the system will be performed on 

calibration magnets and compared to previous APS 

multipole measurements performed over 20 years ago.  
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MAGNETIC MEASUREMENTS OF THE FIRST SUPERCONDUCTING 
UNDULATOR AT THE ADVANCED PHOTON SOURCE* 

C. Doose, M. Kasa, ANL, Argonne, IL 60439, USA

Abstract 
A superconducting (SC) undulator prototype designated 

SCU0 was installed in the APS storage ring in December, 
2012, and is providing users with photons in the energy 
range of 80-100 keV. This device was assembled and 
tested during the majority of 2012. Detailed tests were 
performed related to cryogenics, vacuum, mechanical 
motion due to thermal contraction, and magnetic 
performance. Magnetic measurements have been 
performed using a horizontal measurement system, which 
utilizes Hall probes and an integral coil. The measurement 
system was configured without interfering with the 
cryogenic or vacuum systems of the SCU0 cryomodule. 
Some of the magnetic measurement results will be 
presented for local and integrated field measurements, 
integrated field uniformity, and integrated fields during a 
quench. The measured rms phase errors were typically 
less than two degrees. The measured change in the 
integrated field during an intentional quench was less than 
35 G-cm. The magnetic performance of SCU0 has proven 
to be within design tolerance for field quality and quench 
characteristics. Beam-based integral measurements agree 
well with the magnetic measurements. 

SCU0 BACKGROUND 
SCU0 is a prototype superconducting undulator (SCU) 

that was installed in the APS storage ring during 
December 2012, and is presently operating successfully at 
the APS sector 6 beamline [1,2]. 

 
Table 1: SCU0 Magnetic Specifications 

Period 16 mm 
Magnetic gap 9.5 mm 
Magnet length 331 mm 

Design peak field 0.4 - 0.65 T 
Design Current 200 - 500 A 

Maximum achieved peak field 0.82 T 

Maximum achieved current  740 A 
 

Table 2: APS Undulator Error Tolerance  

1st Vertical Field Integral  100 G*cm 
1st Horizontal Field Integral 50 G*cm 
1st Vert. Field Integral during quench 2100 G*cm 

2nd Horz. And Vert. Integrals 1×10-5 G*cm2 
Normal and Skew Integrated 
Quadrupole 50 G 

The assembly of the SCU0 cryomodule began in 
January, 2012; the first magnetic measurements of the 
assembled device began in June 2012 and were completed 
in August. A second set of magnetic measurements was 
done in November and December of 2012. The first set of 
measurements was performed with the original pair of SC 
magnetic structures. From September to October, the 
SCU0 was disassembled to replace the Al beam chamber 
with a new design. In the process of disassembly one of 
the SC wires was possibly damaged. A spare magnet 
structure was available so it was installed rather than risk 
a failure of the suspect SC wire.  

HALL PROBE MEASUREMENT RESULTS 
The following section describes some of the typical 

measurement results while using a room temperature Hall 
probe to measure the local fields along the longitudinal 
axis (z). The measurement system utilizes a room-
temperature Ti tubing, “warm-bore,” as a guide tube for 
the carbon fiber Hall probe assembly. The Ti tubing is 
tensioned inside but isolated from the cold (~10 K) Al 
beam chamber. A similar concept is used by the Budker 
Institiute for SC wiggler magnetic measurements. 

An overview of the measurement system is shown in 
Fig. 1. The 3.5-m-long stage is used to drive a carbon 
fiber Hall probe assembly through the Ti guide tube. 
Stages mounted to the ends of the SCU0 cryomodule 
provide support and tension for the Ti guide tube and 
horizontal transverse motion (x) for measuring up to ±10 
mm from the central axis. 

 

 
Figure 1: SCU horizontal magnetic measurement system 
with 3.5-m linear stage for Hall probe scans. SCU0 
cryomodule is on the left. 

1st and 2nd Field Integrals and Phase Errors 
The measured 1st and 2nd vertical field (By) integrals 

from the measurements performed in August and 
December of 2012 are shown in Fig. 2 and Fig. 3. The 
final 1st integral values were +31 and -87 G*cm in August 
and December, respectively. The August measurements of 

 ___________________________________________  

*Work supported by the U.S. Department of Energy, Office of Science, 
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the 1st integrals, with the original magnet structures, 
typically showed values below 35 G*cm when using the 
Hall probe system. With the replacement magnet 
structure, a current-dependent 1st integral was introduced. 
The current-dependent 1st field integrals from the 
December measurements are most likely due to stray 
fields from the configuration of the SC leads from the 
magnet structure to the terminals on the cryocoolers. The 
stray field appears to have been adversely affected after 
the replacement of the suspect magnet structure.  

There is no provision for adjustment of the final 1st 
field integral value, but the 2nd integral is adjusted via end 
correction coils that are located on the ends of the magnet 
structures [3]. These end correction coils can be energized 
symmetrically or differentially with respect to each other. 
When adjusted differentially, a varying (along the length 
of the device) vertical dipole component is created, which 
affects the straightness of the 2nd field integral. Figure 3 
depicts the 2nd field integrals with symmetrical and 
differential end-field correction currents measured in 
December and the original measurement in August. By 
adjusting the average and differential end correction 
currents, both the slope and straightness of the 2nd field 
integral (trajectory) can be optimized.  

 
Figure 2: Plots of the SCU0 1st By field integrals at the 
design current of 500 A from August and December data. 
The final 1st integral values were +31 and -87 G*cm in 
August and December, respectively. 

 

 
Figure 3: Plots of the SCU0 2nd By field integrals at the 
design current of 500 A from August and December data. 
The end correction coil currents were optimized using a 
0.4% differential for the “Dec. Differential” case. 

The measurements performed in August did not require 
any differential correction due to the fact that the 1st field 
integrals were naturally small and the 2nd field integrals 
were quite straight. Careful attention to SC lead dress was 
done during the initial assembly, but some compromises 
were made during the installation of the spare magnetic 
structure, which may have caused the increased stray 
field. 

The data shown in this paper typically represents 
operation with optimized end correction coil currents set 
to minimize the 2nd field integrals using only symmetrical 
end correction currents. The measured K values from 
December and the phase errors from both the August and 
December measurements are depicted in Fig. 4.  

The increased phase errors for the December 
measurements are due to a dipole component (from the 
SC stray field) that also affected the 1st field integrals, as 
shown in Fig. 2. If differential correction current was 
implemented, the phase errors during the December 
measurements could have been reduced to below 
2 degrees and much closer to the August value of about 1 
degree at 500 A. 

 
Figure 4: Plots of the SCU0 effective K value (Keff) and 
phase errors as a function of current from the August and 
December Hall probe measurements. 

INTEGRAL COIL RESULTS 
A 4-mm-wide, 3.5-meter-long, single-turn stretched 

integral coil was used for measuring the static and 
dynamic 1st and 2nd field integrals as well as the multipole 
coefficients. The coil was rotated at 1 rps for the static 
field measurements and was fixed for measurements of 
the dynamic field integrals during a quench. The wire 
used for the coil was 100-µm-diameter CuBe stretched 
between two 4-mm-wide ceramic fixtures.  

Static Integrated Field Measurements 
The data in Fig. 5, labeled “I1 August” and “I1 

December,” were taken at fixed main coil currents. The 
data were recorded in the laboratory using the rotating 
coil system and using the storage ring with a beam-based 
integral measurement technique. The sign of the rotating 
coil field integral data was negated to agree with the 
beam-based data polarity. The data show that the change 
in the integrated field from 200 A to 500 A (the design 
operating range) was about 60 G*cm, which is within the 
APS tolerance of 100 G*cm.  
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Figure 5: Plots of the SCU0 1st By field integrals as a 
function of current. These data were measured with a 
rotating coil in August and December, 2012, and using a 
beam-based technique with the APS storage ring in 
January, 2013. 

Multipole Measurements 
The rotating coil was also used to measure the integrated 
field uniformity over a horizontal range of ±4 mm. The 
curves in Fig. 6 show the integrated By (I1y) and Bx (I1x) 
along the x axis. It was discovered for the first time in 
August that a skew quadrupole component, which is 
larger than the APS undulator error tolerance, was 
present. It was decided to install the SCU0 as-is and use a 
feed-forward technique to adjust the beam coupling, if 
needed. This has proven successful in operation. 

 
Figure 6: Plots of the SCU0 By (I1y) and Bx (I1x) 1st field 
integrals as a function of x position at a main coil current 
of 500 A. The normal and skew quadrupole components 
were -9.4 G and -118.5 G, respectively. The APS error 
tolerance is 50 G. 

Dynamic Field Integral During a Quench 
Measurements of the integrated field during quenches 

were done using a fixed coil. The data shown in Fig. 7 
were taken during a forced heater-quench at 500 A. The 
1st By integral curve was 35 G*cm p-p, which is 60 times 
less than the requirement of 2100 G*cm This low integral 
value is achieved by having the end correction coil 
currents slaved to the main current with an optimized 
look-up table. The look-up table was generated 
experimentally by optimizing the 2nd field integral (by 
adjusting the end correction current) at many fixed main 
coil currents. 

Figure 7: 1st By field integral and the main coil current as 
a function of time during a forced quench at 500 A.  

CONCLUSIONS 
The SCU0 magnetic measurements confirmed that all 

design parameters were within the APS error tolerances 
except for the integrated skew quadrupole component 
being slightly more than twice the 50-G tolerance. 
Measured phase errors were typically less than 2 degrees 
rms. The integrated field during a quench does not cause a 
beam dump; in fact it only causes a 60-µm beam motion. 
Comparing the August and December measurement 
results, it was found that initially the 1st field integral was 
very low and not current dependent, but after replacing 
one of the magnet structures, the 1st field integral was 
proportional to current but still within the error tolerance.  

A new coil winding technique has been developed and 
will be implemented in the next SCU device. This new 
design was developed in order to minimize the skew 
quadrupole component, reduce machining cost, and 
improve the epoxy potting of the SC magnet structures. 

The users in sector 6 have been routinely using the 
SCU0 at 685 A, 185 A above the design of 500 A. 
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SUPERCONDUCTING CORRECTOR IR MAGNET                    

PRODUCTION FOR SUPERKEKB* 
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BNL, Upton, NY 11973, USA 
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Abstract 
SuperKEKB is an upgrade project underway at KEK, to 

increase the KEKB b-factory luminosity 40-fold by using 
nanobeam Interaction Region (IR) focusing optics [1] for 
which the production of new superconducting IR magnets 
and correctors is critical [2]. SuperKEKB corrector design 
and production is challenging since many different coils 
are needed for precise control of IR magnetic fields, in 
order to ensure good beam lifetime and there is very little 
space for them. SuperKEKB corrector production is about 
half completed and we report here on new techniques 
recently developed to address production challenges. 

INTRODUCTION 

The SuperKEKB IR magnet layout in the left-side and 
right-side cryostats is shown in Fig. 1. The SuperKEKB 
design has 83 mrad total crossing angle to separate the e– 
(E) High Energy Ring (HER) and e+ (P) Low Energy 
Ring (LER) beam lines in independent non-cryogenic 
vacuum apertures. A few millimetres of radial space is 
available for corrector coils atop support bobbins that 
serve as the inner cold mass containment wall and the 
main quadrupole coils’ inner surface. The corrector 
requirements, presented in Table 1, evolved in response to 
results from optics optimization and tracking studies and 
differ from those available before production started [3]. 

Left-side corrector production commenced first using 
preliminary specifications provided before the right-side 
requirements were set. Later optics studies found that 
sextupole coils, b3 and a3, not in the original design, are 
needed; so these coils are added to the right-side layout. 
The majority of the corrector coils are located inside a 
main quadrupole coil; however, with insufficient space 
inside the first IR quadrupoles, QC1LP/RP, their b4 
correctors are wound on bobbins placed just outside the 

main coil (along with an a3 corrector only for QC1RP). 
Because these first LER quadrupoles have insufficient 
space for magnetic flux return yokes between their coils 
and the nearby HER beam, there is significant external 
field leakage that must be dealt with so as not to adversely 
impact the HER optics. Requirements for these additional 
external field cancel coils for the HER are discussed later. 

Both the corrector and cancel coils are attached to 
support bobbins via the BNL Direct Wind technique [4] 
using 0.35 mm diameter, single-strand superconducting 
round wire from Furukawa with a 1:1 Cu:NbTi ratio and 
critical current at 4.2K greater than 130 amps in a 5 T 
background field [5]. The wire is Kapton® overwrap 
insulated and adhesive coated to be compatible for use 
with BNL Direct Wind ultrasonic bonding technology. 

CORRECTION COIL PRODUCTION 

The SuperKEKB corrector requirements span a broad 
range of field harmonics and focusing strengths and are 
manufactured in many radius and length combinations. In 
order to make the best use of the available space attention 
to detail is needed regarding the careful nesting of coil 
layers. The QC2LE multi-layer arrangement shown in 
Fig.2 offers an example of how lead management is an 
important consideration. At the bottom of the QC2LE coil 
stack is a single layer planar pattern [6] dipole winding 
over which skew dipole and then skew quadrupole planar 
coils are wound. The skew quadrupole is topmost because 
its ends, with fewer turns, are naturally shorter than those 
of the layers below and its four pole regions line up with 

Table 1: Corrector Integral Field Strength Requirements. 
Here R/L denote left- and right-side magnets and P/E 
denote the LER and HER beam lines. The right-side b3 
coils are placed between main magnets. The external field 
cancel coils for the HER are not included in this table. 

Magnet Rr 

mm 

A1 

T•m 

B1 

T•m 

A2 

T 

A3 

T/m 

B3 

T/m 

B4 

T/m2 

QC1RP 10 0.016 0.016 0.64 7.6 
17.2 

60 

QC2RP 30 0.03 0.03 0.31 1.36 - 

QC1RE 15 0.027 0.046 0.75 7 
27 

- 

QC2RE 35 0.015 0.015 0.37 1.5 - 

QC1LP 10 0.016 0.016 0.64 - - 60 

QC2LP 30 0.03 0.03 0.31 - - 60 

QC1LE 15 0.027 0.046 0.75 - - 60 

QC2LE 35 0.015 0.015 0.37 - - 60 
 

 Figure 1: SuperKEKB IR magnet layout schematic.
  ___________________________________________  

#parker@bnl.gov 
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the lower pole regions. Thus it is possible to “see” the 
other current leads under the skew quadrupole pattern to 
bring them out over the top of the final coil package. But 
with this lead arrangement the dipole leads would be 
blocked by the skew dipole coil pack if we did not also 
open the mid-plane gap shown in the skew dipole pattern. 

SuperKEKB beam lifetime is fairly sensitive to IR local 
field errors; so we use several field tuning spacers, in both 
the coil body and ends, to try to limit local field harmonic 
design errors to the level of a few gauss. For clarity a final 
b4 coil winding is omitted from Fig. 2. The QC2LE b4 
integrated strength requirement is sufficiently small that 
we can use a short b4 pattern that does not extend over the 
region of the previously wound coil leads 

For some coils, such as the b1, of QC1LE/RE, the 
current to reach the Table 1 value would be excessive 
with only a single coil layer. In this case we wind a1 and 
a2 layers first and move the b1, coil out where we can use 
a shortened two-layer Serpentine style coil pattern [7] that 
does not block the a1 and a2 leads. The Serpentine pattern 
lets the b1 leads exit cleanly even with a b4 pattern of the 
same length wound on top of it [6]. 

CANCEL COIL PRODUCTION 

External field leaking from the first LER quadrupoles, 
QC1LP\RP into the HER aperture, decomposed as a field 
multipole expansion, is plotted in Fig. 3. The linear, b1, b2, 
external field components are not of concern as they are 
easily included in the SuperKEKB IR optics; however, 
the non-linear fields shown in Fig. 3 would adversely 
impact HER beam lifetime. Via iterative adjustment of 
coil end turn spacing, four independent cancel coil 
windings, b3, b4, b5 and b6, are tailored to match the 
different external field profiles plotted in Fig.3 that arise 
as the beam separation increases away from the IP.  

 We find that dual-layer Serpentine patterns, such as 
that shown in Fig. 4, are especially suited for use as cancel 
coils because they exhibit a simple, direct relationship 
between the straight section “body fields” and the end 
fields. At 10 mm reference radius the cancel coil’s main 
harmonic dominates the total field until close to each coil 
end; so we developed fast codes that approximate the 
cancel coil field shape based on scanning at a single 

 
Figure 3: Decomposition into magnetic multipoles for 
QC1P external field plotted as a function of distance to 
the IP, for 10 mm reference radius, at the HER beam line. 

 
Figure 2: Multi-layer corrector coil winding example. 

 
Figure 4: Final twisted b5 cancel coil winding used to 
generate the b5 and a5 fields shown in Fig.5. This pattern 
is a dual-layer Serpentine style coil winding with end turn 
spacing adjusted in both layers to achieve the desired field 
falloff with distance to the IP. Note that there are a large 
number of different sized coil end spacer gaps that must 
be filled with custom sized Nomex paper inserts. 

 
Figure 5: Normal and Skew Field Falloff Comparison. We 
plot b5 and a5 external field multipoles, with common 
peak normalization, to highlight their different shapes. A 
simple coil rotation cannot generate the correct a5 
distribution from a pure b5; thus we must “twist” the coil 
pattern as a function of length along the coil support tube. 
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azimuthal angle rather than having to do a much more 
calculationally intensive full-angle range z-scan.  

With an end turn spacing parameterization versus turn 
number that maps to specific shape features (e.g. regions 
of constant slope, a peak or a shoulder falloff), we can 
vary the end spacing in a smooth manner and after a few 
iterations come close to the desired external field target 
shape. With this candidate solution in hand we do a full 
harmonic z-scan to verify that unwanted higher-order end 
field harmonics are sufficiently small. A typical target 
normal-harmonic field shape curve, b5,  is plotted in Fig. 5. 
Note that in addition to b5 there is a second a5 curve 
shown that has a different falloff with distance from the 
IP. A similar shape difference between normal and skew 
occurs for all of the QC1P external field multipoles and 
this presented an unexpected design challenge.  

The SuperKEKB quadrupoles experience a combined 
background field from the detector and compensation 
solenoids and are rotated in order to achieve the desired 
optics for the beam eigenplanes; the corrector magnets are 
rotated the same amount. A naive expectation was that the 
cancel coils could also be similarly rotated to provide the 
proper mix of normal and skew cancel fields; however, 
the SuperKEKB IR layout has some HER and LER 
quadrupoles at different vertical offsets to reduce needed 
corrector strengths. Unfortunately this combined rotation 
and offset results in our having to match different normal 
and skew external field target shape curves. 

To alter the skew/normal field ratio we must rotate 
different sections of the coil pattern by different amounts, 
i.e. we have to twist the coil pattern. A uniform twisting 
of a pure b5 coil pattern produces the required a5 field 
profile as illustrated in Fig. 6. The most obvious field 
deviations from target values are the small constant field 
“shoulders” that result from the limited number of b5 end 
turns available to optimize. The b3 and b4 cancel coils 
have more turns and smoother field profiles while the b5 

and b6 coils, with fewer turns, have the largest relative tail 
deviations. Still the target b5 and b6 fields are already so 
small that these errors really do not matter. 

While it is convenient for optimizing a magnetic design 
to use the large number of spacers shown in the patterns 
of Fig. 2 and Fig. 4, it is also a production nightmare to ask 
technicians to cut so many tiny fill pieces by hand. For 
SuperKEKB production we developed an automated 
procedure where the coordinates of the coil pattern are fed 
into Pro-Engineer software [7] that follows the coil path 
in 3 dimensions and then unwraps it to a flat pattern. To 
have a proper gap between the fill spacers and coil, this 
flattened path is thickened to simulate wire thickness and 
offset by a small amount. Additional processing removes 
extraneous lines and leaves only the shapes to be cut. That 
file is then read by the computer controlled flat pattern 
cutter shown in Fig. 7 that uses a small steel blade to cut 
the pattern from a sheet of Nomex [8]. 
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Figure 6: The b5 and a5 field multipole distributions 
generated by the b5 cancel coil with an applied twist 
transformation are compared here to the target goals set 
for perfect QC1P external field cancellation. 

 
Figure 7: This machine automatically cuts coil end spacer 
inserts from Nomex sheets using information derived 
from a computer winding file. The pattern for a single b4 
pole is also shown. The cut outs have tab connections to 
keep inserts in place until needed and avoid hand sorting. 
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PARTIAL RETURN YOKE FOR MICE – ENGINEERING DESIGN∗

H. Witte† , S. Plate, Brookhaven National Laboratory, Upton, NY, USA
J. Tarrant, STFC Rutherford Appleton Laboratory, Didcot, UK

A. Bross, Fermilab, Batavia, IL, USA

Abstract
MICE, which is an acronym for Muon Ionization Cool-

ing Experiment, is a technology demonstration which is
presently assembled at the Rutherford Appleton Labora-
tory in Didcot, UK. MICE aims to demonstrate ionization
cooling experimentally, which is an essential technology
for potential future accelerators such as a muon collider.

The MICE channel consists of up to 18 large bore su-
perconducting solenoids, which produce a substantial stray
field. This stray field can jeopardize the operation of elec-
trical and electronic equipment in the MICE hall.

The concept of a partial flux return yoke has been devel-
oped, which reduces the stray field in the MICE hall to a
safe level. This paper discusses the engineering design of
the partial return yoke.

INTRODUCTION
MICE will be assembled in several steps [1]. At the

time of writing it is aimed to finish construction of Step
IV by summer/autumn 2014. MICE Step IV consists of
12 large bore superconducting solenoids (18 for Step VI).
The MICE solenoids produce a substantial amount of stray
field, which is a concern as some of the technical equip-
ment in the MICE hall may not work.

This paper discusses the engineering aspects of a partial
return yoke (PRY) for the MICE solenoids for Step IV; the
partial enclosure is sufficient to reduce the stray fields to an
acceptable level.

Details on the general design approach, the coil config-
uration of Step IV, expected shielding performance and ef-
fect on the performance of MICE are given in [2, 3].

ENGINEERING CONCEPT
The evolution of the PRY geometries is shown in Fig. 1.

It is important to note that in general all shown geometries
have a similar shielding performance. The vertical exten-
sions (middle plot) have been found to further reduce the
stray field behind the PRY by preventing flux leakage from
the unshielded part. The final geometry, shown on the right,
was chosen because of engineering considerations.

The MICE PRY will consist of in total eight shielding
plates, each of which is about 4 m long and 1.5 m wide.
The thickness of each shielding plate is 10 cm or 12 cm de-
pending on the desired shielding performance. The weight

∗Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.

† hwitte@bnl.gov

Figure 1: Evolution of the PRY geometry.

of a 10 cm thick shielding plate is about 4.8 tons, which is
less than the limit of the lifting crane in the MICE hall.

To avoid field leakage (see section ‘Vertical Gaps’) two
backing plates are installed on the inside and outside of
the PRY covering the vertical joint. The thickness of each
backing plate is half that of the PRY.

Figure 2: MICE partial return yoke.

SUPPORT STRUCTURE
The support structure has been designed to cope with

the dead weight of the PRY as well as magnetic forces.
The magnetic forces on the structure were evaluated us-
ing the Maxwell stress tensor. The forces were evaluated
for each of the shielding plates separately. The main force
component is in horizontal direction, directed such that the
shielding plates want to move towards the MICE exper-
iment. The maximum force is equivalent to 34 tons for
half of the PRY (four shielding plates) and occurs for the
240 MeV flip mode. There is no net longitudinal or vertical
magnetic force on the PRY due to symmetry reasons.

The support structure, as shown in Fig. 2, consists of sev-
eral S-beams which are anchored in the floor of the MICE
hall. An ANSYS study was carried out to evaluate peak
stresses and deflections. While the stresses are not a con-
cern (123 MPa) a maximum deflection of 5 mm was ob-
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served at the top corner of the PRY. To avoid this eight
horizontal support straps will be installed to transfer forces
between the two PRY halfs. This reduces the deflection to
0.28 mm.

PENETRATIONS
Vertical Gaps

Vertical gaps in the PRY occur between two adjacent
shielding panels. Initial investigations showed that vertical
gaps in the PRY are detrimental for the shielding perfor-
mance. Figure 3 shows the position of a vertical gap in the
PRY near the tracker region. The simulation result of the
stray magnetic flux behind the PRY at a radius of 1.5 m
and beam height is shown in Fig. 4. The figure shows that
depending on the width of the gap the stray field behind the
PRY increases substantially.

Figure 3: Geometry: Vertical gap in shield.

Figure 4: Modulus of the magnetic flux density at a radius
of 1.5 m for 200 MeV flip mode assuming a vertical gap at
z = −6 m.

To avoid performance impacts several potential solutions
were studied. An adequate and easy to implement strategy
is to double-up the PRY at the position of a vertical gap;
Figure 5 illustrates the concept. Each of the two backing

Figure 5: Concept of doubling up a vertical gap.

Figure 6: Modulus of the residual stray field at a radius of
1.5 m (beam height) for 200 MeV flip mode. The vertical
gap is doubled up using to backing plates, each 40 cm long.

plates is required to be half the thickness of the shield. The
width of each backing plate is 0.4 m. The backing plates
work by forming a low magnetic reluctance joint between
neighbouring PRY sections; at the joint the magnetic flux is
redirected into the backing plates, thus avoiding the vertical
gap.

Horizontal Gaps
Horizontal gaps in the PRY were studied as well. Fig-

ure 7 shows simulation results for the 200 MeV flip mode.
The figure shows that the stray field behind the PRY by
comparison is far less sensitive to horizontal gaps. Even
gaps of 20 cm width produce only an increase in stray field
of about 1 mT.

MATERIAL CONSIDERATIONS
The PRY is planned to be made out of AISI 1010 steel,

which is a cost efficient material for magnetic shielding.
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Figure 7: Modulus of the residual magnetic field at a radius
of 1.5 m. The simulation assumes a horizontal gap in the
PRY at beam height.

One of the disadvantages of AISI 1010 steel is the variation
of the magnetic properties depending on the exact com-
position. In general the higher the iron content the better
the magnetic properties. In order to estimate the shield-
ing performance we use measured magnetization curves of
1010 steels which have been used in various HEP experi-
ments [4]. For comparison three magnetization curves are
chosen: one representing very good magnetic properties
(labeled ‘ARMCO Atlas’), one with intermediate magnetic
properties (labeled ‘St1010 Germany’) and one with poorer
magnetic performance (labelled ‘St1010 ATLAS’).

Figure 8: Stray magnetic field for different 1010 steels at a
radius of 1.5 m (PRY finishes at a radius of about 1.35 m)
and vertically at beam height.

The expected shielding performance can be seen in
Fig. 8, which shows the residual stray magnetic field at a
radius of 1.5 m or about 10 cm behind the PRY at beam
height. The figure shows that the stray magnetic field (for

240 MeV flip configuration) varies between 0.6 and 2 mT.
For average properties of 1010 steel a residual magnetic
field of about 1 mT can be expected.

To limit the variability of the magnetic properties a better
quality steel, for axample AISI 1008 or AISI 1006 can be
chosen. In addition the PRY thickness can be increased
which improves the shielding performance and hence the
safety margin.

SCHEDULE
The PRY material procurement and fabrication is

presently estimated to be completed in August 2014.

SUMMARY
This paper summarizes the engineering design of a par-

tial return yoke for the Muon Ionization Cooling Experi-
ment. A support structure was described which is capable
of supporting the dead weight and magnetic forces on the
PRY during operation. Both stresses and deflection are ac-
ceptable.

Penetrations of the PRY were studied and it was found
that vertical gaps have a detrimental effect on the shielding
performance. To avoid flux leakage vertical joints in the
PRY are doubled up with two backing plates. Horizontal
gaps are less critical and can be tolerated up to a width of
several cm.

The designated material for the PRY is AISI 1010 steel.
The magnetic properties of 1010 steel can vary signifi-
cantly depending on the exact composition. Magnetization
curves from literature of HEP physics experiments have
been used to estimate the effect. It was found that the
shielding performance for a 10 cm PRY varies from 0.6 mT
up to 2 mT. To mitigate this a steel with a higher guaran-
teed Fe content can be chosen (for example AISI 1008 or
1006) and the PRY thickness can be increased to 12 cm.
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PARTIAL RETURN YOKE FOR MICE – GENERAL CONCEPT AND
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Abstract
MICE, which is an acronym for Muon Ionization Cool-

ing Experiment, is a technology demonstration which is
presently assembled at the Rutherford Appleton Labora-
tory in Didcot, UK. MICE aims to demonstrate ionization
cooling experimentally, which is an essential technology
for potential future accelerators such as a muon collider.

The MICE channel consists of up to 18 large bore su-
perconducting solenoids, which produce a substantial stray
field. This stray field can jeopardize the operation of elec-
trical and electronic equipment in the MICE hall.

The concept of a partial flux return yoke has been de-
veloped, which reduces the stray field in the MICE hall to
a safe level. This paper discusses the general concept and
expected performance.

INTRODUCTION
Ionization cooling can be regarded as an essential tech-

nology for future HEP particle accelerators such as the
muon collider, as it is the only known technology fast
enough to reduce the emittance of a muon beam.

MICE, which aiming to demonstrate the concept [1],
will be assembled in several steps. At the time of writ-
ing it is aimed to finish construction of Step IV by sum-
mer/autumn 2014. MICE Step IV consists of 12 large bore
superconducting solenoids. The MICE solenoids produce
a substantial amount of stray field (in excess of 50 mT),
which is a concern as some of the technical equipment in
the MICE hall may not work.

This paper discusses the design concept of a partial re-
turn yoke (PRY) for the MICE solenoids for Step IV. The
engineering design is described in [2, 3].

METHODOLOGY
For the analysis of the problem and performance es-

timate two commercial finite element packages are em-
ployed: COMSOL Multiphysics (COMSOL AB, Tegner-
gatan 23, SE-111 40 Stockholm, Sweden) and Opera 3D
from Cobham/Vectorfields (Cobham CTS Limited trading,
24 Bankside, Kidlington, Oxfordshire, OX5 1JE, UK).

The two software packages use different physics imple-
mentations, which allows to verify the obtained results.

∗Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.

† hwitte@bnl.gov

COMSOL solves for the magnetic vector potential:

∇× (
μ−1∇×A

)
= J . (1)

In this equation μ is the magnetic permeability, A the mag-
netic vector potential and J a current density. In contrast to
this Opera 3D solves for the magnetic scalar potential φ:

∇μ∇φ −∇μ

(∫

ΩJ

J ×R

|R3| dΩJ

)
= 0 . (2)

Contributions to the magnetic field from current carrying
structures at a distance R are usually evaluated using Biot-
Savart law and integrated over the domain Ω.

Figure 1: Magnetization curve of AISI 1010 steel.

For the simulations we assume that shielding iron will
have the magnetic properties shown in Fig. 1. The mag-
netization curve was taken from Opera and is valid for
AISI 1010 steel.

The coil geometries used in the simulation are summa-
rized in Table 1.The MICE solenoids will be run in five dif-
ferent configurations. In two configurations the magnetic
field flips in the centre of the MICE channel (‘flip modes’)
whereas in three it does not (‘solenoid modes’). The cur-
rent densities for all cases are summarized in Table 2.

GENERAL CONCEPT
All MICE magnets are large diameter solenoids, which

are relatively thin and short. From a shielding point of view
an ideal solution is to encase the MICE magnets in a soft-
iron cylinder. This is of course not practical; however, it is
possible to achieve good shielding by only encasing MICE
partially in this way. Fig. 2 shows the concept.
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Table 1: Step IV, Coil Geometries

z1 z2-z1 r1 r2
[m] [m] [m] [m]

1 -6.0063 0.1106 0.258 0.324
2 -5.8582 1.3143 0.258 0.2793
3 -4.5063 0.1106 0.258 0.3176
4 -4.1508 0.1995 0.258 0.2878
5 -3.7116 0.2012 0.258 0.3027
6 -3.06 0.21 0.263 0.347
7 -2.65 0.21 0.263 0.347
8 -1.99 0.2012 0.258 0.3027
9 -1.549 0.1995 0.258 0.2878
10 -1.1104 0.1106 0.258 0.3176
11 -0.956 1.3143 0.258 0.2793
12 0.3967 0.1106 0.258 0.324

Table 2: Step IV, Current Densities in A/mm2

Coil No. Flip 1 Flip 2 Sol 1 Sol 2 Sol 5
1 -135 -135 135 135 135
2 -152 -152 152 152 152
3 -127 -127 127 127 127
4 -137 -151 55 66 16
5 -119 -142 62 71 44
6 -114 -137 60 71 113
7 114 137 60 71 113
8 119 142 62 71 44
9 137 151 55 66 16
10 127 127 127 127 127
11 152 152 152 152 152
12 135 135 135 135 135

As shown in the figure, the MICE PRY covers an az-
imuthal angle of about ±60◦ just outside of the cryostats.
The remaining parts are left unshielded because of spatial
constraints. In practice the MICE PRY consists of eight
1.5 m wide and 4 m long iron plates. For the thickness
we consider two cases: 10 cm, which is the nominal case,
and 12 cm which offers a better shielding performance.
Each shielding plate is tilted by 11.5◦ towards MICE to sat-
isfy spatial restraints and to aid the shielding efficiency. In
longitudinal direction the PRY is completed by additional
shielding plates which connect the two side halves of the
PRY (apart from a small opening with radius 250 mm for
the beam).

PERFORMANCE
The magnetization in the PRY is equivalent to a mag-

netic field 1.1T for all operational modes of MICE Step IV.
At this level the relative permeability of the shielding iron
is about 1700–2000, which was found to be sufficient to
suppress flux leakage.

Fig. 3 shows the stray magnetic field at a radius of 1.5 m
at beam height, which is about 10 cm radially away from

Figure 2: General Concept, frontal view. The partial return
yoke is shown schematically in red.

Figure 3: Modulus of the magnetic fringe field at a radius
of 1.5 m at beam height.

the PRY. The figure shows a comparison between two un-
shielded cases (240 MeV flip and solenoid mode) and two
shielded cases (solenoid mode). The two shielded cases
differ in the thickness of the shield, which is 10 or 12 cm.

As shown in the figure, the PRY is effective in reduc-
ing the field level to 0.6–1.1 mT depending on the chosen
thickness. This is a reduction by more than 50 to the un-
shielded case, where the stray fields are between 30–70 mT.

Fig. 4 visualizes the 5 Gauss line in 3D. The 5 Gauss line
is important because of health and safety considerations.
Shown is a comparison between the unshielded (left) and
shielded case (right figure). The figure emphasizes that the
fringe field extent is significantly reduced. In longitudinal
direction the 5 Gauss line is reduced from about 13 to 8 m.
In horizontal direction the 5 Gauss line finishes with the
PRY, which is located at about 1.4 m. In vertical direction,
which is not covered by the PRY, the 5 Gauss line is moved
from 4.5 m to about 2 m.
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Figure 4: 5 Gauss iso-surface plot of MICE for the 200 MeV flip mode. The left figure shows the 5 Gauss surface for an
unshielded scenario (no iron present) versus the case where the PRY is adopted.

EFFECT ON THE BEAM
The additional iron in close proximity to MICE changes

the magnetic field in the channel. A particular concern is
the asymmetry of the PRY due to the fact that in vertical
direction MICE is unshielded. This leads to an asymmetric
error field which can be detrimental for the performance
of MICE. A particle tracking study using MAUS (MICE
Analysis User Software) was carried out to address this [4].

The simulation consisted of 100,000 muons; simulated
was the 200 MeV case (flip mode). It was found that due to
the error field the mean beam position is shifted by about
100 µm, the beta function changes by about 10 mm and the
discrepancy between emittances is about 1 µm.

The results indicate that the changes introduced by the
MICE PRY have a barely measurable effect and therefore
do not compromise the experiment.

SUMMARY
This paper outlines a shielding concept for the interna-

tional Muon Ionization Cooling Experiment MICE, which
is capable of reducing the stray fields in the MICE hall to
a tolerable level. The MICE channel will not be encased
fully due to spatial constraints, but the as shown the shield-
ing performance is still sufficient to shield large parts of the
MICE hall.

Two different shield thicknesses were studied; in com-
parison to a 10 cm thick PRY a 12 cm version reduces the
stray magnetic field at a radius of 1.5 m by a factor of two
or more and offers therefore more margin.

Simulation results suggest that the 5 Gauss line in the
MICE hall in horizontal and longitudinal direction would
be located just after the PRY. In vertical direction the dis-
tance to the 5 Gauss line is reduced by about a factor of
2.

The effect on the beam was studied using particle track-
ing simulations and it was found that the effect of the addi-
tional iron is negligible.
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A STRIPLINE KICKER DRIVER  

FOR THE NEXT GENERATION LIGHT SOURCE* 

N. Butler, F. Niell, J. Kinross-Wright, M. Gaudreau, M. Kempkes,  

Diversified Technologies, Inc., Bedford, MA 01730, USA 
 

Abstract 

    Diversified Technologies, Inc. (DTI) has designed and 

prototyped a novel high voltage pulse generator 

applicable to beam deflector applications. This work is 

funded by an SBIR grant from the U.S. Department of 

Energy in support of advanced accelerator development. 

The technical goals include 10 kV output into 50 Ω with 2 

ns rise time and a repetition rate of 100 kHz. These 

challenging specifications were based on the original Next 

Generation Light Source (NGLS) fast deflectors (stripline 

kicker) required in the proposed beam switchyard. DTI 

believes the advanced pulse generator will have numerous 

applications requiring fast risetime and high repetition 

rate. This paper describes the current status of the project.  

BACKGROUND 

    In Phase I of the project, DTI investigated several high-

speed switching circuits, using a variety of emerging 

solid-state switch technologies, including GaN and SiC. 

After much experimentation, DTI has settled on an 

inductive adder circuit topology, using a two-step, silicon 

MOSFET Marx approach in each stage. The use of 

parallel FETs at each stage of the inductive adder allows a 

flexible design which can be adapted to new 

requirements. The Phase II prototyping efforts have 

validated the design approach. Figure 1 shows an 

operational prototype pulse generator. 

Motivation 

    The NGLS facility concept uses a high bunch rate 

accelerator (1 MHz) to efficiently supply beam to 10 

independent X-ray FEL beam lines. Each beam line 

receives pulses at 100 kHz, though the fields in the 

deflector must settle in less than 1 µs to avoid 

perturbation of un-deflected pulses in the bunch train 

from the accelerator. 

    It is envisioned that the deflection will be imparted by a 

symmetric pair of shaped parallel deflection electrodes, 

pulsed in opposition at 10 kV. Matching 50 Ω resistors 

terminate the deflector to avoid the creation of backward-

traveling waves. 

SYSTEM ARCHITECTURES 

    Various system designs were explored for producing 

the required pulse wave forms. The options included a 

direct series high voltage switch, solid-state Marx bank, 

inductive adder, or more conventional pulse transformers  

 

and transmission-line adders, several of which were 

considered in detail. The inductive adder was ultimately 

selected as the preferred development path for the 

remainder of the program. The favored embodiment of the 

overall pulse generator was based on measurements, 

multiple circuit test boards, extensive modeling, and 

practical considerations regarding component 

performance in the sub-nanosecond regime.  

Pulse Generation 

    The overall pulse generation network is presented in 

Figure 2. This represents the principal schema, but 

variants on this approach have been developed as well.  

The key components exhibited in this figure include: 

 Each stage is comprised of a pair of 

STMicroelectronics STL21N650 compensated 

silicon MOSFETs, capable of 2 nanosecond-class 

switching speed, along with extremely fast charge-

pump driver circuitry to enable such fast switching. 

Note that the gate drivers must be referenced to the 

source pins in the diagram, meaning that one set of 

gate drivers must be floating – a key technological 

issue in this speed domain.  A set of transformer cores, Tn, to couple the 1 kV 

pulses into a common tapered secondary structure. 

Matching the impedance of the output structure to 

 

Figure 1: Prototype pulser hardware. In the center of the 

rectangle at the top is the output connection, and the two 

circuit boards on either side carry the pulse amplifiers and 

MOSFETs.   

----------------------------------- 

*Work supported by the Department of Energy 
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each stage’s output impedance in a tapered fashion 

enables the fast leading edge required by the 

application. 

 

    Not shown is the gate driver circuitry or the circuit 

board itself. The pulse amplifier developed for driving the 

STL21N650 transistors was designed with minimum 

group delay and maximum gain to effectively utilize 

charge-pump drive techniques. This charge-pump design 

has been successful in prior work at DTI, and is ideally 

suited to this application. The circuit board itself is highly 

tuned for this pulse application—extreme care has been 

taken to achieve very low trace inductances. Plane-to-

plane spacing was kept to 0.003 inch in order to achieve 

power traces under 300 pH. This was critical in order to 

switch 500 V and 50 A per transistor in roughly 3 

nanoseconds. The small, low inductance parts allow for 

the fast switching speeds. This board technology was 

crucial and left the intrinsic inductance of the packaged 

parts as a limit to the achieved rise times.  

    In order to keep the overall size and parts count down, 

a 10-stage 1 kV-per-step approach was chosen. The Marx 

topology at each stage allows 1 kV to be applied to the 

transformer cores while still using the fast 650 V 

transistors. Four MOSFETs are used in parallel at each 

position to carry the current and keep the inductance 

down. Measured inductance of each stage comes to less 

than 8 nH, dominated by the leakage of the coupling 

transformer. Capacitors Cn are chosen to have low 

inductance and acceptable voltage ripple and recharge 

time. The pulse amplifiers used to drive the transistor 

gates are tailored specifically to pump the appropriate 

amount of charge required to turn the devices on, while 

still having a propagation delay in the 8 ns range and 

being driven by TTL signals. The amplifiers consist of 

four stages; first a FET stage for level shifting and 

inversion, then bipolar followers, and finally FET 

inverters backed by followers. Each was chosen 

specifically to utilize their respective strengths (FETs for 

fast turn on, bipolars for current, etc.). Additionally, the 

gate pulse amplifiers for the floating side of the Marx are 

floating, referenced to the source of those power FETs 

only.  Blocking cores are used to stand off the pulsing and 

float the stages at AC, but still provide a DC charging 

path to ground.    

    In the absence of diode D in the circuit above, the core 

reset of T1 through Tn happens through recharging of the 

capacitors in the Marx stages. However, this process is 

lengthy and somewhat chaotic, so diode D shuts off the 

secondary current flow due to recharge, effectively 

damping the ringing at turnoff and removing any stray 

pulses allowing the output to settle to better than 1 V in 

less than 1 µs. 

Current Results 

    An example waveform is shown in Figure 3. The 

purple trace shows the command pulse, the green shows a 

capacitively-coupled probe with an arbitrary scale, and the 

red trace shows the voltage into 50 Ω on a 2 kV/division 

scale.  Note the turn-on of 10 ns, the turnoff of 10 ns and 

the flattop of 30 ns. The peak is 8 kV at 160 A, the power 

is 1.28 MW. At this power level, the system was run at 1 

kHz repetition rate on the bench with anything but a fan 

for cooling of the FETs. The peak temperature of the 

FETs was 65 C. With more aggressive cooling, operation 

at 10 kHz repetition rate should be possible.  

    Figure 4 shows operation at 10 kV, 200 A into 50 Ω; a 

full 2 MW per pulse. The red trace is the command pulse 

and the gray trace is the output pulse at 2 kV/division. 

Note the 7 ns rise and 8 ns fall times with 20 ns flattop.    

    Current pulser hardware is capable of pulses as long as 

70 ns without any additional electronics for core reset.  

Additional core reset circuitry has been explored, but is 

not necessary at this time to meet the requirements of the 

 
Figure 2: Basic inductive adder scheme, showing “n” stages. Note that the gate drives are shown all in parallel. This is 

due to DTI’s innovative gate driver architecture which enables high voltage charge pump circuitry to drive multiple 

compensated-silicon MOSFETs with the speed required to achieve nanosecond-class switching. In this Marx 

arrangement, C1 is charged through resistors R1 and R2 (GREEN). The MOSFETs then discharge the capacitors through 

the transformers T1 through Tn, applying two times the charge voltage, or 1kV in the arrangement shown (BLUE). The 

secondaries of the transformers are a tapered stripline to match the output impedance of each stage to the load impedance 

RL. Diode D enables sharp turnoff to meet the stringent turnoff specification.  
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NGLS kicker. Exploration of the current hardware 

limitations is underway, and it is likely that much higher 

currents are possible. The 200 A at 10 kV result was 

achieved with only 3 transistors at each location, and with 

the possibility of 4 transistors on the PCB.  Perhaps 10 kV 

at 250 A may be in the future.        

FUTURE PLANS 
    DTI is in the process of adapting this circuit 

architecture for other applications, including pulsed RF 

sources, pulsed plasma surface treatment systems and 

others. The remaining questions surround the maximum 

pulse rate and delivered power levels. Additionally, given 

the small size of the 2 MW pulser hardware, high voltage 

insulation and cooling are challenging. DTI will initially 

investigate immersion in oil bath, and later in phase-

change cooling with refrigerants.   

    The current work is based on the C6 generation 

MOSFETs from STMicroelectronics. STMicroelectronics 

is currently shipping higher performance C7 generation 

devices, which will translate into faster pulses with more 

current capacity per device, or perhaps higher pulse 

repetition rates at the existing power levels. As these 

devices are available, we will be examining their 

performance in the current hardware.   

    Additionally, there are larger devices that are capable 

of as much as 125 A per device in single-state tests. This 

could project to a peak pulse of nearly 500 A at 10 kV, 

and testing is ongoing to explore the full performance 

envelope of the current architecture.     

SUMMARY 
    The DTI team has designed and demonstrated the key 

elements of a solid-state kicker driver capable of meeting 

the NGLS requirements, and extension to a wide range of 

kicker driver applications. The MOSFET array switch 

itself is suitable for many accelerator systems with < 10 

ns kicker requirements. 

 
Figure 3: Performance at 8 kV into 50 ohms.  Red trace is 

2 kV/division.  Note the 10 ns rise and 10 ns fall. 

 
Figure 4: Operation at 10kV into 50 ohms.  The faint gray 

trace is 2kV/division.  At this higher power level, the 

transistors operate a touch faster, and the rise and fall 

times consequently are faster than at the 8 kV case. 
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PROGRESS ON THE MSU SUPERFERRIC CYCLOTRON GAS STOPPER 
MAGNET QUENCH PROTECTION AND COOLING SYSTEM 

S. Chouhan, M. A. Green, G. Bollen, and A. F. Zeller, FRIB, Michigan State University, East 
Lansing MI 48824, USA; J. DeKamp, C. Magsig, D. Morrissey, J. Ottarson, and S. Schwarz, NSCL 

Michigan State University, East Lansing MI 48824, USA

Abstract 
The MSU gas cyclotron stopper system is designed to 

decelerate rare isotope ions from energies from >50 MeV 
to energies in the 10 keV range.  The ions are decelerated 
in low-pressure helium gas in vertical cyclotron magnet.  
The magnet and the system for decelerating the ions are 
mounted on a high voltage platform.  The cyclotron gas 
stopper magnet is a warm iron superconducting cyclotron 
sector dipole. The maximum field in the gap (0.18 m) is 
2.7 T.  The outer diameter of magnet yoke is 3.8 m, with a 
pole radius of 1.1 m and Br = 1.8 T m. The desired field 
shape is obtained by the pole profile. Each coil of the two 
halves is in a separate cryostat and connected in series 
through a warm electrical connection. The entire magnet 
system will be mounted on a high voltage platform. The 
magnet coils have been fabricated and installed in their 
cryostats.  The iron poles have been machined and 
assembled.  This paper presents the progress on the 
magnet system fabrication and assembly. 

INTRODUCTION 
The fragmentation of fast heavy-ion particles enables 

fast, chemistry-independent production, separation and 
delivery of exotic isotope beams. The resulting beams of 
exotic nuclei have high energies (>50 MeV/u) and large 
emittances. The range of possible experiments with the 
fast beams can be extended by slowing down the fast ions.  
The ReA3 [1] re-accelerator under construction at MSU 
will re-accelerate the thermalized ions to provide low 
emittance exotic beams over a range of energies. The 
thermalization of the fast ions and their extraction using 
existing techniques are limited by space charge and other 
limitations. 

A proposed solution to thermalize and extract light to 
medium mass ions and high intensity beams is to apply 
strong gradient-dipole magnetic field in a large magnetic 
gap (0.18 m) that forces the fast ion beams to follow 
spiral trajectory while slowing down in the gas. 
Concentrated thermalized ions near the central extraction 
port are then transported in to central extraction orifice via 
an RF-carpet.  These extracted ions will be transformed 
into low energy beams using a differentially pumped ion-
guide.  The low energy ion beams can be transported 
directly to low-energy experiments or to other 
accelerators for reacceleration.  The high performance and 
high field (2.7 T) super-ferric cyclotron gas stopper 
sector-magnet at National Superconducting Cyclotron 

Laboratory (NSCL), Michigan State University (MSU) 
will enable the capture of short-lived rare isotopes 
produced in nuclear reactions. 

The cyclotron gas-stopper magnet design has evolved 
since its original design in 2007 [2].  A gradient dipole 
field is produced in a gap of 180 mm between sector 
cyclotron iron poles.  The peak field in the gap is ~2.7 T.   
A pair of superconducting solenoid coils produce the 
field.  The warm iron poles can be separated so that the 
deceleration system can be maintained.  Each pole coil 
has its own helium cryostat and superconducting coil that 
operate at 4.3 K.  The 300 K iron poles are physically 
connected through the magnet iron flux return path, but 
the superconducting coils are not physically connected.  
The forces on the magnet coils are transported to the iron 
return yoke through the cold mass supports. The magnet 
is oriented so that the common axis of the solenoid coils is 
horizontal.  Thus the beam plane for the super-ferric 
cyclotron magnet is vertical.  Each of the two magnet 
superconducting coils will be cooled using three PT-415 
pulse-tube 4 K coolers with remote valves. 

IRON POLES AND RETURN YOKE 
The split iron poles and return yoke are shown in Fig. 1.  

One of the sector cyclotron pole pieces is shown in Fig. 2.  
Table 1 presents the parameters for the magnet [3]. 

 

 
Figure 1: The split magnet iron return path and poles. 

	  ____________________________________________________________	  	  

*The material in this paper was supported in part by a grant for the 
National Science foundation under MSU grant number PHY-0958726. 
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Figure 2:  The machined sector cyclotron pole pieces on 
the 2.2-m diameter pole for the magnet.  The coil cryostat 
is in the slot between the pole and the return iron yoke. 

Table 1:  Cyclotron Gas Stopper Magnet Parameters [3] 
                  Parameter Value 
Number of Magnet Coils 2 
Iron Pole Radius (m) 1.10 
Iron Return Yoke Outer Radius (m) ~1.90 
Average Induction in the Gap (T) ~2.0 
Average Pole Half Gap (mm) ~90 
Number of Coil Turns per Layer 31 
Number of Layers per Coil 57 
Coil Cross-section R / Z (mm)  80 / 80 
Coil Peak Design Current (A) 200 
Peak Coil Current Density (A mm-2) 54.9 
Peak Magnetic Induction in Coil (T) 2.05 
Magnet Self Inductance Assembled (H) 178 
Magnet Peak Stored Energy (MJ) 3.56 
Coil Cold Mass per Pole (kg) ~370 
Magnet Cold Mass per Pole (kg) ~1240 
Magnet Iron Mass (metric tons) ~167 

MAGNET COILS AND QUENCH 
PROTECTION 

The 1767 turn magnet coils were wet wound and 
molded to fit into the 80 mm by 80 mm final shape.  A 
22-turn non-inductive work hardened 6061-Al resistor 
with a resistance of 2.26 ohms was wound on the outside 
of the coil as part of the quench protection system [4].   
When the magnet quenches, the diodes fire shunting the 
current into the resistor, which heats the coil from the 
outside.  A quench, which fires the diodes, will cause the 
full current of the coils to flow in the resistor.  It takes 
~100 ms, for the outside of the coil to be heated to 10 K.  
The calculations show that both magnet coils will become 
fully normal in <4.3 s.  At the start of the quench at full 
current 89 kW of heat will come from the resistor.  This 
will boil the helium in the cryostat as well cause the coil 
to turn normal.  Once the coil has turned normal, the coil 
rapidly discharges.   

The coils were inserted in 304-stainless steel helium 
vessels so that there is space between the coil and the 
helium vessel to circulate helium in a thermal-siphon 
cooling loop used to cool and cool-down the magnet coils.  
The helium vessel is stiff to prevent deflection of the cold 
mass when the magnet sees unbalanced magnetic loads 

while in the iron.  The helium vessel necks contain the 
quench protection [4] diodes (see Fig. 3), the LTS leads 
that connect of the bottom of the HTS leads through a 
vacuum tight feed-through between the helium vessel and 
the cryostat vacuum vessel, and 5 L of liquid helium out 
of the total of 7.4 L per coil.   The LTS leads are designed 
so that their length is less than a minimum propagation 
zone length at the full design current of the magnet.  In 
addition, the LTS leads within the helium vessel are 
designed to be cryogenically stable in helium gas. 

     

 
Figure 3:  Quench Si diode assembly in the cryostat neck. 

MAGNET COOLING SYSTEM 
The tops of the HTS leads are connected thermally to 

the first stages of the coolers.  Electrically the leads are 
insulated from the first-stages.  The heat from 293 K to 
the top of the HTS leads at 45 to 50 K is conducted 
through the electrical insulation to the cooler first-stages 
at a temperature <40 K.  The heat conducted down the 
leads to the cooler first-stages is ~20 W all other sources 
of heat to the cooler first stages amount to < 10 W.  The 
projected cooler first-stage heat load is 10 W per cooler.  

Each coil of the cyclotron gas stopper magnet is cooled 
and cooled-down using three PT-415 two-stage pulse tube 
coolers with remote rotary valves and ballast tanks.  
These coolers produce 1.35 W at 4.2 K while procucing 
36 W at 40 K. The cooler cold heads mounted in the top 
of the turret are shown in Fig. 4. 

 

 
Figure 4: The top of the coil 1 turret cryobox showing the 
cooler cold heads (labled A, B, and C), the current leads, 
the instrumentation plugs, and the safety vent tubes.  

The cooler cold heads and the ballast tanks, which are 
mounted on the cryostat turret, are at a high voltage (up to 
60 kV) with respect to ground.  The rotary valves and the 
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hoses to the compressors are at ground potential.  The 
helium pipes between the rotary valves and the cooler 
cold heads are insulators that hold off up to 60 kV.  
Figure 5 shows a mockup of the coolers on the cryostat 
turret. 
 

 
Figure 5: The coolers mounted on the coil turrent. 

During a cool-down, the three coolers on each coil 
cryostat operate in parallel [5].  Helium gas from the 
magnet enters the three condenser heat exchangers from 
the top.  The gas is cooled in the condenser boxes and is 
sent to the bottom of the magnet cryostat.  Figure 6 shows 
two of the three condenser boxes.  After entering the 
magnet cryostat, the cold helium goes up past the magnet 
coil along the inside and the outside of the coil.  The 
helium leaving the top of the coil returns to the condenser 
boxes to be re-cooled.  The thermal siphon circuit flow is 
by natural convection.  The projected cool-down time for 
the magnet cold mass of 2480 kg from 293 K to 4.3 K is 
~4 days using six coolers.  The time to fill the helium 
vessels with 16 L of helium by liquefaction of 293 K gas 
is an additional day. 

 

 
Figure 6:  The condenser heat excahngers for two of the 
three coolers.  Warm gas from the magnet enters the 
condenser from the top.  Cold gas leaves from the 
condenser bottom. 

  CONCLUDING COMMENTS 
Both magnet coil cryostats were leak checked and 

pumped out in preparation for the first test of the 
cryogenic system.  Since the thermal siphon cryogenic 
cooling system only works when the axis of the magnet is 
horizontal (so that the condenser is  ~3 meters higher than 

the bottom of the coil cryostat), the cooling-down and the 
testing of the cryogenic system can only be done with the 
magnet coil cryostats mounted on the iron poles.  The 
magnet coils were mounted in the iron during September 
of 2013 in preparation for a magnet cool-down using all 
six of the PT-415 pulse tube coolers (see Fig. 7).  During 
the fall of 2013, the magnet instrumentation will be 
connected and the high voltage system will be installed on 
the magnet.  The first magnet cool-down using helium 
from gas bottles is expected in the winter of 2014.  With 
luck, cryogenic testing and magnet coil training is 
expected to occur in the first half of 2014.  

 

 
Figure 7: The magnet coil mounted in the cyclotron gas 
stopper magnet iron return yoke. 
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MECHANICAL DESIGN OF THE CRYOGENIC SUB-SYSTEMS FOR ReA6 

QUARTER WAVE RESONATOR CRYOMODULE* 

M. Shuptar#, F. Casagrande, A. Fox, M. Johnson, M. Leitner, S. Miller, T. Nellis, M. Patil, T. Xu, 
Y. Xu, Facility for Rare Isotope Beams (FRIB), East Lansing, MI  48824, USA 

Abstract 
The driver linac for the Facility for Rare Isotope Beams 

(FRIB) consists of 49 cryomodules operated at 2 K 
utilizing 4 different types of superconducting resonators 
and 2 solenoid lengths which in turn requires 7 individual 
cryomodule configurations. The mechanical design 
requirements of the internal cryogenics of an FRIB 
cryomodule are determined by the piping and 
instrumentation diagram, which is discussed in the paper 
based on the FRIB quarter wave cryomodule type. In 
addition, heat load requirements and spatial constraints of 
other cryomodule sub-systems influence the cryomodule 
cryogenics design. The paper describes detailed design 
choices for the cryogenic headers and piping, a 2 K heat 
exchanger inside the cryomodule, solenoid current leads, 
and the bayonet connections to the cryogenic distribution 
system inside the accelerator tunnel. Different operating 
modes, which influence the cryogenic design, are 
summarized. 

INTRODUCTION 

FRIB is a US $700 million nuclear physics project to be 
built at the Michigan State University under a corporate 
agreement with the US Department of Energy (DOE) with 
a 7-year timetable [1]. According to the current FRIB 
baseline schedule fabrication and procurement of linac 
components will start mid-2014. Actual linac installation 
will begin end of 2016 after completion of conventional 
facilities and cryoplant construction [2].  

Due to the heavy mass and correspondingly low 
velocity of the accelerated ions the FRIB driver linac [1] 
utilizes four different low-beta SRF resonator designs in 
cryomodules. Each cryomodule is equipped with niobium 
cavities which will operate at 2 K providing acceleration 
to the heavy ions. Due to the large number of 
cryomodules the FRIB project lends itself to a 
manufacturing mind-set that incorporates large scale 
production into the design of individual modules types. As 
a part of the manufacturing mind-set FRIB is currently 
developing a prototype cryomodule that will utilize 8 
superconducting quarter-wave cavities, and is referred to 
as the ReA6 cryomodule. Upon completion the ReA6 
cryomodule will test not only the general cryomodule 
design, but also the manufacturing methodology [3]. Even 
though ReA6 is a prototype module it will implement 

some design choices that differ from a typical FRIB 
cryomodule. The usefulness of the ReA6 module will not 
end with proof of concept of mechanical and 
manufacturing principals; after testing the module 
becomes a permanent part of FRIB’s Re-Accelerator 
located in the experimental area of the facility. 

BASIS OF REQUIREMENTS 

Each cryomodule design starts by obtaining the 
system’s requirements and then designing the 
specifications. For the cryogenics inside the ReA6 Quarter 
Wave Resonator (QWR) cryomodule the requirements are 
defined by; piping and instrumentation diagram (P&ID), 
heat load budget, cost and spatial constraints. 

The ReA6 P&ID differs from an FRIB module because 
the operating constraints of the ReA6 are slightly different 
from an FRIB module. Since the ReA6 module will be 
built ahead of the FRIB cryoplant and will not be located 
in the tunnel its cryogenic layout specified on the P&ID 
includes a liquid nitrogen circuit not present in FRIB 
Cryomodules. ReA6 Resonators will also operate a 4.5 K 
compared to an FRIB module’s resonators operating a 2 K 
[4].   

Heat Load Budget 

The heat load calculations outline the allowed heat load 
for each module. Constraining the heat load to each 
module budget ensures that the cryoplant is sized 
correctly. The heat load budget requirement for ReA6 
cryomodule is shown in Table 1 [5]. 

Table 1: ReA6 β=0.085 Cryomodule Heat Loads 

  
Resonators 

(4.5 K) 

Focusing 

Magnets 

(4.5 K) 

Thermal 

Shield 

(80 K) 

Static (W)  6.0 50.7 180.6 

Dynamic (W) 80.0 1.3 23.2 

Total (W) 86 52 204 

The heat load budgets are also necessary to estimate the 
mass flow for three separate cryogenic loops. Calculation 
of the helium and nitrogen interfaces to the cryogenic 
distribution are given in (Table 2) [5]. To minimize 
vapour velocity and maximize helium capacity the 
headers needs to be sized effectively.  

* This material is based upon work supported by the U.S. Department 
of Energy Office of Science under Cooperative Agreement 
DE-SC0000661. Michigan State University designs and establishes 
FRIB as a DOE Office of Science National User Facility in support of 
the mission of the Office of Nuclear Physics. 
# shuptar@frib.msu.edu 

THPBA13 Proceedings of PAC2013, Pasadena, CA USA

1256C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Accelerator Technology

T13 - Cryogenics



Table 2: Flow Conditions for ReA6 Cryomodule 

 T (K) P (atm) ṁ (g/ s) 

Nitrogen Supply 82 1.6 – 1.7 1.1 

Helium Supply 4.5 – 5 3.0 – 3.5 8.5 – 9.9 

Cavity Helium 
Return 

4.5 1.286 4.6 – 5.4 

Solenoid Helium 
Return 

4.5 1.286 3.9 – 4.6 

Megnet Leads 
Return 

300 1.1 0.09 

Nitrogen Return 82 1.6 – 1.7 1.1 

 
Using Equation 1, the velocity vapour can be estimated. 

           (1) 

Where ṁ is the mass flow rate, ν is velocity of the 
vapour, ρ is the density of the gas and A is the minimal 
cross-sectional area needed to achieve the desired vapour 
velocity. The mass flow is taken from the heat budget and 
a vapour velocity limit of 7 m/s was imposed [6].   This 
limit prevents drag on the liquid within the header and 
also minimizes any vibratory disturbances. The 
calculation was done for each of the cryogenic circuits in 
the module.  

The resonator circuit has a design contingency of 
facilitating 2 K helium. The header for resonators was 
calculated to need a minimum cross-sectional area of 
18.08 cm2 (or pipe with an inner diameter greater than 
4.79 cm). The resonator header, magnet header and 
thermal radiation header have been sized with a 6” 
Schedule 5 and 4” Schedule 5 IPS pipe respectively.  The 
benefit of a larger helium inventory inside the cryomodule 
will allow static pumping for 2 K operation given 
cryoplant and pumping limitations.  

Spatial Constraints 

The physical layout of the cryogenics within the 
cryomodule is constrained spatially by the other sub-
systems; super-conducting resonators, thermal radiation 
shield, magnetic shield, alignment support structure and 
vacuum vessel as seen in figure 1.  

 

Figure 1: Cross-Section of ReA6 β=0.085 QWR 
Cryomodule. 

Structurally the cryogenics will be supported from the 
vacuum vessel via G-10 plates and preloaded bellville 
spring washers to allow for thermal contraction. The 
cryogenic circuits are connected to the sub-systems using 
flexible couplings to minimize the transmission of micro-
phonics. 

CRYOGENIC CIRCUITS 

The cryogenics of the ReA6 cryomodule is composed 
of three circuits: resonator, focusing magnet and thermal 
shield. The resonators and focusing magnets are placed on 
independent circuits so that they can be warmed and 
cooled independently which allows the resonators to be 
warmed above Tc and perform solenoid degaussing cycles 
[7]. Each circuit is based on a thermal siphon. The headers 
in the thermal siphon function as a liquid-gas phase 
separator; supplying liquid to the components and 
allowing gas from boil-off to be sent to the gas return. 
Each cryogenic circuit’s temperature is dictated by the 
cryomodule’s operating mode. 

Resonator Helium Circuit 

To reduce the number of components and simplify the 
fabrication, a single supply line supplies helium to the 
resonators and focusing/steering magnet circuits within 
the module. One circuit is used exclusively for cooling the 
resonators.  For the resonators; the 4.5 – 5.0 K flow 
passes through a heat exchanger in series with a Joule 
Thomson (JT) valve to isenthalpically expand the helium. 
The heat exchanger for the ReA6 is sized for 10 g/s of 
flow. Even though ReA6 is designed to operate at 4 K but 
will have the ability to test at 2 K with batch pumping 
mode. 

Focusing Magnet Helium Circuit 

The focusing magnet helium circuit cools the focusing 
magnets (solenoids), magnet leads and thermally 
intercepting conductive components. The vapour cooled 
magnet leads will be purchased from a commercial 
vender. The circuit’s other function is to minimize the heat 
loads to the resonators by thermally intercepting all 
components that provide a thermal heat load to the 
resonators. The helium from the 4.5 – 5.0 K supply passes 
through a JT valve to reduce its temperature before it 
enters a 4.5 K helium bath. To minimize the temperature 
of the liquid to each thermal intercept the circuit runs 
parallel flow to each intercept location. Intercepting 
components in parallel prevents excessive formation of 
large bubbles in the cryogen, reducing the effective heat 
transfer between the fluid and the thermally intercepted 
component. 

Thermal Shield Nitrogen Circuit 

The nitrogen circuit, which is unique to the ReA6 
module, primary function is to reduce thermal radiation 
heat loads to the coldmass (the string 8 cavities and 3 
solenoids within the module). The nitrogen circuit 
thermally intercepts all sub-systems between the room 
temperature vacuum vessel and the 4.5 K coldmass. The 

ṁ . = νρA
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circuit also supplies nitrogen to the thermal shield which 
is responsible for minimizing the radiant heat loads.  

BAYONET BOX 

The nitrogen and helium are supplied to the cryomodule 
circuits by a bayonet box as shown in figure 2. The 
bayonet box is integrated into the cryomodule as its own 
sub-system. The modular box is utilized on the 49 
cryomodules in the linac. This sub-system is geared 
toward a large scale manufacturing methodology. It is 
designed to be fabricated independently and then later 
mounted onto the cryomodule. From there the cryogenic 
circuits are welded to the bayonet box creating a 
permanent leak tight assembly. The bayonet box 
interfaces with the main cryodistribution by U-tube 
bayonets. The effective implementation of assembly line 
manufacturing is very important design for FRIB. ReA6 
will be an important part of testing this manufacturing 
process. 

 

Figure 2: Cryomodule bayonet box interface to the helium 
distribution line. 

CRYOGENIC PIPING & SAFETY 

To design for manufacture, the cryogenic circuits were 
modelled after industrial piping systems. This approach 
reduces the number of custom made speciality parts 
without compromising quality and safety. Custom parts 
were minimized by using readily available industrial 
weldable components. Cryogenic piping was selected that 
adhere to the process piping code (ASME B31.3) and 
BVPC section VIII. Commercial piping selected adheres 
to the ASME Design by Rule and need for Design by 
Analysis was minimized. Commercially available formed 
bellows have been used which have been verified as per 
the ASME BPVC section VIII, Div. 2 code. 

Commercially available flexible metal hoses with welded 
end connection which are designed in accordance with 
ASME BPVC by the vendor have also been selected to 
couple the cryogenics circuits to the sub-systems. Welded 
bellows and the final system will be pressure tested in 
accordance with UG-99 (hydrostatic test) or UG-100 
(pneumatic test). 

Circuits have been equipped with lift-off plates and 
pressure relief valves to ensure that the cryogenic circuits 
do not produce pressures which would reach the yield 
stresses of the niobium resonators. The pressure relief 
valves are sized with a mass-flow rating for a failure 
mode during cryomodule cool down which would occur 
when there was a closed return valve and open supply 
valve. The lift-off disks operate for an operation failure 
mode. This failure mode would occur during accidental 
beamline or insulating vacuum loss with operating levels 
of liquid helium in the resonator and focusing magnet 
circuits [8]. 
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IMPACT OF RADIATION ON THE MU2E PRODUCTION SOLENOID 

PERFORMANCE* 

V.V. Kashikhin
#
, N. Dhanaraj, M.J. Lamm, N.V. Mokhov, V.S. Pronskikh,  

FNAL, Batavia, IL 60510, USA

Abstract 

The Muon-to-Electron conversion experiment (Mu2e) 

is under development at Fermilab to detect direct muon to 

electron conversion and provide evidence for processes 

violating muon and electron lepton number conservation 

not explained by the Standard Model of particle physics.  

The Mu2e magnet system consists of three large 

superconducting solenoids. One of the magnets is 

Production Solenoid (PS) named after the pion production 

target installed in the magnet bore. The superconducting 

coils are protected from the secondary particle radiation 

by a massive Heat and Radiation Shield (HRS) made of 

bronze, which was optimized for the energy absorption 

and cost. This paper describes the impact of radiation on 

the magnet cooling, stability and quench. 

INTRODUCTION 

The Mu2e magnet system consists of three large 

superconducting solenoids [1]. PS is the first magnet in 

the chain [2], which collects and focuses pions and muons 

generated in interactions of an 8-GeV proton beam with a 

tilted high-Z target and directs them towards Transport 

Solenoid (TS), by supplying a peak axial field of 

4.6-5.0 T and ~1 T/m gradient within a 1.5 m warm bore.  

It is a challenging magnet because of the relatively 

high magnetic field and a harsh radiation environment. 

The PS coils are protected from radiation by 50-cm thick 

water-cooled HRS made of high-resistivity bronze, placed 

within the warm magnet bore. An extensive simulation 

effort has been carried out to optimize the shield 

parameters and get the radiation load below the tolerable 

levels with a sufficient safety margin [3].  

The radiation heat reaching the coils must be extracted 

to the cryogenic system to maintain the necessary 

operating margin. It is achieved using a system of thermal 

bridges made of pure Al connected to the cooling 

tubes [4]. Electrical and thermal properties of the thermal 

bridges and the cable stabilizer are significantly degraded 

under the irradiation that impacts the cooling efficiency, 

magnet stability and quench performance. 

RADIATION ANALYSIS 

Simulations were performed with the MARS15 

code [5] on the model shown in Fig. 1. The neutrons were 

propagated down to 0.001 eV. The full set of critical 

radiation quantities was calculated. The superconducting 

coil material was described using homogeneous approach 

(the material was represented as a mix of all elements 

with appropriate weight factors).  

The peak calculated Displacement Per Atom (DPA), 

which characterizes the radiation damage in metals, was 

~2.5·10-5 yr-1 and the peak power density was 

12.6 µW/g [3]. Corresponding peak absorbed dose for the 

coil insulation is 240 kGy/yr; total dynamic heat load in 

the cold mass is 28 W. While the total dynamic heat load 

is relatively small, the power density distribution in the 

cold mass is strongly non-uniform, as shown in Fig. 2 that 

creates a localized hot spot in the middle of the first coil.  

Taking conservative safety factors into account, the 

calculated DPA translates into the degradation of RRR in 

Al and Cu from the initial values of 600 and 80 to 100 

and 50 respectively in about one year of experiment’s 

operation [6]. These numbers are regarded as the 

minimum allowable values. The magnet will be equipped 

with RRR gauges that monitor the material property 

changes during the operation. Once the critical resistivity 

degradation is detected, the magnet will be thermo-cycled 

to the room temperature that restores the original 

resistivity in Al and ~87% of that in Cu [7]-[8].   

 

Figure 1: MARS model. 

 

Figure 2: Radiation power distribution in the cold mass. 

 ___________________________________________  

* This work was supported in part by Fermi Research Alliance under 

the U.S. Department of Energy Contract DE-AC02-07CH11359. 
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MINIMUM QUENCH ENERG

Stability of the superconducting state is characterized 

by the Minimum Quench Energy (MQE) that is the 

minimum energy released in the superconducting cable 

that triggers a quench. Both the electrical and thermal 
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role in the magnet stability. 

MQE of the PS magnet has been analyzed using 
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when the beam is on and gets progressively lower 
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QUENCH PROTECTION 

The purpose of the quench protection system (QPS) is 

to limit the peak coil temperature to 130 K and the peak 

coil to ground voltage to 600 V during any normally 

protected quench. It is achieved by detecting the resistive 

voltage rise associated with the quench development and 

extracting the stored energy to an external dump resistor. 

The 3D FEM model of the PS magnet, created within 

the COMSOL Multiphysics code, contained all the 

relevant features, including the individual coil layers, 

interlayer and ground insulation, thermal bridges on the 

inner and outer surfaces of the coils, coil support 

structures, and the HRS. The energy dissipation due to 

eddy currents induced in the support shells and the HRS 

was also included. Extensive simulations of different 

normal and fault scenarios have been performed [12].  

It was found that irrespective of the RRR, the highest 

coil temperatures during the normally protected quenches 

occur at the peak field quench location. Propagation of a 

quench originated at the peak field location is shown in 

Fig. 7 at the time when the multiple resistive zones are 

induced due to quench-back from the support structure. 

The peak coil temperature and the resistive voltage go up 

by ~23 K and ~510 V respectively as the result of RRR 

degradation in the operating cycle as shown in Fig. 8; 

however, they remain below the limits.   

 

Figure 7: Resistive zone propagation (dark region). 

 

Figure 8: Quench temperature and voltage vs. RRR of Al. 

Protection from the radiation has indirect structural 

effect on the magnet design due to field interaction with 

eddy currents induced in the HRS during quench. HRS is 

made from high-resistivity bronze to minimize the eddy 

currents; however because of the large HRS volume, the 

peak dynamic force on the cold mass is ~115 kN, which 

nearly equals to the cold mass weight. It is normally 

subtracted from the much larger PS-TS attractive force, 

but leads to force reversal when the TS is off. To address 

this issue, the cold mass has a 2-way axial support system 

designed to counteract the force in either direction [13].  

SUMMARY 

Radiation from the pion production target has a 

significant impact on the PS performance. In addition to 

the highly localized heat dissipation in the cold mass, the 

electrical and thermal properties of the stabilizer and the 

thermal bridges are considerably degraded, which is taken 

into account in the magnet design. Once the critical 

degradation is detected, the magnet will be thermo-cycled 

that will largely restore the original performance.  
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A HIGHLY CONFIGURABLE AND SCRIPTABLE SOFTWARE SYSTEM 

FOR FULLY AUTOMATED TUNING OF ACCELERATOR CAVITIES * 

J. M. Nogiec
#
, R. Carcagno, S. Kotelnikov, A. Makulski, R. Nehring, D. Orris, W. Schappert,   

FNAL, Batavia, IL 60510, USA 

 

Abstract 
A software system has been developed to automate 

cavity tuning machines as part of a multi-laboratory 

collaboration. The system is based on a plugin framework 

containing a configurable set of components. Each 

component runs asynchronously and uses a framework for 

message based communication. Components run in either 

manual or automatic mode.  In automatic mode, the 

system interprets a user-selected control script which 

executes a sequence of measurements, model calculations 

and tuning operations. A tuning script iterates until the 

prescribed tuning criteria are satisfied, or until aborted or 

paused by the user. In manual mode, the user controls the 

tuning process, deciding when and which component to 

run, and when tuning is complete. The software 

framework incorporates the blackboard architecture for 

sharing data and results between the various plugins. The 

results of the measurements and tuning are persisted in an 

XML-based data store, and components exist that retrieve 

and visualize the data. The software system is portable 

(Linux, Windows) and has been successfully deployed 

and used by Fermilab, DESY, and KEK. 

INTRODUCTION 

The Cavity Tuning Machine (CTM) is a result of 

collaborative efforts among DESY, KEK and Fermilab 

[1] [2], with the Fermilab team responsible for developing 

system electronics and software [3]. The goal for the 

project was to automate tuning of accelerator cavities 

with the intention to support high-throughput cavity 

fabrication for construction of large SRF-based projects.  

The tuning process includes a sequence of 

measurements and model-based calculations to determine 

the required tuning parameters, followed by the actual 

tuning. This process is iterative and is continued until the -mode frequency and field flatness as well as the cavity 

mechanical alignment are all within the required 

tolerances. Automating the tuning process shortens the 

time required to tune the cavity and ensures the 

repeatability and predictability of this process. In 

addition, trained operators can replace RF experts at 

performing cavity tuning.  
The main building blocks of the CTM apparatus 

include the base frame with a positioning system that 

moves the cavity between various positions, the 

eccentricity measurement device to measure the shape of 

the cavity, the gate with actuators for tuning 

(mechanically deforming) the cavity cells, the bead-pull 

measurement system, the laser-based alignment setup, 

and various electronic components, such as motion 

controls, interlocks, a network analyser, DAQ boards, and 

a weather station [3].  

 

 
Figure 1: The cavity tuning machine. 

ARCHITECTURE 

The software architecture of the CTM system is based 

on the concept of plug-ins, a solution built on the ability 

to dynamically load and execute specified components. 

The framework consists of a shell module and a set of 

plug-ins (see Fig. 2). The shell implements a queued state 

machine and provides the overall system control logic, 

data saving, control of plug-ins, and user interface 

integration. Each plug-in implements a separate 

measurement (e.g., eccentricity, field flatness) or 

functionality (e.g., positioning, model, assessment) and 

constitutes a complete module with its own user interface, 

logic and DAQ. A plug-in’s front panel is integrated into 
the overall user interface. Plug-ins communicate via 

message queues.  

 

 
              Figure 2: Plug-in architecture. 

 

The system can operate in two modes: manual where 

the operator can use the controls available from the plug-

in’s front panel and automatic where the plug-in’s front 
panel is disabled and the system controls the execution of 

plug-ins according to the logic specified in the script. 

 ___________________________________________  

*Work supported by the U.S. Department of Energy under 

contract no. DE-AC02-07CH11359  

#nogiec@fnal.gov              
 

THPBA15 Proceedings of PAC2013, Pasadena, CA USA

1262C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

07 Accelerator Technology

D06 - Code Development and Simulation Techniques



This design, based on loosely coupled components, 

allows for separation of concerns and encapsulation and, 

therefore permits concurrent development of highly 

independent modules corresponding to the major 

measurements and functionalities defined in the system. 

The CTM framework utilizes a blackboard architectural 

model for implementing exchange of data between 

components, which aids in integrating the specialized 

modules and implementing diverse control strategies. 

Although functionally independent, plug-ins rely on a set 

of shared modules to uniformly implement common 

aspects such as logging, error handling, configuration and 

calibration data access, and data saving. Hardware access 

is also organized by a set of shared modules 

implementing logical devices. 

 

COMPONENTS 

The CTM system has a number of plug-in components 

implementing its functionality. Each plug-in is designed 

as a state machine that executes a series of steps. This 

execution may be terminated (aborted) or temporarily 

paused. The user interfaces for each of the plug-in 

components are displayed inside a panel provided by the 

shell (see Fig. 3). The plug-ins’ functionalities are as 

follows: 

  The train plug-in is responsible for transporting 

the cavity along the base frame of the apparatus. It 

can move between predefined positions and also 

automatically position each cell inside the gate for 

tuning. When controlled manually it can move to 

any requested predefined position or move until 

stopped.  The eccentricity plug-in performs calibration and 

measurement of cavity alignment by measuring the 

concentricity of individual cells to the cavity axis, 

the length of the cavity and the perpendicularity of 

its reference planes.   The spectrum plug-in uses the network analyser to 

find all mode frequencies including the -mode 

frequency.  The bead-pull plug-in performs a field flatness 

measurement using a small metal bead that is 

moved along the cavity axis to perturb the 

electrical field. This perturbation results in a 

frequency shift measured by the network analyser. 

The component implements three variations of this 

measurement.   The tuning model plug-in determines the change 

in the cell frequencies required to bring the -mode 

frequency to the required target value with 

acceptable field flatness. This module has two 

models to be used depending on this how far the 

cavity is from being in tune.  The eccentricity model plug-in calculates the 

differential deformation of the cavity cell walls 

required to straighten the cavity, and the expected 

deflection of the alignment laser as each cell is 

deformed. In addition, this plug-in examines the 

cell frequency changes required to tune the cavity, 

and calculates the amount by which the cells 

should be pre-detuned, if necessary.  The assessment plug-in compares the results of the 

eccentricity tuning model’s calculations and 

determines whether the cavity is acceptable for 

tuning or is already adequately tuned.   The alignment monitoring plug-in tracks the 

cavity alignment using a laser and a camera 

attached at one end of the cavity, and a mirror at 

the opposite end. The camera detects the reflected 

laser beam spot and when the cavity bends, the 

laser spot shifts its position. This position is used 

by the machine to control and correct cavity 

alignment by moving the laser spot to the 

calculated desired position.  The gate plug-in controls the tuning arms and jaws 

when closing and opening the cavity cells while 

following the pre-defined trajectory of movements. 

While operating arms and jaws, this component 

monitors both the frequency from the network 

analyser and the laser spot location.   The tuning plug-in controls the three tuning jaws 

that squeeze or stretch the cavity cell according to 

the tuning plan calculated by the model plug-ins. 

During tuning both the alignment (laser spot 

position) and the frequency are monitored. The 

process is iterative and includes a sequence of 

adjustments followed by frequency measurements 

and continues until the resulting frequency is 

within an acceptance range.  The weather station plug-in continuously acquires 

and records temperature, humidity and atmospheric 

pressure.  The automation plug-in allows the user to run the 

automation scripts. Each script interacts with other 

plug-ins and performs a desired sequence of 

operations.  The interlock plug-in ensures the safe operation of 

the machine. It enables the operator and scripts to 

examine and reset machine interlocks and prevents 

human access when the machine is in operation. It 

also monitors the internal statuses of various 

 
Figure 3: A plug-in executing in the automatic mode. 
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machine elements such as the motor controller, the 

UPS, instrumentation rack temperature, and the 

emergency trip system. 

SCRIPTING 

The automation plug-in executes automation scripts, 

which can perform all the measurements as well as cavity 

tuning, or just some select functionality such as 

calibration, cavity mounting or fine tuning. Users can 

supply their own scripts to further extend or customize the 

functionality of the machine. As with any other plug-in, 

the execution of a script can be suspended or aborted.  

Automation scripts are sequences of instructions 

interpreted by the automation plug-in. The system uses a 

dedicated scripting language having 44 different 

instructions, which allow for communicating with plug-

ins, controlling plug-in execution, controlling script flow, 

calling parameterized subroutines,  handling exceptions, 

prompting  the operator and accepting his responses, 

event logging and data saving, testing and resetting 

interlock status, manipulating indicators, obtaining the 

locality of the system, controlling tuning, switching 

between user interface panels, and sounding alert signals. 

In addition, automation scripts may have common 

sections which can be included inside several scripts, such 

as a set of subroutines that can be invoked from several 

scripts. 

DATA HANDLING 

The CTM software saves diverse data from all stages of 

the tuning process in files using the standardized XML 

format. This allows the use of a hierarchical structure for 

the output data and promotes self-describing data, where 

one can identify the values, names, and types of the data 

from the tags that describe them. 

   Each cavity has its own data file. Inside that file a 

sequence of sections represents the full history of 

measuring, evaluating and tuning of that cavity. The 

sections are chronologically ordered and represent outputs 

of various components. Each section is written 

immediately after the plug-in completes its action, thus 

allowing for restarting and continuation of an interrupted 

tuning process. 

Since XML is a language used to represent data, and as 

such is not especially suited for human interpretation, a 

set of XSL transformations has been developed to aid in 

presenting cavity measurement and tuning results in a 

human-oriented form.  

HARDWARE DEBUGGING 

A separate program has been developed to facilitate 

testing, calibrating and adjusting hardware as well as 

debugging mechanical and electrical problems. It allows 

manual activation of all motors, and access and control of 

all connected instruments and peripherals, such as 

network analyser, weather station, DAQ boards or 

camera-based laser position system. Similar to the main 

tuning program, the maintenance program is configurable 

and can be extended by adding more test modules. 

CONFIGURATION 

The CTM system is highly configurable. A 

configuration consists of a list of components to be 

included in the system together with a set of their 

properties stored in an XML file. Each section of the file 

describes a set of parameters for a different plug-in 

component, such as eccentricity, bead-pull, train, arms, or 

jaws. A special program has been developed for 

examination and modification of these parameters. The 

program is extensible, and new sections can be easily 

added to support new plug-in components. 

SUMMARY 

The CTM system, a result of international collaborative 
efforts, has been successfully commissioned at DESY, 
Fermilab and KEK. Experience shows that the system has 
delivered on the promise to automate and shorten the 
tuning time of cavities.  

The software developed to control and automate those 
machines is based on a plug-in architecture with loosely 
coupled components. The system is very modular, 
extensible and fully configurable. The blackboard-based 
design allows for integrating diverse specialized 

components and implementing various control strategies. 

The system’s functionality can be extended or modified 
via scripting. 

Data management, including measurement and tuning 
results as well as configurations and calibrations, is 
uniformly based on XML data format. 

The system has been developed with a  strong emphasis 
on operational safety and EU certification. It also has 
provisions for localization, with different behaviours 
specified for different laboratories. The CTM software 
system is portable and has been deployed on both 
Windows and Linux platforms. 
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A NEW FACILITY FOR TESTING SUPERCONDUCTING SOLENOID 
MAGNETS WITH LARGE FRINGE FIELDS AT FERMILAB 

D. Orris, R. Carcagno, A.M. Makulski, J. Nogiec, R. Pilipenko, R. Rabehl, C. Sylvester, M. 
Tartaglia, Fermilab, Batavia, IL, USA

Abstract 
Testing superconducting solenoid magnets with no iron 

flux return can be problematic for a magnet test facility 
due to the large magnetic fringe fields generated. These 
large external fields can interfere with the operation of 
equipment while precautions must be taken for personnel 
supporting the test. The magnetic forces between the 
solenoid under test and the external infrastructure must 
also be taken under consideration. A new test facility has 
been designed and built at Fermilab specifically for 
testing superconducting magnets with large external 
fringe fields. This paper discusses the test stand design, 
capabilities, and details of the instrumentation and 
controls with data from the first solenoid tested in this 
facility: the Muon Ionization Cooling Experiment (MICE) 
coupling coil. 

INTRODUCTION 
There has recently been a need to test solenoid 

magnets at Fermilab that have no iron flux return so the 
fringe magnetic fields could be relatively large. The 
Muon Ionization Cooling Experiment (MICE) Coupling 
Coil (CC) solenoid is the first such solenoid intended to 
be tested.  

Since the existing dewars at Fermilab’s Magnet Test 
Facility (MTF) are not large enough to test a MICE CC 
solenoid a new cryostat would be required. In addition, 
the large fringe field that would be produced by the 
solenoid would interfere with operations at MTF. At full 
operating current (210A) the 600 Gauss line would be at a 
radius of 3m and the 5 Gauss line would be at a radius of 
15m. The 5 Gauss level is the limit for personnel with 
pacemakers and the 600 Gauss level impacts both 
personnel safety as well as the operation of equipment.  

Several options were researched and the final decision 
was to build the solenoid test facility (SolTF) at the 
Fermilab Central Helium Liquefier (CHL) [1]. This 
location was selected because it had adequate space for 
the large test cryostat and the large fringe magnetic fields 
would not impact personnel and equipment operations: 
Personnel access could be managed to meet safety 
requirements. In addition, there was a sufficient source of 
liquid helium available to operate the new test facility. 

SOLENOID TEST FACILITY 
The new solenoid test facility (SolTF) would have to 

meet the cryogenic cooling, mechanical support, 
powering, quench protection, and data acquisition 
requirements for testing the MICE coupling coil at 

Fermilab. Table 1 lists some of the MICE CC 
specifications that SolTF must accommodate.  
 
Table 1: MICE Coupling Coil Specifications for Testing 

Parameter Specification 

Coil Design 96 Layers, 166 Turns in Series 

Superconductor Strand Cu/NbTi (MRI) 1.0 mm x 
1.65 mm 

Magnet Outer Structure 
Diameter 

1860 mm 

Magnet Weight  2.2 Tons 

Cryogenic Cooling Conduction Cooled 

Helium Flow Rate 10 g/s 

Cool Down Delta-T Limit 50 K Across the Magnet 

Magnet Inductance 596 H 

Maximum Current (4.5 K) 220 A 

Stored Energy @220A 14.4 MJ 

Peak Field (on axis) 2.6 T 

Peak Field (on coil) 7.5 T 

5G, 100 G, & 600 G Lines 15 m, 5m, 3m 

 
Solenoid Test Cryostat 

The cryostat used for the solenoid test facility was 
transferred to Fermilab from the National High Magnetic 
Field Laboratory (NHMFL) at Florida State University. 
The stainless steel vacuum vessel is 3.34m outer 
diameter, 3.32m inner diameter, and 2.7m high. The 
MICE CC coil would be tested in this cryostat using 
liquid helium conduction cooling. 

 The MICE CC solenoid is supported by a dished head 
assembly and four stainless steel rods each connected to a 
support bracket. The four support brackets are attached to 
the magnet with a G-10 block sandwiched between them 
to minimize heat conduction to the coil. G-10 rods 
between the support brackets and the cryostat wall 
prevent the magnet form moving horizontally. Although 
the cryostat was located as far as practical from the 
building’s support columns and other fixed ferromagnetic 
material, tilt switches and displacement sensors were 
installed to monitor the magnet’s vertical motion, if any, 
due to forces generated between the magnet and external 
magnetic material. Figure 1 is shows a 3-D model of the 
cryostat with the MICE CC solenoid. __________________ 

Operated by Fermi Research Alliance, LLC under  
Contract No. De-AC02-07CH11359 with the  
United States Department of Energy. 
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Figure 1: 3D model view of the SolTF Cryostat with the 
MICE Coupling Coil Supported from the Dished Head 

Floor Layout 
The solenoid test facility is located in the east annex of 

Fermilab’s Central Helium Liquefier facility. The cryostat 
is located in the middle of the open floor space to 
optimize distance from magnetic materials, power panels, 
etc. A staging area with a support structure for the dished 
head is east of the cryostat for readying the solenoid for 
testing and the data acquisition and controls racks are 
located against the south wall where the maximum field is 
expected to be less than 20 Gauss.  

The floor layout of the solenoid test facility is shown in 
Figure 2.  

 

 
 

Figure 2: SolTF Floor Layout at CHL. 
 

DATA ACQUISITION & CONTROLS 
The DAQ and controls systems includes quench 
protection, fast and slow data logging for quench 
characterization, and cryo monitoring and controls. The 
quench protection and cryo controls are based on National 
Instrument’s Compact-RIO (C-RIO), which uses a real-
time operating system and FPGA. The data logging is 
based on National Instrument’s PXI. The computer 
system consists of two operator stations, one devoted to 
managing the quench subsystem and another to 
monitoring and controlling of the cryogenic subsystem 
and the magnet. Each operator station is equipped with 
two monitors.  Hardwired interlocks for equipment and 
personnel are also monitoring by this system.  

Cryogenic Monitoring & Controls 
The monitoring and control system is capable of both 
monitoring various process variables (temperatures, 
pressures, levels, flows, etc.) and controlling process 
variables (valves, levels, power, etc.) using PID 
regulators. The process interlock logic is a separate 
process that monitors vacuum, quench status and 
temperatures; it responds immediately to assigned events 
by closing or opening valves. The data archiver as well as 
all user interface programs resides in the top layer, the 
monitoring and control software resides in the real-time 
system layer, and the interlock logic and I/O in the FPGA 
part of the system [2]. Figure 3 shows the cryo monitoring 
and control display panel. 
 

 
Figure 3: Cryo Monitoring and Control Display Panel. An 
Image of the cryostat with interactive parameters, such as 
temperature and pressure, are included in the Display. 

Power System & Personnel Interlocks 
The MICE power supply system was provided by 

Lawrence Berkeley National Laboratory (LBNL). This 
system includes a CryogenicLimited 240 Amp +10/-8.5 V 
power supply and energy absorber, and a circuit for 
disconnecting the power supply and enabling the passive 
diodes in the MICE solenoid. This system is also 
interfaced to the test stand quench detection system and 
hardwired personnel interlocks.  A hardwired interlock 
“Electrical Trip System” (ETS) was built to enable or 
disable power to the bus based on several interlocks. 
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These include the power supply access door, several 
“Emergency Off” buttons, etc. This system was installed 
in the power supply rack.  

Quench Protection 
The quench protection system uses an FPGA based 

digital quench detection (DQD) system [3]. Since the 
MICE CC magnet uses passive diodes for primary quench 
detection, the digital system provides redundant coil 
quench protection. The low temperature superconducting 
leads, however, are protected by the DQD for primary 
protection and an Analog Quench Detection (AQD) 
circuit for redundant protection. The quench detection 
system also provides the trigger to open the relays that 
connecting the power system to the magnet bus and ramps 
down the supply. A resistor in parallel with the output of 
the power system will generate enough voltage to turn on 
the cold diodes if the relays are opened at currents above 
~25 A at 4.5K. Spot heaters were installed on the inner 
bore of the MICE CC to initiate a quench for verifying the 
operation of the quench protection system at low current. 
Figure 4 shows a heater induced quench at 46A while 
ramping at 0.010A/s. 

 
Figure 4: Heater Induced Quench of MICE CC at 46A. 
Coil 1, closest to the heater, quenched.  

COOL DOWN AND TEST RESULTS  
The MICE CC cool down is restricted to a 50K 

difference between the coldest and warmest coils. Since 
there are no temperature sensors on the coils, the 
resistance of the coils was monitored during cool down. 
This was accomplished by exciting the magnet with a 
trickle current of 10mA to 100mA while all eight coil 
voltages were monitored by the cryo monitoring scans. 
The calculated resistances were converted to temperatures 
based on resistance to temperature calculations provided 
by LBNL. Figure 5 shows all eighth coils transitioning to 
the superconducting state. 

 
Figure 5: Plot of all MICE CC eighth coil voltages with 
100mA current excitation during final cool down. The 
transition to the superconducting state is clearly seen. 

The first ramp to quench occurred at 63A. Further 
analysis showed that the eighth coil #1 voltage signal rose 
to the threshold level in ~0.25ms. This was not a slow 
resistive growth but rather a voltage spike indicative of 
some coil motion.  

SUMMARY 
A new Solenoid Test Facility (SolTF) was built at 

Fermilab for testing conduction cooled superconducting 
magnets with large fringe magnetic fields. The facility 
was built in the Fermilab’s Central Helium Liquefier 
(CHL) building since it had adequate space, liquid helium 
availability, and access to a crane for staging the magnets. 

The Muon Ionization Cooling Experiment (MICE) 
Coupling Coil is the first magnet to be tested in this 
facility. The coil was recently cooled down and power 
tests have begun. A prototype capture solenoid coil built 
by Toshiba Corporation will be tested next. A mu2e 
prototype transport solenoid is expected to be tested next 
year.    
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STATUS OF PXIE 200 OHM MEBT KICKER DEVELOPMENT* 

Gregory Warren Saewert#, Mohamed H. Awida, Brian Chase, Howard Pfeffer, Dan Wolff,  
Fermilab, Batavia, IL 60510, USA  

Daniil Frolov, Kuban State University, Krasnodar, Russia 

Abstract 
The proposed Project X machine at Fermilab must deliver 
a widely varying bunch pattern to provide beam to several 
experiments quasi-simultaneously.  H- Beam is delivered 
to the 2.1 MeV Medium Energy Beam Transport (MEBT) 
section at 162.5 MHz continuous wave (CW) by a radio 
frequency quadrupole magnet (RFQ).  Unnecessary beam 
bunches will be selectively chopped out in the MEBT by 
two identical choppers on a bunch-by-bunch basis and 
stopped by an absorber.  The Project X Injector 
Experiment (PXIE) will be the test bed to demonstrate a 
chopper’s ability to form an arbitrary bunch pattern. 
Presently two kicker system versions are under 
development. One proposed version is a 50 Ω structure 
driven by a ±250 V linear amplifier. The second proposed 
version is a 200 Ω helical, microstrip line structure driven 
by a 500 V bipolar switch. This paper describes the 
development status of the 200 Ω version and includes the 
design concept, comparison of 3D modelling work with 
prototype measurements, 200 Ω hardware description and 
progress with the driver. 

SYSTEM REQUIREMENTS 
The challenge for this application is the bandwidth 

requirement to chop beam continuously.  Beam will be 
delivered to a number of experiments “at the same time”, 
so kicking patterns would vary depending upon the needs 
of the experiments.  Thus, the frequency at which bunches 
change from being kicked in and out will vary from 1 to 
35 MHz average and 81.25 MHz peak for about 20 
alternating bunches.  This 200 Ω chopper offers a design 
solution by taking advantage of reduced power 
requirement and includes the development of a suitable 
driver. 

Beam beta in the MEBT is .067 at 2.1 MeV, so the 
kicker can be a traveling wave structure (the “kicker”) to 
slow down the propagating voltage pulse to match the 
beam velocity.  The chopper consists of two 50 cm long 
traveling wave kickers parallel to each other on opposite 
sides of the beam.  Applied voltage to the parallel kickers 
will always be of opposite polarity. 

The MEBT’s lattice allows for a chopper either to apply 
a voltage to only kick beam out to the absorber (the 
unipolar scheme), or to kick beam both in and out with 
opposite polarity voltages (the bipolar scheme).  The 
unipolar scheme requires applying 0 V and 500 V and the 
bipolar scheme ±250 V.  Voltage tolerance is ±25 V.   

SYSTEM DESIGN  
Component power dissipation is a big issue, and current 

flowing in the kicker does nothing to kick beam.  These 
facts made it appealing to design a higher impedance 
system than 50 Ω.  Power delivered to the load is a factor 
of four lower at 200 Ω, and the kicker structure’s RF I2R 
losses in the vacuum are lower by a factor of 16 (all other 
physical characteristics being the same).  The downside is 
that all system components need to be developed.  Figure 
1 is the block diagram of intended system. 

Helical Kicker 
Meander line kickers have been implemented.  

However, limited power handling and evident pulse 
distortion suggested considering alternatives.  Helical 
structures have also been built [1].  Constructing a 
cylindrically helical, 175 Ω microstrip line demonstrated 
promising results.  Subsequent ~200 Ω versions with 
good mechanical uniformity resulted in good enough 
performance to proceed with the 200 Ω idea.   

The helical wire is #13 flat magnet wire (.105” x .041”) 
held above a copper ground tube by four ceramic spacers.  
This wire size was chosen to be stiff to hold its shape yet 
easy enough to wind tightly on a mandrel by hand.  
Electrodes, each 2-cm wide and .61 cm long, are attached 
to each turn of wire at the point closest to the beam.  
Beam aperture between the two facing helices is 16 mm.  
Figure 2a shows a photograph of a kicker prototype. 

The single helix electrical characteristics and 
performance are affected when the two helices are 
positioned alongside each other, as in Fig. 2a, and driven 
with opposite polarities.  The electrical effects are that 
impedance is lowered and propagation velocity reduced at 
the 3-5% level.  Also, the helix microstrip line alone 
exhibits 900 MHz bandwidth but drops to about 600 MHz 
due to the second helix’s proximity.  Therefore, electrical 
measurements of a single helix are only valid when a zero 
voltage plane is installed to electrically mirror the missing 
helix.  A metal surface positioned at beam-centre needs to 
extend the length of the helix, be parallel to the electrodes 
and grounded to the copper ground tube at both ends.     

Magnetic coupling of the helical microstrip line 
geometry affects its characteristic impedance.  The 
geometry for this 200 Ω helix would be 140 Ω line if laid 
out flat.  

Estimated RF I2R losses in the wire are about 6 W.  
However, the design requirements call for handling 40 W 
of inadvertent beam striking each helix.  The ceramic 
spacers supporting the helix will conduct the heat to the 
copper ground tube.  This nominal 1” diameter copper

 ____________________________________________  
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Figure 1:  200 Ω chopper electrical system block diagram.  Two such systems are called for in the MEBT.  Both driver 
and load are to be physically very close to the feed throughs.   

 
tube is to be water cooled. The ceramic chosen is a type 
of machinable AlN having 50 W/m/K thermal 
conductivity available from Ceramic Products, Inc. 
Vacuum compatible epoxy is to be applied between all 
ceramic to copper surfaces to assist thermal conduction.  
The wire is estimated to rise <10°C but has yet to be 
confirmed by testing.   
 

Figure 2: Hardware photos.  a) Prototype kicker assembly. 
b) Cylindrical 200 Ω vacuum feed through. 

  
The helix was modelled with 3D and 2D codes to 

determine wire height and helix pitch to achieve the 
desired characteristic impedance and traveling wave 
velocity.  Agreements with a prototype helix were within 
3-5%, but not quite good enough to provide precise 
dimensions.  However, sensitivity data was obtained and 
then used to make adjustments to wire height and pitch of 
an existing prototype.  A helix is in fabrication now with 
these adjustments. 

Voltage tests revealed reflections from the far end of 
the helix in excessive of 10%, and TDR measurements 
revealed the characteristic impedance tapers down within 
the last turn or so at the ends to about 150 Ω.  Modelling 
was used to evaluate optional solutions.  The choice was 
to increase the impedance of the last turn by increasing 
the wire/ground spacing by 75%.  This was done by 
decreasing the ground tube diameter under the last turn.  
Figure 4 shows the test result of applying this correction 
along with other minor adjustments achieving reflection 
level of ±3%. 

 Chopper Driver 
The approach taking for the 200 Ω chopper driver was 

to develop a bipolar switch DC coupled to the helix.  The 
required switching rates are those mentioned earlier, and 
rise/fall times need to be less than 2 ns, 5%-95%.  
Switching losses must be considered for the average rate 
of 35 MHz and are not trivial.  A transistor’s capacitive 
switching losses are CV2f in a bipolar switch topology and 
amount to 3.5 W switching 100 V but 88 W switching 500 
V having 10 pF Coss.  The appeal to build a bipolar 
switch as a chopper driver was:  (1) it has the DC coupled 
advantages; (2) designing a circuit from scratch for 200 Ω 
is easier than for 50 (at least in principle), and (3) the very 
low capacitance of available GaN FETs from Polyfet 
Devices, Inc.  There is no single transistor available that 
can switch 500 V and handle its own capacitive switching 
losses at 35 MHz; but these FET losses come down with 
V2 when connected in series to share voltage. 

Current development effort is on a bipolar driver using 
cascode switches.  Five FETs would be necessary per 
switch for 500 V with currently suitable and available 
FETs.  The cascode switch is a modular design to allow 
for a variable number of common gate stages.  A bipolar 
switch assembly is shown in Fig. 3 composed of 3-FET 
cascode switches.     

Figure 1 shows the driver’s major circuit blocks.  The 
high-side switch floats with the load, so gate signal 
isolation must be designed for the maximum transient 
immunity of >250 kV/s—well beyond commercial 
isolator ICs.  (Low jitter fiber optic receivers are too 
physically large.)  Narrow voltage pulses are generated at 
the ground-level from input rising and falling edges.  
These pulses set and reset latches on the cascode 
switches’ control level that, in turn, reconstruct the 
ground-level chopper signal waveform and preserve 
timing information.  Dead time is a settable parameter 
necessary to prevent shoot-through current. The cascode 
control board level includes a discrete GaN FET driver 
circuit, again.  Not shown in any diagram is a 1 MHz, 
regulated AC voltage distribution system that delivers 
power to every isolated circuit board.  Both high and low-
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side switches are totally isolated from power/ground.  
Thus, the driver can be biased with bipolar voltages or 
with a voltage offset from ground. 

 

Figure 3:  Bipolar switch composed of 3-FET cascode 
switches mounted to power distribution board. 

200 Ω Lines, Feed Throughs and Load 
This design is sensitive to reflections at impedance 

discontinuities particularly downstream of the helix.  
Reflections are re-reflected off the driver because of its 
very low impedance.  Modelling verified a flat 200 Ω 
microstrip as the best line type to match to the helix.  
Feed throughs were custom made by MPC Products, Inc., 
and designed having isolated, cylindrical 200 Ω 
geometry; see Fig. 2b.  Finally, the 200 Ω load was made 
by Elab, Inc. utilizing commercial attenuators but 
includes an input compensation network to minimize 
reflection.  

PRELIMINARY RESULTS 
Figure 4 is the through-voltage measurement observed 

at the 200 Ω load/attenuator output revealing the degree 
to which the 200 Ω transmission lines and load are 
matched to the helix.  The major reflections are due to 
helix end effects that are not completely eliminated. 
Figure 5 shows the hardware included in this measure-
ment.  An assembly is currently being constructed that 
will include the feed throughs. 

 

Figure 4:  Through-voltage of incident pulse and all re-
reflections.  Reflection levels are ±3%. 

 

Development efforts first investigated a cascode switch 
using 5 FETs and achieved 480 V but had issues.  These 
were addressed and incorporated into the current design. 
A single stage bipolar switch was assembled to 
demonstrate switching to at least 100 V.   This circuit (in 
Fig. 5) was successfully tested at 35 MHz CW and 
switches at 81 MHz easily for PXIE’s 2 μs requirement.  
Current efforts are with 3-FET cascode switches in a 
bipolar assembly, but results are two preliminary to 
report.   

 

Figure 5:  Reflection test setup.  Helix is a 26 cm long 
prototype driven by 100 V (alt. ±50 V) bipolar switch. 

Figure 6:  Helix through-voltage driven 0-100V, at 75 
MHz.  Bipolar switch driver is composed of 1-FET 
switches:  <2 ns rise time (5-95%), fall time includes 2.4 
ns dead time, 2.1 ns flattop. 

SUMMARY 
A 200 Ω microstrip line helix has been demonstrated to 

be a viable kicker option.  Reflections are manageable.  
GaN FETs have been shown to be a good choice for a fast 
switch driver.  A 100 volt single stage bipolar switch has 
been built and tested successfully for the continuous and 
burst mode operation requirement.  A 300 volt 3-stage 
bipolar cascode switch is presently under development. 
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STORAGE RING AND INTERACTION REGION MAGNETS FOR A µ
+
µ

-
 

HIGGS FACTORY
*
 

   A.V. Zlobin
#
, Y.I. Alexahin, V.V. Kapin, V.V. Kashikhin, N.V. Mokhov, S.I. Striganov,           

I.S. Tropin, FNAL, Batavia, IL 60510, USA

Abstract 
A low-energy Muon Collider (MC) offers unique 

opportunities to study the recently found Higgs boson. 

However, due to a relatively large beam emittance with 

moderate cooling in this machine, large-aperture high-

field superconducting (SC) magnets are required. The 

magnets need also an adequate margin to operate at a 

large radiation load from the muon decay showers. 

General specifications of the SC dipoles and quadrupoles 

for the 125 GeV c.o.m. Higgs Factory with an average 

luminosity of ~2∙1031
 cm

-2
s

-1
 are formulated. Magnet 

conceptual designs and parameters are reported. The 
impact of the magnet fringe fields on the beam dynamics 
as well as the IR and lattice magnet protection from 
radiation are also reported and discussed. 

INTRODUCTION 

The major advantage of a µ+ µ- collider-based Higgs 

Factory (HF) [1] is the possibility of direct precise 

measurement of the Higgs boson mass and width. 

According to the general concept of such a machine [2], 

muons - in order to keep their longitudinal emittance and 

energy spread low - undergo only partial cooling leaving 

their transverse emittance relatively high (see Table 1). 

Therefore quite small values (a few cm) of the β-function 

at the Interaction Point (IP) are required resulting in a 

large beam size in the Final Focus (FF) quadrupoles.  

Together with the necessity of magnets and detector 

protection from the muon decay showers, this leads to 

very large magnet apertures imposing challenging 

engineering constraints for magnet design and creating 

beam dynamics issues with magnet field quality and 

fringe fields. 

Table 1: Higgs Factory Parameters 

Parameter Unit Value 

Circumference m 300 

Beam energy GeV 62.5 

Transverse emittance, εN (π)mm∙rad 0.3 

Longitudinal emittance, ε||N (π)mm∙rad 1.0 

Beam energy spread % 0.003 

β* cm 2.5 

Repetition rate Hz 30 

Muons/bunch - 2×1012 

Average luminosity cm-2s-1 2.5×10  31

 

Table 1 gives basic parameters of the HF Storage Ring 

(SR) preliminary design presented in [3]. The conceptual 

design and analysis of the Interaction Region (IR) large-

aperture magnets has shown that the IR magnets with 

apertures ~500 mm and operation fields ~12 T are 

feasible using the Nb3Sn technology.  

This paper continues the design studies of the HF IR 
and SR magnets. The impact of the magnet field quality 
and fringe fields on the beam dynamics, the IR and lattice 
magnet protection from radiation are also discussed. 

STORAGE RING LATTICE 

The HF lattice layout and the beam sizes are shown in 

Fig. 1 for parameters given in Table 1. The IR includes 

FF quadruplet (with first quadrupole Q1 at 3.5 m from IP) 

and dipoles generating dispersion for subsequent 3-

sextupole chromaticity correction [4]. The latter is 

necessary despite small energy spread to compensate the 

path length increase due to betatron oscillations. The 

matching section allows for β* variation in wide range. 

 

Figure 1: Layout and beam sizes in HF half-ring. 

Quadrupole magnets are shown in blue, dipoles in orange 

and sextupole correctors in red color. 

MAGNET REQUIREMENTS 

Table 2 shows the IR magnet parameters discussed in 
[3]. The orbit sagitta in IR dipoles is quite large – 8.1 cm. 
However, it does not affect the IR dipole bore diameter 
since it is determined by a large vertical beam size.  

Table 2: IR Magnet Specifications 

Parameter Q1 Q2 Q3 Q4 B1 

10ϭmax (mm) 234 411 339 415 405 

Gnom (T/m) 74 -36 44 -25 0 

Bnom (T) 0 2 0 2 8 

Lmag (m)  1.00 1.40 2.05 1.70 4.10 

Coil aperture (mm) 267 444 372 448 438 

Quantity 1 2 1 1 2 

Tables 3-4 present the maximum values of main 

parameters for the dipoles (B) and quadrupoles (Q) used 

in the chromaticity section (CS), the matching section 

(MS) and the arc (ARC). The most challenging magnets 

are the CS dipoles (BCS), some MS dipoles (BMSI) and the 

arc dipoles (BARC) which need high nominal operation 

field up to 10 T. This field level requires using the Nb3Sn 

technology.  
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The magnet aperture outside the IR region reduces 

from 231 mm in CS quadrupoles to 92 mm in arc dipoles. 

Note, that the aperture size in the arc is defined by the arc 

dipoles due to a relatively large beam sagitta. To 

standardize the magnet designs in different sections it was 

decided to use for this study two different aperture sizes – 

large ~231 mm in CS and adjacent part of MS, and small 

~130 mm in ARC and adjacent part of MS.   

Table 3: SR Dipole Magnet Specifications 

Parameter BCS BMSI BMSII BARC 

10ϭmax (mm) 225 222 127 92 

Bnom (T) 10 10 6.4 10 

Lmag (m)  1.8 2.4 3.6 3.0 

Coil aperture (mm) 258 255 160 120 

Quantity 13 2 3 8 

Table 4: SR Quadrupole Magnet Specifications 

Parameter QCS QMS QARC 

10ϭmax (mm) 231 130 46 

Bnom coil (T) 5.3 5.5 3.3 

Length (m)  1.0 1.0 1.0 

Coil aperture (mm) 264 163 79 

Quantity 5 5 4.5 

MAGNET DESIGNS AND PARAMETERS 

The aperture of magnet coil in this study was defined as 

10ϭmax plus 30 mm for the beam pipe (BP) and absorber 

(ABS) plus 3 mm for BP insulation and helium channel. 

In the IR magnets the coil aperture was increased by 
~50 mm with respect to this definition and limited by two 
sizes, 320 mm in Q1 and 500 mm in Q2-Q4 and B1-B2, 
to reserve extra space for IR magnet protection against 
radiation [3]. The coil aperture of CS and adjacent MS 

magnets was increased to 270 mm, and in ARC magnets 

and adjacent MS magnets to 160 mm. This allows using 

thicker inner absorbers in arc magnets if necessary.  

 

 

Figure 2: Coil cross-sections of HF SR dipoles (top) and 

quadrupoles (bottom) with 270 mm (left) and 160 mm 

(right) apertures. 

The coil cross-sections were optimized with the ROXIE 

code [5] to achieve the required nominal operation field 

or gradient with margin and good field quality in the 

beam area of 8ϭ. As in our previous studies [3] the 

conceptual designs of the HF SR magnets are based on a 

42-strand Rutherford cable, 21.6 mm wide and 1.85 mm 

thick, made of a 1 mm strand with Cu/nonCu ratio of 1.0. 

The cable is insulated with a 0.2 mm thick insulation. 

All magnets are based on 2-layer, shell-type coils with 
remote iron yoke used mainly to reduce fringe fields. The 
optimized D and Q coil cross-sections for CS, MS and 
ARC sections are shown in Fig. 2.  

The main magnet parameters at 4.5 K are reported in 
Table 5. Relatively low field level in CS, MS and ARC 

quadrupoles allows using the traditional NbTi technology. 

Therefore, the parameters of these magnets were 

calculated for both conductor options, NbTi and Nb3Sn. 

Table 5: Nominal Magnet Parameters at T =4.5 Kop

Parameter Dipole Quadrupole 

Coil ID (mm) 270 160 270 160 

Max Bop (T) 10.0 10.0 - - 

Bmax (T) 14.1 14.2 - - 

Max Gop (T/m) - - 33 36 

Gmax (T/m) - - 54.1*/96.6# 90.0*/160.8# 

Bmax coil (T) 15.8 15.6 8.7*/15.3# 8.3*/14.7# 

Fraction of SSL  0.71 0.71 0.61*/0.34# 0.4*/0.22# 

L (mH/m) 54.1 20.5 24.5 8.7 

Eop (MJ/m)  4.33 1.84 0.59 0.12 

Fx_op (MN/m)  9.25 5.98 0.89 0.25 

Fy_op (MN/m)  -3.96 -2.66 -0.93 -0.28 
* - NbTi; # - Nb3Sn 

The Nb3Sn dipole magnets operate at 71% and the 
quadrupoles at 22-34% of their short sample limit (SSL) 
at 4.5 K. Using the same cable with NbTi strand in both 
quadrupoles reduces Gmax to 54 and 90 T/m. However, the 
magnets still have quite large operation margin, they 
operate at 61% and 40% of the SSL for 270 mm and 
160 mm quads respectively. The final choice of the 

superconductor for SR quadrupoles will depend on the 

results of radiation studies for these magnets. 

Geometrical field harmonics at the corresponding Rref 

are reported in Table 6. With optimized coil cross-

sections the relative field errors in the area occupied by 

muon beams is ~10
-4

 (dark blue area in Fig. 2).  

Table 6: Geometrical Harmonics (10
-4

). 

 ID, 

mm 

Rref, 

mm 
b3 b5 b6 b7 b9 b10 

D 
270 90 -0.2 -0.1 - 0.2 1.2 - 

160 53 0.0 -0.1 - 0.5 1.1 - 

Q 
270 90 - - 0.2 - - 0.0 

160 53 - - 0.1 - - 0.0 

The dynamic aperture (DA) on the plane of transverse 

particle positions at the IP and projection of the IR quad 

aperture onto this plane using linear optics functions is 

shown in Fig. 3. The DA analysis with MADX PTC code 

shows that field errors (after correction) reduce DA by a 

factor of 2 to a size of the magnet good field region. 
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Figure 3: The dynamic aperture at IP and the projection of 

the IR quadrupole aperture (solid circle). 

ENERGY DEPOSITION IN MAGNETS 

Energy deposition and detector backgrounds induced 
by muon decays from both beams were simulated with 
MARS15 code [6] using our previous approach [7]. All 
the related details of geometry, materials and magnetic 
fields of the HF magnets in IR and SR were implemented 
in the 3D model along with a complete detector model, an 
optimized tungsten nozzle near IP and other components 
of the Machine-Detector Interface (Fig. 4).  

 

Figure 4: MARS model of HF MDI, IR and SR. 

 

Figure 5: Power density (mW/g) in the IP ends of the Q4 

quadrupole (left) and BCS1 dipole (right). 

To protect IR and SR magnets, 15 cm long, 10 ID 
tungsten masks were installed in the magnet interconnect 
regions. Inner absorbers include up to 10-mm thick 
stainless steel liners inside each magnet with additional 
tungsten segments in both horizontal and vertical planes 
in some magnets along the ring.  

Power density distributions were calculated for each 
collider ring magnet. The protection system performs 
adequately in the IR quadrupoles where the peak power 
density Pp is at or below the quench limit of ~5 mW/g for 
Nb3Sn coils [3] (Fig. 5, left). However, it is ~10 times 

above the limit in B1 and B2 dipoles, and ~102 times 
above the limit for dipoles in CS, MS and ARC sections 
(Fig. 5, right). Additional tungsten inserts with the total 
radial thickness up to 5 cm, and a proper room for them in 
magnet apertures, are needed to reduce Pp below the limit. 

Figure 6 shows the calculated dynamic heat load Wd in 
IR and SR magnets for both muon beams. The presented 
Wd values include both cold and potentially warm parts of 
magnet cross-section. The Wd in SR magnets is ~1 kW/m 
for the HF parameters of Table 1 except for the two 
dipoles at either end of the open section in MS and ARC, 
where it is ~2.5 kW/m. Note, that in spite of the low beam 
energy, the high number of decays in the HF keeps the 
level of Wd large as in the high energy machines [4], [7]. 
To reduce the Wd in the cold part of SR magnet system by 
~100 times to the acceptable level of ~10 W/m, absorbers 
and masks have to be thermally insulated from the cold 
masses. It also requires extra space in magnet apertures. 

Figure 6: Dynamic heat load in IR and SR magnets. 

SUMMARY 

Preliminary design of HF based on the 125 GeV c.o.m. 

µ
+
µ

- collider including the IR and SR layout and the 
magnet system design concept was developed, and 
analysis of the beam dynamics and radiation issues was 

performed. It was found that protection of SR magnets 

from radiation and reduction of the dynamic heat load in 

the cold part of magnet cryostat present a serious problem 

and need further investigations and improvements 

including reiteration of the SR magnet system design. 
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Abstract
The Helical Cooling Channel (HCC), a novel technique 

for six-dimensional (6D) ionization cooling of muon 
beams, has shown considerable promise based on analytic 
and simulation studies. However, the implementation of 
this revolutionary method of muon cooling requires new 
techniques for the integration of hydrogen-pressurized, 
high-power RF cavities into the low-temperature 
superconducting magnets of the HCC. We present the 
progress toward a conceptual design for the integration of 
805 MHz RF cavities into a 10 T Nb3Sn based HCC test 
section. The concept we present includes a decoupling of 
the RF and magnetic channels and the pressure and 
thermal barriers needed within the cryostat to maintain 
operation of the magnet at 4.2 K while operating the RF 
and energy absorber at a higher temperature.  

INTRODUCTION 
A HCC consisting of a pressurized gas absorber 

imbedded in a magnetic channel that provides solenoid, 
helical dipole and helical quadrupole fields has shown 
considerable promise in providing six-dimensional 
cooling for muon beams. The energy lost by muons 
traversing the gas absorber needs to be replaced by 
inserting RF cavities into the lattice. Replacing the 
substantial muon energy losses using RF cavities with 
reasonable accelerating fields will require a significant 
fraction of the channel length be devoted to RF. However, 
to provide the maximum phase space cooling and 
minimal muon losses, the helical channel should have a 
short period and length. Demonstrating the technology of 
such a cooling channel would represent enormous 
progress toward the next energy frontier machine. We 
propose to design and build the 10 T, 805 MHz segment 
of a HCC. This corresponds to the second section of the 
HCC design discussed in [1]. 

KEY TECHNOLOGICAL BARRIERS 
The key technological barriers include cooling of the 

helical solenoid coils made of the low temperature 
superconductor (LTS) in the presence of RF cavities 
embedded in the channel and operation of RF cavities in 
the presence of a magnetic field. Recent results [2,3] 
show pressurizing the RF cavities may solve the latter 
challenge. The first challenge, we believe, can be 
addressed by reducing the size of each RF cavity utilizing 
a low loss dielectric insert to ease physical constraints for 

a given frequency.  This allows enough room between the 
cavities and the coils for the magnet coils, the magnet  
cryostat, the hydrogen pressure vessel, and the RF coaxial 
feeds to the individual cavities. Calculations show that the 
heat loads will be tolerable and RF breakdown of the 
inserts will be suppressed by the pressurized hydrogen 
gas. The work done on this problem is one of the key 
accomplishments of the project and has led to a solution 
to the engineering problem of feeding the RF power 
through the magnet cryostat.  

The following sections describe more fully the dielectric 
cavity design concepts and the design concept for an 
integrated 10 T, 805 MHz HCC.  

DIELECTRIC LOADED CAVITIES 
We have reported progress on the design and testing of 
dielectric loaded cavities for a HCC in detail elsewhere 
[3,4]. Here we give a summary and then devote more time 
to the alternative technology of re-entrant cavities (see 
next section). The key idea behind using dielectric loaded 
cavities is the reduction of cavity radius and the 
associated easing of engineering demands that comes 
along with it. One can decouple the RF and magnetic 
channels. 

 
Figure 1: (Left) Illustration of RF cavities aligned to fit 
inside a HS magnet and cryostat.  (Right) The end view 
shows the dielectric-filled region of the cavity (gray), 
where the yellow area corresponds to the region that the 
beam passes through. The small holes indicate the 
locations of the power feeds. Beryllium grids separate the 
cavities to make them RF pillboxes while not impeding 
oxygen-doped hydrogen flow. These are some of the 
building blocks of the integrated channel (see Figures 4 
and 5). 

RE-ENTRANT RF CAVITY 
ALTERNATIVE 

As an alternative to using dielectric inserts for reducing 
the size of the RF cavities in order to fit them into a 
magnetic channel, we also consider a re-entrant RF 
structures. It is known that the cavity frequency can be 
lowered if one employs a half/quarter wave type upper 
torso. This increases the magnetic field at the perimeter. 

____________________________________________ 
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Alternatively, one can argue this is a re-entrant structure 
with capacitive loading. 

Both ways lower the frequency for a given radius. The 
benefits of this approach are: 

• Reduced power requirements, 
even though some real estate length is lost due to 
smaller gap than cavity length. 

• Reduced capital costs for cavities. 
• Reduced operational costs for cavities. 
• Reduced number of RF sources and cavities per 

helical period. 
• Reduced costs for the RF system 
• Required peak power in range of what can be 

done with magnetrons (<  1MW). 
• Structure is easy to build, i.e. with the 

aforementioned idea of utilizing an outer 
pressure vessel (no pressure difference across 
cavities) we can use 3mm thin copper sheets and 
deep-draw cavity shape similar to SRF cavities, 
then EBW parts (full penetration welds). Tune 
and weld. 

• High Q0, several factors higher than when using 
a ceramic. 

• No triple joint junction and thus no associated 
field enhancement.  

• Performance not limited by dielectric strength of 
the ceramic but RF breakdown limit in GH2. 

• Mitigation of cross talk between cavities through 
gridded windows. 

• The cavity design makes use of offset windows 
and re-entrant shapes to follow the helical path. 
Enough clearance for beam while minimizing 
Be-window radius. Field asymmetry along 
helical path is small as re-entrant shape (planar 
front) homogenized and concentrated field along 
gap and path of interest. 

• More space for instrumentation etc. 
 

 
Figure 2. 3D conceptual design and initial simulations 

for the re-entrant cavities that could be used in mid-
section of an HCC. 

 
Currently we have explored two options for reducing the 
RF cavity sizes. Both options allow the cavities to be 
embedded in the helical magnetic/high pressure channel. 
The final technology choice will be made once the 

detailed simulation of the full cooling channel has been 
performed. 

10 T NB3SN HELICAL SOLENOID 
Details of the magnet design effort to date have been 

reported elsewhere [4]. Here we give a summary for 
completeness. The invention of the Helical Solenoid (HS) 
magnet provides a simple configuration of coils to 
generate the solenoid, helical dipole, and helical 
quadrupole field components required for the HCC. The 
HS overcame the difficulty of very high coil currents 
required to produce the quadrupole field component in an 
ordinary magnet design. Note that the HS is not a bent 
solenoid. In a HS the coil planes are normal to the z axis, 
while a bent solenoid would have the coil planes normal 
to the equilibrium orbit.  

Multi-coil HS magnet sections have been designed, 
constructed, and tested using NbTi [5] for the lowest field 
(5T, four coil) and YBCO for the highest field (15 T, 
6 coil) HCC segments [6]. The coil design for the 
intermediate HCC section (10 T, continuous coil) is being 
made to provide a technology demonstration and develop 
practical experience with the construction and 
performance of a Nb3Sn helical solenoid.  

 

 
 
Figure 3: Conceptual drawing (left) and 3d printer version 
(right) of the Nb3Sn HS spool and conductor that will be 
fabricated and tested in the Fermilab Vertical Magnet 
Test Facility. The test will use two layers of cable. 
 
Additional studies are being performed with elliptical coil 
configurations. These are beyond the baseline studies 
designed to see if we can further ease overall engineering 
burden and improve performance (these studies are 
presented at this conference [7].  

INTEGRATED HCC DESIGN 
Figure 4 shows the essential features of a compact 

design of an HCC module where hydrogen-pressurized, 
dielectric-loaded RF cavities fit inside HS magnet coils. 
In this concept, the HS magnet and its 4 K cryostat are 
thermodynamically independent of the RF cavities and 
their power sources. Figure 4 shows a cut-away view of a 
module with 20 RF cavities that could be the first device 
to be built and tested. Figure 5 shows a three-dimensional 
view of the same module 
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Figure 4: Conceptual diagram showing the features of a 
beam-cooling module with dielectric-loaded RF cavities, 
Be RF windows, pressure vessel, HS coil, and its cryostat.  

 
  The coax feed for each cavity comes from a magnetron 
power source fed through a break in the magnet structure 
where the magnet cryostats end [4]. The pressure vessel 
wall is refrigerated by circulating liquid or gas (water, 
LN2, or gaseous Helium), and could be machined to 
contain the coax power leads. Compared to earlier design 
concepts, this one has only one break between coils per 
module and no penetrations of the cryostat by RF feeds.  

 

 
Figure 5: Three-dimensional visualization of Figure 4. 

SIMULATION AND OPTIMIZATION 
The design will be validated for muon cooling 

performance via G4Beamline [8] simulations. Of key 
importance will be the effect of the gaps between 
cryostats on the cooling performance. From the 
engineering design we will have detailed understanding of 
the fields within and between modules. The effect of the 
gap on the field will be propagated into G4Beamline and 
the effects studied. It is expected that any ill-effects of the 
gap can be overcome, at least in part, by having increased 
fields at the end of the modules. This study will be part of 
a larger study of field error tolerances. 

The details of the dielectric cavities (and re-rentrant 
cavities) will also be ported to the simulation code. 
Additionally, all known details including RF coupling 
scheme will be taken into account in the simulation effort.  

The G4beamline simulation will be used synergistically 
with the RF and magnet design tools to ensure the 
engineering design is able to provide a system optimized 
for cooling performance.  

 SUMMARY 
Based on recent results we are moving toward 

combining several Muons, Inc. SBIR-STTR-developed 
inventions in an innovative practical engineering solution 
for a 10 T, 805 MHz muon-cooling channel suitable for a 
muon collider.  The  design  will incorporate the HCC [9], 
a HS magnet [10], hydrogen-pressurized RF cavities [11], 
phase and frequency-locked magnetron power sources 
[12], emittance exchange using a continuous absorber [9], 
and be optimized using G4beamline Muon beam cooling 
simulations. The goal of the project is to optimize beam 
cooling for maximum collider luminosity while including 
all known engineering constraints, from material 
properties to affordable RF power sources and cryogenic 
loads, and to generate an engineering design of a segment 
of a channel as a prototype to build and test. 

Demonstrating the technology of such a cooling channel 
would represent enormous progress toward the next 
energy frontier machine. We propose to design and build 
the 10 T, 805 MHz segment of a helical cooling channel.  
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DISPOSITION OF WEAPONS-GRADE PLUTONIUM WITH GEM*STAR  

R.P. Johnson*, G. Flanagan, F. Marhauser, Muons, Inc., Batavia, IL, USA 
C. D. Bowman, R. B. Vogelaar, ADNA Corp., Los Alamos, NM, USA

Abstract 

An accelerator system like the SNS at ORNL can 
generate spallation neutrons to convert fertile elements 
like U238 in spent nuclear fuel (SNF) or Th232 into 
fissile isotopes to provide high temperature heat using 
technology developed at the ORNL Molten Salt Reactor 
Experiment. In the Green Energy Multiplier * Subcritical 
Technology Alternative Reactor (GEM*STAR) [1], the 
accelerator allows subcritical operation (no Chernobyls), 
the molten salt fuel allows volatiles to be continuously 
removed (no Fukushimas), and the SNF does not need to 
be enriched or reprocessed (to minimize weapons 
proliferation concerns). The molten salt fuel and the 
relaxed availability requirements of process heat 
applications imply that the required accelerator 
technology is available now. The accelerator can also be 
used to control the burning of fissile isotopes developed 
for weapons. A new opportunity is being considered by 
Russian and American scientists to use GEM*STAR to 
reduce the world inventory of weapons-grade plutonium 
leaving only remnants that are permanently unusable for 
nuclear weapons. This application could expedite the 
exploitation of this new accelerator-driven technology. 

GEM*STAR  

 
 
Figure 1: Conceptual arrangement of a GEM*STAR 
reactor unit configured to produce electricity. To produce 
diesel fuel, the secondary salt loop heats CH2 and H2O to 
produce CO and H2 for the Fischer-Tropsch process. 
 

GEM*STAR is a graphite-moderated, thermal-
spectrum, molten salt fueled reactor that is operated using 
an external accelerator to direct protons onto an internal 
spallation target. GEM*STAR can be operated with many 
fuels, without redesign, for process heat and/or for 
electricity generation. Figure 1 shows its basic 
components, where the active volume is 93% graphite 

(gray) and 7% molten salt made up of an appropriate 
eutectic mixture of lithium, uranium, plutonium, and/or 
thorium fluorides with a melting point above 500 C.  
Safety features of the design include the 500 MWt power 
output design limit, corresponding to not needing 1) a 
critical mass of fissile material for operation or 2) 
“defense in depth” measures for loss-of-coolant accidents 
since the heat generated by decays of fission products 
after the accelerator is turned off can be dissipated by 
passive external air cooling. 

A helium flow over the hot core removes volatile 
radioactive isotopes and carries them to a relatively small 
underground tank where they are separated out 
cryogenically or with a centrifuge and then safely stored 
while they decay. This reduces the inventory of volatile 
isotopes in the reactor by a factor of a million compared 
to reactors used at Fukushima. 

 

 
Figure 2: Concept of operating with equal fill and removal 
rates to maintain a constant reactor performance.   
 

An essential feature of the design is the concept of 
feeding the reactor with a steady flow of fuel such that the 
concentration of fission products within the reactor stays 
constant for most of the 40-year reactor lifetime. As the 
fuel is fed into the reactor at a rate that maintains the 500 
MWt output, an equal amount leaves the core through the 
salt overflow shown in figure 1 into a storage area under 
the core. Figure 2 shows an equivalent diagram of how 
the concentration of fission products reaches an 
equilibrium that can be maintained by this concept of 
adding molten salt fuel and removing it at the same rate. 

Although the first approach to equilibrium takes some 
time (~5 years), a subsequent reactor can use the molten 
salt accumulated under the first reactor to start in an 
equilibrated state. Note that the heat from decaying 
reaction products will keep the overflow liquid from  ____________________________________________ 
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solidifying and that the radioactive fuel under the core can 
be moved to the next reactor using helium gas pressure. 

We take the 1 MWb performance of the SNS SRF 
Linac at less than 10% duty factor as an existence proof 
that a CW Linac could make at least 10 MWb. Further, 
molten salt fuel for off-line process heat is an “end-run” 
around the reliability questions that have usually been 
raised regarding accelerator-driven reactors. The most 
stringent requirement has been the need to avoid 
accelerator trips of even a few seconds because of thermal 
stresses and consequent fatigue of solid pellets in fuel 
pins. This objection is not applicable to molten salt fuels.  
Longer-term interruptions that may affect electricity 
production are also not very important for off-line 
production of diesel fuel, which is our first objective. 

One of the required safety aspects of GEM*STAR is 
the use of a proton accelerator to allow subcritical 
operation. Without a critical mass in the core, fission 
stops when the accelerator is turned off. In addition, 
GEM*STAR with accelerator, molten salt fuel, and 
graphite moderator allows the reactor itself to be simpler, 
less expensive, and intrinsically safe. Namely, 
GEM*STAR does not need mechanical control rods, a 
containment vessel to protect against escaping volatile 
radioactive elements, or a pressure vessel. Expensive 
chemical reprocessing is not needed for several fuel 
cycles such that it can be put off for 200 years. 

In short, the complexity of modern nuclear reactors that 
many people are concerned by is shifted in GEM*STAR 
such that the complexity is in the accelerator, not the 
reactor or the fuel. 

People sometimes cite problems with graphite reactors 
due to the Wigner Effect, wherein accumulated neutron-
induced atomic displacements suddenly realign and cause 
an energy spike. In early days of graphite reactors, the 
temperature had to be periodically raised above 250 C to 
anneal the graphite to prevent this (see the Wikipedia 
articles on Wigner Effect and Windscale Fire). Annealing 
is not necessary in the GEM*STAR design, which 
operates above the annealing temperature.  

Fast spectrum reactors or breeder reactors are often 
cited as a method to do what we want to do with 
GEM*STAR. The usual question is “why use an 
accelerator to do what can be done with a control rod?” 

Here are some reasons. Compared to a thermal 
spectrum made possible by graphite moderator, the fission 
cross-sections for a fast reactor are many times smaller 
and the relative sensitivity to fission products is greater.  
This means you need many more neutrons (requiring 
more than 100 critical masses in the reactor), more 
responsive control rod feedback (the fraction of delayed 
neutrons is less than in a normal reactor), and the fuel has 
to be reprocessed to remove the fission products 
(chemically separated, which is a weapons proliferation 
concern, and an added expense). 

WEAPONS GRADE PLUTONIUM (W-Pu) 

The GEM*STAR design is appropriate for many fuels, 
especially to convert fertile material to fissile ones (U238 

to Pu239 and Th232 to U233). Where the need is greatest 
depends on the country and situation. In the US, SNF is a 
growing issue that could be addressed with GEM*STAR, 
while in India, thorium is abundant and power needs are 
great. 

However, with no change in design, GEM*STAR can 
provide neutrons to control reaction rates for fissile 
materials that were produced for weapons. As we will 
show, it destroys W-Pu so well that it is the most 
compelling first application. That it can turn a $50B 
expense into a profit for the US also adds to its attraction.  

A plutonium bomb uses high explosives to compress 
Pu239 to form a critical mass. At just the right time in the 
compression, neutrons are injected into the mass to 
initiate the explosion. If enough Pu240, a neutron emitter, 
is in the mass, it can cause the explosion to start 
prematurely and reduce the effectiveness of the explosion.  
Weapons-grade plutonium, then, requires less than 7% 
Pu240. The US and Russia made many tonnes of W-Pu. 
According to the year 2000 U.S.-Russian Plutonium 
Management and Disposition Agreement [2], each 
country should each destroy at least 34 tonnes of it. The 
agreement specifies that each country must agree to how 
the other achieves this goal and that the two countries 
should destroy the W-Pu in lock step. 

The present situation is that the US has decided to mix 
the W-Pu with uranium as oxides (MOX) to be placed in 
fuel rods to be burned in conventional light water 
reactors. Russia’s plan is to use a fast breeder reactor. 

 

 
 
Figure 3: A GEM*STAR unit to generate heat by burning 
W-Pu while making remnants unusable for nuclear 
weapons. Four GEM*STAR units will treat 34 tonnes of 
W-Pu to provide 80 billion gallons of diesel fuel, which is 
about what the DOD needs for the next 30 years. 
 

Figure 3 shows a conceptual picture of W-Pu utilization 
in GEM*STAR. A 2.5 MWb accelerator generates 
500 MWt, reducing 30 g of W-Pu to 7.5 g per hour and 
adding the neutron generating isotopes Pu240 and Pu242.  
Figures 4 and 5 show the qualities of the W-Pu (back row-
red) compared to the outputs of GEM*STAR (green), the 
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Russian BN800 Fast Breeder (dark red), and the US MOX 
plan using Light Water Reactors (yellow). By passing the 
fuel through the reactor a second time, additional benefits 
can be seen. However, in the case of MOX, the fuel has to 
be reprocessed to remove fission products. GEM*STAR 
does not require reprocessing for a second pass. 

Figure 4 is a comparison of the isotopes produced by 
the present plans of Russia and the US and by 
GEM*STAR. GEM*STAR does better because of the 
effectiveness of the thermal neutron spectrum both to 
produce Pu240 and Pu242, and to be less sensitive to 
fission products than MOX-LWR. Pu242 is even more 
effective than Pu240 to cause premature explosions in that 
it is a neutron emitter with a lifetime longer than Pu239. 

 
Figure 4: Isotopes remaining from the original W-Pu (red, 
0.93 Pu239, 0.07 Pu240) after burning in the Russian 
FBR (dark red), once and twice in MOX-LWR (yellow), 
and once and twice in GEM*STAR (green).  
 

 
Figure 5: Yield probability of a nuclear weapon made 
from the output of the three reactors shown in Figure 4. 
 

Figure 5 compares the yield probability for nuclear 
weapons material made from the output of the three 
reactors described in figure 4. The numbers have been 
scaled from calculations by J. Carson Mark [3]. Twice 

through GEM*STAR is clearly the best in that the amount 
of Pu239 is greatly reduced as is its utility for a weapon. 

SUMMARY 

The benefits of GEM*STAR for disposing of W-Pu can 
be summarized as follows: 

 
 Burned W-Pu never useful for weapons 
 Burned W-Pu never decays back to weapons useful 

material 
 Conversion to non-W-Pu in minutes 
 Pu isotopic mixture can be reduced from 34 tons to 

0.2 tons if desired 
 Also converts Commercial Pu (C-Pu) to-non-

weapons-useful material 
 Never requires a critical mass - no control rods  
 No reprocessing or enrichment required 
 No conversion to MOX; simple conversion of Pu 

metal and PuO2 to PuF3  Fission energy converted to diesel and sold as green 
fuel to DOD 

 No stored large volatile fission product inventory as 
in LWRs (Fukushima) 

 Liquid fuel moved by He pressure; no radiation 
exposure to humans 

 Operates at atmospheric pressure - No pressure vessel 
 Passive recovery from a loss of coolant accident 

(LOCA) 
 

The 2000 U.S.-Russian Plutonium Management and 
Disposition Agreement may be stalled because MOX 
plant costs at Savannah River have overrun, LWR sites in 
the US have not agreed to use the MOX fuel, and because 
the Russian breeder reactor solution lacks funding. The 
GEM*STAR design has been made to address many 
safety questions and to solve several problems. As 
discussed above, GEM*STAR can reduce weapons 
stockpiles more effectively than MOX or FBR and make a 
substantial profit doing it. We believe that following this 
approach in carrying out the US-Russian Agreement will 
demonstrate the unique features of GEM*STAR that will 
then lead to other successes in reducing SNF stockpiles 
and giving a jump-start to a new nuclear technology.  
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A DIPOLE MAGNET FOR THE FRIB HIGH RADIATION ENVIRONMENT 

NUCLEAR FRAGMENT SEPARATOR* 

S.A. Kahn
#
, A. Dudas, G. Flanagan, J. Nipper, Muons, Inc., Batavia, IL 60510, USA 

M.D. Anerella, R.C. Gupta, J. Schmalzle, BNL, Upton, NY 11973, USA

Abstract 
Magnets in the fragment separator region of the Facility 

for Rare Isotope Beams (FRIB) would be subjected to 

extremely high radiation and heat loads. Critical elements 

of FRIB are the dipole magnets which are used to select 

the desired isotopes. Since conventional NbTi and Nb3Sn 

superconductors must operate at 4.5 K, the removal of the 

large heat load generated in these magnets would be 

difficult. High temperature superconductors (HTS) have 

been shown to be radiation resistant and can operate in 

the 40 K temperature range where heat removal is an 

order of magnitude more efficient than at 4.5 K. The coils 

of this magnet must accommodate the large curvature 

from the 30° bend that the magnet will subtend. This 

paper will describe the magnetic and conceptual design 

for these magnets. 

INTRODUCTION  

The FRIB facility at MSU will provide isotope beams 

for physics research with intensities not available 

elsewhere [1]. The facility will enable scientists to study 

the properties of nucleonic matter providing insight into 

the nuclear processes in stars as well as tests fundamental 

symmetries in nuclear physics. Large quantities of various 

isotopes are produced when a high power 400 kW linac 

beam hits the target. FRIB will have the ability to 

accommodate various primary beams from protons to 

uranium with energies up to 200 MeV/u. The beams will 

be incident on a carbon target to produce a variety of 

secondary nuclides with various ionic charge states. The 

fragment separator which follows the target consists of a 

series of three quadrupole magnets to provide focusing 

and two dipole bend magnets to select the desired nuclei. 

The beam enters the first dipole magnet with a spread of 

rigidities. The undesired nuclides are removed with a 

beam dump between the two dipole magnets.  

As the production rate for a specific rare isotope can be 

very small, the magnets in the fragment separator will 

have large apertures and strong magnetic fields to 

maximize the collection of these rare isotopes. The 

radiation level in the fragment separator magnets is quite 

high and these magnets need to be radiation resistant. The 

radiation dose seen by the first quadrupole after the target 

is estimated to be 2.5×1015 neutrons/cm2 per year 

(10 MGy/year) [2] which corresponds to 10 kW/m of 

deposited power. The deposited power will drop by an 

order of magnitude before reaching the first bending 

dipole. The high radiation environment influences the 

magnet design and the choice of materials used. Although 

NiTi and Nb3Sn are robust conductor materials in 

radiation, they must operate at 4.5 K which is not 

practical, since the anticipated heat load would be 

difficult and expensive to remove at that temperature. 

HTS conductors are reasonably resistant against radiation 

and have a significant current density at 40 K where the 

heat capacity of the refrigerants is much larger and the 

Carnot efficiency is greater making heat removal easier. 

 Brookhaven National Laboratory has been involved in 

an R&D program to develop the quadrupole magnets for 

pre-fragment separator at FRIB [3,4,5,6] using HTS 

conductor. The design of the fragment separator dipole 

magnets will rely on the technology that was learned. 

MAGNETIC DESIGN 

The design parameters of the fragment separator dipole 

magnet are shown in Table I. There are two such magnets 

in the fragment separator which is used to select the 

desired nuclide. Each of these magnets bends the beam by 

30º with a nominal field of 2 T. The magnet should have 

field uniformity better than 0.7% over the useful beam 

aperture for operating field between 0.5 and 2.0 T. We 

have chosen a superferric design for this magnet where 

HTS coils are used to magnetize the iron which provides 

the desired field. The coils surround the iron poles and are 

enclosed in their individual cryostat. The coil and cryostat 

package are recessed behind the iron pole to protect them 

from a direct exposure to the radiation from the beam. 

However, the main source of radiation is from neutrons 

that penetrate into the coils. Most of the radiation and 

associated heat will be deposited into the iron yoke which 

is at room temperature. It is estimated that ~1 kW will be 

deposited into coil cryostats. Figure 1 shows a sketch of 

the sector bend magnet where only one half of the upper 

half of the iron is shown. The upper and lower coils must 

each carry 256 kA-turns to produce the design 2 T field in 

the beam aperture. 

Table I: Fragment Separator Dipole Magnet Design 

Parameters. 

Parameter Value 

Bending Radius 4 m 

Bend Angle 30º 

Magnetic Length along Beam Path 2.094 m 

Nominal Central Field 2.0 T 

Operating Field Range 0 to 2.2 T 

Field Uniformity in Good Field Region <0.7 % 

Good Field Width in Bend Plane 0.3 m 

Good Field Height in Non-Bend Plane 0.2 m 

Total Current Required in Each Coil 256 kA-turns 

Operating Temperature 40 K 
 ___________________________________________  

*Work supported by US DOE grants DE-SC-0006273 and DE-AC02-

98CH10886 
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Figure 1: Model of the upper quarter of the magnet. 

SUPERCONDUCTING COILS 

We plan to wind the coils with YBCO conductor which 

will be operated at 40 K. The coils are located at a 

position where the field will be ~2.5 T with comparable 

radial and vertical components. As the critical current of 

YBCO conductor is sensitive to the local direction of the 

field we must design for the field component 

perpendicular to the conductor plane which has a lower 

critical current.  To provide a safe margin against 

quenching the coils should be operated at two-thirds of 

the critical current at 40 K and in the B⊥=2.5 T field. We 

expect that we can obtain 400 A using Super Power 

12 mm (SCS 12050-AP) conductor under these conditions 

[7]. The coils will need 5.5 km of this conductor for the 

magnet. 

An important consideration in the winding of the coils 

is that the field must preserve the transverse 2D profile. 

However the inner radius segment of the coil, which 

would be wound with negative curvature, is more difficult 

since the conductor will tend to spring back and unwind. 

Each turn must be constrained to avoid this from 

happening. A ¼ scale test coil with this configuration 

using the negative curvature segment was wound [8] and 

successfully tested. It was however necessary to use 

epoxy to hold the conductor turns together during the coil 

winding. We would like to minimize the use of epoxy on 

this magnet since organic materials can deteriorate in the 

radiation environment. It was decided to use a coil geo-

metry where the inner radial segment was straight. The 

role of the coil in a superferric magnet is to magnetize the 

iron which determines the field quality. The configu-

rations with straight and curved inner segments were 

compared using the Tosca 3-D EM finite element 

program. The fields of the two configurations differ by 

less than 1% in the good field region, which can be 

corrected by shaping the pole. 

FIELD CALCULATIONS 

The field error, ∆B/B, should be less than 0.7% for the 

operating field range from 0.7 to 2.0 T over the good field 

region defined in Table I. This is achieved by controlling 

the magnetization in the magnet yoke. Figure 2 shows the 

relative permeability in the iron. The iron on the smaller 

radius inner side shows more saturation than on the larger 

radius outer side. The rectangular hole in the hole is 

placed to effectively control the saturation. Figure 3 

shows ∆B/B as a function of transverse position in the 

aperture for various field excitations. The field error is 

less than 0.7% for all values of B0 in the region ±30 cm 

from the magnet center. 

 

Figure 2: Relative permeability of the iron yoke is shown. 

 

Figure 3: The relative field error, ∆B/B, as a function of 

position in the aperture. Curves are shown for different 

central fields ranging from 0.23 T to 2.188 T. 

THERMAL AND STRUCTURAL ISSUES 

 The coils will feel substantial Lorentz forces when the 

magnet is fully energized. Table II shows the coil forces 

at the 2.0 T operating field and at the 2.2 T maximum 

design field. The large forces shown in Table II will 

require substantial mechanical support to minimize coil 

movement when the coils are powered. A preliminary 

study which attempts to constrain the coil forces with a 

support structure entirely within the cryostat produced 

coil deflections that were too large. External support that 

would penetrate into the cryostat and be anchored to the 

pole or flux return iron will be necessary. By using an 

external support the coil deflections are reduced 

significantly and the mechanical stress on the coil is 

reduced to 41 MPa which is acceptable. This approach 

will introduce some heat leaking into the cryostat. The 

design of the coil support will need to minimize the coil 

movement while also minimizing the heat generated. 

Table II: Lorentz Forces per Unit Length on the Coil 

Field Coil Fradial/Length Fvertical/Length 

Tesla  N/m N/m 

2.0 Outer 120735 105252 

 Inner -108828 108512 

2.2 Outer 167079 112226 

 Inner -146093 117935 
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Two approaches to cooling the cold mass are being 

considered. One approach described in the next section is 

to cool the coil by heat conduction from flowing helium 

in an aperture in the cold mass. The other approach is to 

cool by convection by flowing helium through the coil 

itself.  

TEST COIL PROGRAM 

A test coil is being constructed as part of an R&D 

effort for the magnet design. The test coil will be full 

sized, wound with YBCO conductor, however will have 

fewer turns to make it affordable with the resources 

available. The program will develop manufacturing 

techniques for winding and handling the large coils. It 

will also demonstrate that the coil can operate in a steady 

state condition with the anticipated heat load expected for 

the radiation environment in this magnet. In the test 

program we will develop the winding tooling and the 

cryogenic cold mass. The winding tooling shown in Fig. 4 

is comprised of the winding bobbin which is attached to a 

back plate for support. As the winding bobbin is relatively 

thin it is attached to a back plate to support it during the 

winding and assembly process. The conductor tape is 

wound around the outer surface of the bobbin using 6.5 m 

of conductor for each turn. Stainless steel tape is used 

between each conductor turn as insulation. The coil and 

bobbin are wrapped with Nomax to insulate the coil. Two 

coils are wound on their respective bobbins and put 

together in a double coil assembly. The conductor on each 

of the two coils is wound with the opposite sense of 

rotation so that the coils can be connected in series at the 

inner conductor attachment slots. The coils wound in this 

manner will have the same current direction. Table III 

shows the parameters describing the bobbin. After the two 

coils are assembled together the back plates are removed. 

Table III: Winding Bobbin and Cold Mass Parameters 

Parameter Value 

Overall Length w/Coils 241.72 cm 

Overall Width w/Coils 120.81 cm 

Bobbin Depth 1.27 cm 

Bobbin Thickness 3.5 cm 

Orbit Curvature 4 m 

Curvature of Outer Bobbin Surface 4.54 m 

Pole Angle 30º 

Distance between Coil and Iron Pole 3.9 cm 

Additional tooling will be added to the wound two coil 

assembly for cooling of the coils and mechanical support. 

Figure 5 shows a view of the wound coils with the 

associated tooling. Outside the coils is a stainless steel 

support followed by a cooling section containing a hole 

for pressurized helium gas (referred to as outer pusher in 

the figure). The cooling channel will likely be made of 

stainless steel to match the expansion coefficient of the 

support structure. We have chosen stainless steel because 

of its superior strength and will gun drill the cooling 

aperture. Because of the size of the coil mass stucture it 

will likely be necessary to assemble shorter pieces that 

will be welded together. Heater strips will be inserted 

during the winding to simulate the heat load. The helium 

flow rate and pressure will be adjusted to maintain the 

coils at the operating temperature. 

 

 

Figure 4: A sketch of the winding bobbin attached to the 

back plate support. 

 

Figure 5: Open view of the double coil plus assembly 

structure with parts marked.  Support plate on near side is 

removed to make inner parts visible.  
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RADIATION TOLERANT MULTIPOLE CORRECTOR COILS FOR FRIB 
QUADRUPOLES* 

S.A. Kahn#, Muons, Inc., Batavia, IL 60510, U.S.A. 
R.C. Gupta, BNL, Upton, NY 11973, U.S.A.

Abstract 
Multipole correction insert coils with significant field 

strength are required inside the large aperture 
superconducting quadrupole magnets in the fragment 
separator section of the Facility for Rare Isotope Beams 
(FRIB). Corrector coils made with copper can not create 
the required field and conventional low temperature 
superconductors are not practical in the fragment 
separator magnets which will operate at 40-50 K.  The 
corrector coils for this application should be made of HTS 
as are the main quadrupole coils in this magnet.  There is 
a significant advantage to using HTS in these coils as it 
can withstand the high radiation and heat load that will be 
present.  This paper will describe the innovative design 
suitable for coils with the complex end geometry of 
cylindrical coils.  We will look at the forces in the 
corrector coils from the main quadrupole fields and 
anticipate possible coil distortions. 

INTRODUCTION 
The FRIB facility will provide isotope beams for 

physics research with intensities not available elsewhere.  
Large quantities of various isotopes will be produced 
when a high power (400 kW) linac beam from protons to 
uranium hits the target.  The magnets in the fragment 
separator region, which selects the rare nuclides from the 
multitude of secondary fragments, would be subject to 
extremely high radiation and high heat loads [1,2].  Figure 1  
shows a sketch of the first part of the FRIB fragment 
separator.  The first quadrupole magnet after the target 
will see a flux of 2.5×1015 neutrons/cm2 corresponding to 
10 MGy/year.  Similar high heat loads are faced by other 
quadrupole and corrector magnets in the fragment 
separator region.  The baseline fragment separator design 
for the first several quadrupoles is based on HTS magnet 
operating at 38-50 K as the removal of a heat load of this 
magnitude would be difficult and expensive for NbTi or 
Nb3Sn superconductors since they are operated at 4.2 K.  
HTS on the other hand have a significant critical current 
density at 40 K where the Carnot efficiency is greater and 
the heat capacity of the refrigerants is significantly higher 
making heat removal easier.   

 Corrector magnet inserts, which will be placed between 
the beam tube and quadrupole coils would face the same 
challenging situation as the other magnets in the fragment 
separator region.  As corrector magnet inserts made with 
copper coils do not generate enough field strength and 

because conventional superconductors would not be 
practical in this environment, HTS wound coils will be 
necessary for these corrector inserts. 

 
Figure 1: Proton flux seen in the first three quadrupoles of 
the fragment selector at FRIB.  The figure is from ref [2]. 

CORRECTOR COIL DESCRIPTION 
Seven quadrupole magnets in the fragment separator 

require multipole corrector inserts. Table 1 shows the 
beam line elements that follow the target.  Table 2 shows 
the quadrupole, sextupole and octopole strengths for the 
quadrupole magnets that require multipole corrections [3]. 
The component strengths are evaluated at the reference 
radius shown in the table. 

Table 1: Beam-line Elements in the Fragment Separator  

Magnet Half-gap 
(mm) 

Field or 
Gradient 

Length 
(m) 

Element 
Position 

Quad 1 100 -8,47 T/m 0.55 1.175 
Quad 2 120 14.27 T/m 0.65 2.280 
Quad 3 160 -11.67T/m 0.65 3.280 
Octopole 130 163 T/m3 0.50 4.570 
Quad 4 140 6.53 T/m 0.55 5.350 
Dipole 1 100 H, 150 V 2 T 1.75 6.900 
Sextupole 100 H, 120 V -42 T/m2 0.40 9.320 
Dipole 2 100 H, 200 V -2 T 1.75 10.64 
Quad 5 200 10 T/m 0.55 12.24 
Quad 6 150 -4.95 T/m 1.357 13.54 
Quad 7 160 4.2 T/m 1.357 15.51 

 

The physical length of these inserts range from 0.6 to 0.7 
m, with the effective length of the magnet being ~20% 
shorter.  The inner radius of the octopole insert is between 
75 and 110 mm adjusted to the various quadrupole 
apertures and the sextupole insert inner radius will be 5 
mm larger than the corresponding octopole insert.  The 
largest quadrupole pole tip field is 2.5 T, so the field at the 
insert coils is about 2 T.  The design will assume that the 
sextupole and octopole fields at the insert coil radius are 
0.25 T.  The multipole coils should be shaped on a 

___________________________________________  

*Work supported by  DOE STTR grant DE-SC0006273. 
#kahn@muonsinc.com 
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cylinder to take up a minimum of radial space and the 
mounting tube needs to be radiation resistant and should 
have a minimum mass. 

Table 2: Multipole  components  needed  at  the 
quadrupole elements.  The component is shown at the 
reference radius. 

Element Ref. 
Radius 

Quad. 
Field, 
T 

Sextupole 
Field, T 

Octopole 
Field, T 

Quad 2 0.15 m 2.14 -0.06 -0.21 
Quad 3 0.15 m -1.75 -0.06 -0.12 
Quad 4 0.15 m 0.98 0 0.1 
Quad 5 0.20 m 2.00 0.21 0.04 
Quad 6 0.20 m -0.99 -0.12 0.09 
Quad 7 0.20 m 0.84 -0.22 -0.13 
Quad 8 0.20 m -1.55 0.015 0.103 

 
The BNL magnet division has made HTS R&D 

quadrupole magnets for the fragment separator region of 
FRIB [4, 5, 6].  These quadrupoles were super-ferric 
magnets where the coils magnetized the iron producing an 
iron dominated field.  The magnet yoke is warm and is 
thermally isolated from the coils which are at cryogenic 
temperatures.  This design minimizes the space for the 
coils and cryogenics, while allowing a wider pole region 
to improve magnetic efficiency.  Figure 2 shows an 
Opera-3D representation the quadrupole magnet 
illustrating the coils and the upper half of the yoke. 

Figure 2:  Opera 3D  magnetic  model  of  the FRIB
 fragment

 

separator  quadrupole.  The  sketch  shows  all
 of the  coils  and the

 

upper half of the yoke. 
 

Both YBCO and Bi-2212 are potential candidates to be 
used for these corrector coils.  Both conductors can carry 
a reasonable current at 38-50 K and are radiation tolerant.  
In a study at the BLIP facility at BNL, a sample of YBCO 
conductor was irradiated and shown to withstand the 
cumulative effects of radiation over the anticipated 
lifetime of the facility [7].   In that study it was shown that 
the critical current, Ic, would be reduced by 20% for each 
dose of 1017 protons/cm2. A similar study with Bi-2212 
conductor showed that Ic was relatively unchanged for 
proton fluences up to 10  protons/cm [8]. 17 2 

The conductor for the corrector coils will be wound on 
a cylindrical mandrel.  The Bi-2212 conductor is available 

as a round wire which is easier to wind on a cylinder.  
However Bi-2212 has the disadvantage that it has to be 
reacted at 890°C in pure oxygen after it has been wound.  
The YBCO conduct is available in tape form.  YBCO 
conductors are formed by a continuous deposition of 
conductor and coatings onto a substrate that provides 
mechanical strength.  The Ic of the YBCO conductors is 
sensitive to the orientation of the conductor in a magnetic 
field.  This is an important consideration for the corrector 
coils since the dominant quadrupole field can be 
perpendicular to the conductor plane in various parts of 
the geometry.  As such, YBCO available today, carries 
sufficient current to meet the requirement. 

The end geometry of a coil wound on a cylinder with an 
YBCO tape conductor is more complicated than wound 
with a round Bi2212 wire.  Since the tape does not want 

onductor will tilt 
as it is wound around the ends on the cylindrical mandrel.  
The tilt angle will be slightly different for each turn.  The 
ends will have to be supported to prevent movement in 
the small voids between turns caused by the varying tilt 
angles. Figure 3a and b show two views of the ends of a 
quadrupole test magnet wound with Nb3Sn tape as an 
example. 

 
Figure 3: Photograph of coil ends of a test quadrupole 
wound with Nb3Sn tape. 

MAGNETIC SIMULATION 
 

We have created an Opera2D [9] electromagnetic finite 
element model using of the correction coils inside the 
large aperture R&D quadrupole magnet built at BNL for 
FRIB.  Figure 4 shows the sextupole coils inside the 
quadrupole magnet.  (The quadrupole magnet should be 
rotated by 45° so that the quadrupole coils are on the x, y 
axes which is the normal orientation in an accelerator.)  A 
similar model has been made for the octopole coils.  Each 
half coil in each sextant (octant) will subtend 20° (15°) of 
the available 30° (22.5°).  These angles are chosen to zero 
the contribution of the next largest allowed harmonic 
above the fundamental one.  The allotted radial space for 
each corrector coil is 5 mm which must include the 
conductor plus its support structure.  If YBCO conductor 
is used, a 3 mm wide tape such as Superpower SCS030 
would be appropriate.  Table 3 shows the engineering 
current density, JE, in the coils required to produce 0.25 T 
at the multipole coils.  Also shown is the conductor 
current and the corresponding critical current. The 
corrector coils carry current in the field of the quadrupole 
magnet.  The radial and azimuthal forces in the central 
part of the magnet (away from the ends) are shown in 
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Table 4 for the sextupole corrector coils and in Table 5 for 
the  octopole coils.  Since the corrector coils have a 
different symmetry from the dominant quadrupole coils 
the forces will be different on each individual coil.  The 
correction coils could be deformed by these forces.  The 
mechanical design of these corrector coils will need to be 
studied to minimize the effects of these forces. 
 

 
Figure 4: Sketch of the sextupole coils inserted into the 
BNL R&D quadrupole magnet. 
 
Table 3: Current in the conductor for maximum field seen 
at the coils is shown along with the critical  current  of  the 
conductor. 
Coils  Field at 

Coils 
JE, 
amp/mm2 

I, amp IC(40 K) 

Sextupole 0.25 T 110 58 96 
Octopole 0.25 T 140 74 96 
Main 
Quadrupole 

2 T 125 211 400 

 
Table 4: Forces on  the sextupole  coils  from  the quadru-
pole field. 

Coil Center 
Angle 

<B>, T Fr, 
nt/mm 

F , 
nt/mm 

1 45° 1.8892 41.624 0 
2 105° 1.9488 23.044 36.332 
3 165° 1.6328 -19.272 32.345 
4 225° 1.7555 -39.543 0 
5 285° 1.8865 -20.073 -36.952 
6 345° 2.1442 23.044 -36.332 

 
Table 5: Forces on the octopole coils from the quadrupole 
field. 

Coil Center 
Angle 

<B>, T Fr, 
nt/mm 

F , 
nt/mm 

1 45° 1.8666 32.696 0 
2 90° 1.8770 0 33.068 
3 135° 1.7688 -31.562 0 
4 180° 2.4780 0 -40.441 
5 225° 1.8666 32.696 0 
6 270° 1.8770 0 33.068 
7 315° 1.7688 -31.562 0 
8 360° 2.4780 0 -40.441  
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ELLIPTICAL MUON HELICAL COOLING CHANNEL COILS* 

S.A. Kahn#, G. Flanagan, Muons, Inc., Batavia, IL, 60510, USA 

M.L. Lopes, K. Yonehara, FNAL, Batavia, IL 60510, USA

Abstract 
A helical cooling channel (HCC) consisting of a 

pressurized gas absorber imbedded in a magnetic channel 
that provides solenoid, helical dipole and helical 
quadrupole fields has shown considerable promise in 
providing six-dimensional phase space reduction for 
muon beams.  The most effective approach to 
implementing the desired magnetic field is a helical 
solenoid (HS) channel composed of short solenoid coils 
arranged in a helical pattern.  The HS channel along with 
an external solenoid allows the Bz and B components 
along the reference orbit to be set to any desired values.  
To set dB/dr to the desired value for optimum focusing 
requires an additional variable to tune. We shall show that 
using elliptical shaped coils in the HS channel allows the 
flexibility to achieve the desired dB/dr on the reference 
orbit without significant change to Bz and B. 

INTRODUCTION 

A muon beam cooling technique, using a continuous 
gaseous hydrogen absorber inside a helical solenoid 
channel has shown promise to reduce muon phase space.  
This goal of this technique is to create bright muon beams 
with small emittance for use in particle accelerators and 
storage rings.  Of particular interest is the development of 
a muon collider, which requires the reduction of the beam 
phase space by at least a factor of 106.  Simulations have 
shown that the HCC can provide a significant phase space 
reduction [1].  The HCC is composed of a magnetic 
channel filled with pressurized H2 gas absorber to reduce 
the particle energy.  The lost energy is replaced in the 
longitudinal direction by RF.  The desired field in the 
magnetic channel is comprised of helical dipole, helical 
quadrupole and solenoid components [2]: 

Helical Dipole: � = 2� � � cos  − �� /� � = 2� �  � sin  − ��  � = −�� 

Helical Quadrupole: � =       � 2�  cos 2( − �� −  ) � = 2� � �  2� sin 2( − �� −  ) � = −�� 

where bd and bq are the dipole and quadrupole strengths, 
respectively, at  = 0. Implementing this channel with 
helical harmonic coils is difficult since In(nk) grows 
exponentially at large radius and the channel  has large 
apertures. The HCC magnetic channel will be 

implemented with short solenoid coils arranged along the 
helical reference orbit.  Figure 1 is a sketch of the helical 
solenoid (HS) channel [3].  This approach minimizes the 
magnetic field at the coils.  To be effective the B, Bz and 
dB/dr of the HS at the reference orbit must match values 
from the theoretical formulae.  B and Bz can be set by 
HS coil current and adjusting an external solenoid field 
Bsolenoid (shown in Fig. 1).  dB/dr is important to control 
the beam focusing in the channel.  To set this variable to 
an arbitrary value desired to optimize the channel requires 
an additional degree of freedom.  In this paper we explore 
deforming the circular solenoids into elliptical rings to 
control the field gradient.  

 
Figure 1: 3D layout of coils for the HCC channel.  Note 
that the HS coils are placed in an external solenoid field. 

 

Table 1: Field Properties of the Sections of the HCC 

Section  B dB/dr Bz f 

Units m T T/m T MHz 

1,2 1.0 1.29 -0.50 -4.25 325 

3 0.9 1.43 -0.62 -4.73 325 

4 0.8 1.61 -0.79 -5.32 325 

5 0.5 2.58 -2.01 -8.51 650 

6 0.4 3.22 -3.14 -10.63 650 

7 0.3 4.30 -5.58 -14.18 650 

8 0.3 4.30 -5.58 -14.18 1300 

 

HCC CHANNEL DESIGN 

The HCC channel that is proposed is divided into eight 

sections with each section providing a smaller final 

equilibrium emittance which requires progressively larger 

fields.  The design field for each section is shown in 

 ___________________________________________  

*Work supported by U.S. DOE STTR/SBIR grant DE-SC00006266   
#kahn@muonsinc.com                
 

Cooling Channel. 

THPBA26 Proceedings of PAC2013, Pasadena, CA USA

1286C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

06 Accelerator Systems

A11 - Beam Cooling



Table 1 [4].  The study concentrates on section 2 at the 

beginning and section 6 near the end of the channel.  Near 

the end of the channel the coils need to be thick to 

provide the necessary current to achieve the fields 

required.  Table 2 summarizes the variables to describe 

sections 2 and 6.  The RF cavities are assumed to be filled 

with a dielectric or made with a re-entrant design to 

reduce the cavity radius.  This permits the use of the 

smaller radius coils shown in the table. 

 

Table 2: Parameters Describing the HCC Sections Used in 
the  Study 

Parameter Unit Section 

2 

Section 

6 

Helical Period m 1.0 0.4 

Helical Orbit Radius cm 15.9 6.366 

RF Cavity Radius cm 19 9.4 

Coil Inner Radius cm 25 10.5 

Coil Outer Radius cm 30 20.5 

Coil Current Density Amp/mm
2
 256 340 

Coils per Period  20 16 

 

A Biot-Savart integration was used to calculate the 

field from the elliptical coils.  The field at each point was 

determined by integrating over the current from all coils 

that were within one helical period from that point.  

Because of the large dimensions of the coils, they were 

represented by 40-60 filaments distributed over the coil 

cross section. 

ELLIPTICAL COILS 

We describe the elliptical shape by its asymmetry,  = (      −       ) (             )⁄ .  Rmajor is 

aligned with the radial direction, while is in the azimuthal 

direction.  This definition permits Rminor to be larger than 

Rmajor when the ellipse is oblate. 

Section 2: 

Figure 2 shows the field profiles on the radial axis for 

the section 2 configuration with different A.  The coil 

current is adjusted to give the desired B from Table 1 on 

the reference orbit.  Since the external solenoid field can 

be set independent of the B, setting the external solenoid 

field Bsolenoid=2.0 T produces the desired Bz.  Figures 2a, b, 

c show B, dB/dr, and Bz, respectively.  Figure 3 shows 

the value of these fields on the reference orbit as a 

function of the ellipse asymmetry.  The field magnitude at 

the coils is 6.4 T which is within the range for using NbTi 

at 4.3 K. 

 

 

 
Figure 2: B , dB/dr, and B z vs. r for section 2.  The 

different colors represent different ellipse asymmetries. 

 
Figure 3: B, and B z in Tesla and dB/dr in T/m on the 

reference orbit for different ellipse asymmetries. 

 
Figure 4: Comparison of the coil description of B with 

the theoretical Bessel function description for section 2. 
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Figure 4 compares the B field from the HS description 

with the theoretical Bessel function description.   

The coil description does not yet correct for the sextupole 

which affects the field at large radius.   For section 2, an 

oblate ellipse description with A=-0.14 produces a 

reasonable representation of the Bessel function field. 

Section 6 
Section 6 requires a large magnetic field and the coils 

must be fairly thick in order to produce that field. Figure 

5 shows B , dB /dr and B  for different elliptical   z

asymmetries for section 6.  Figure 6 shows B, dB/dr and 

B   on the reference orbit as a function of elliptical z

asymmetry.  Figure 7 compares the B field calculated 

from the HS coils to the Bessel function description of the 

field for the case A=0.106 which approximates the 

theoretical description over most of the useful beam 

aperture.  The  external solenoid field is 14.2 T which can 

be made with Nb3Sn conductor.  The maximum field at 

the HS coils is 20 T which suggests that those coils could 

be wound with Bi-2212 conductor. 

 

 

 

 

Figure 5: B, dB/dr, and Bz vs. r for section 2.  The 

different colors represent different ellipse asymmetries. 

 
Figure 6: B, dB/dr, and Bz on the reference orbit as a 

function of elliptical asymmetry. 

 
Figure 7: Comparison of B calculated from the Bessel 

function description with that from HS coils. 

CONCLUSIONS 

Using elliptically shaped instead of circularly shaped 

coils provides an additional degree of freedom that can be 

used for matching the HS coils the Bessel function 

description of the field used for the HCC.  Field maps 

made from the Biot-Savart integration of elliptical coils in 

the HCC can be used to describe the field for the muon 

cooling simulation program.  This is a work in progress. 
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SIMULATION WORKSTATION 

Thomas J. Roberts#, Muons, Inc., Batavia, IL 60510 USA

Abstract 
The Simulation Workstation is a software toolkit that 

provides a universal Graphical User Interface to most 
particle simulation codes. This includes: constructing and 
displaying the simulated system graphically, running 
multiple simulation codes from a single system 
description, displaying particle tracks or histories with the 
objects of the system, flexibly generating plots and 
histograms, and comparing the results from multiple 
simulations. The workstation itself knows very little about 
particle simulations -- that knowledge is contained in the 
simulation codes themselves. As a consequence, the 
workstation can handle essentially any problem that any 
of the supported simulation codes can simulate. These 
include: beam optics calculations, ion source design, 
muon cooling channels, spacecraft radiation levels, 
nuclear reactors, complex shielding calculations, and 
accelerator driven subcritical reactors. The workstation 
offers interfaces to most CAD/CAE programs, enabling 
workflows that include multi-physics analysis by other 
programs. The Simulation Workstation will be portable 
among all major operating systems, will be freely 
available as open-source software, and will initially 
support these simulation codes: G4beamline [1], MCNP6 
[2], and MAD-X [3]; additional codes can be added by 
users. 

INTRODUCTION 
When teaching beam dynamics and accelerator physics 

to students, user-friendly graphical tools are a big 
advantage, as they permit the construction and exploration 
of models with very little overhead. And for today’s 
technology-driven students of the “Nintendo generation”, 
graphical interfaces meet their expectations far better than 
text-based tools. Moreover, there are dozens of modeling 
codes available, so having a common user interface that 
can be used with multiple simulation codes will be a 
major advantage. Existing tools fall short of what is 
needed. 

While the workstation has been designed with students 
in mind, accelerator physicists will also find it useful in 
dealing with the plethora of modeling tools and their 
different languages and data formats. The internal 
representation of the system is specifically designed to be 
useable as a text-based description of the system, and to 
make it easy for users to interface it to essentially any 
accelerator-modeling tool, regardless of its description 
language. In particular, this will make it straightforward 
to use fast but less realistic codes to design and optimize a 
system, and then use slower but more realistic codes to 
evaluate its performance. Graphical interfaces are 
emphasized, making it easy to construct the system 

graphically, display the system and its beam, and use on-
screen controls to vary parameters and observe their 
effects immediately. Such exploration is essential to give 
students insight into how systems behave, and can be 
valuable to the experienced accelerator physicist, for tasks 
such as evaluating different techniques for tuning a 
system before it is built.  

The user interface is centered around objects, which can 
be individual accelerator components, or arbitrarily 
complex collections of components with specified spatial 
relationships. Objects are stored in Libraries, which can 
easily be shared with other users. The use of URL-based 
component libraries will encourage collaboration among 
geographically diverse teams. 

The Simulation Workstation provides the user with a 
single user interface to construct, design, optimize, 
analyze, and explore systems involving charged particle 
beams and other radiation. It is specifically designed to be 
interoperable with just about any existing simulation or 
beam optics code. This is possible for one simple reason: 
they necessarily have a common domain, with common 
concepts, common objects, and common operations. By 
abstracting these common elements into a new 
specification language, called LinguaFranca, a single 
GUI program can indeed interface to many simulation 
codes with relatively little effort. LinguaFranca has been 
specifically designed to make it easy to instantiate its 
description for other codes to read. Instantiation is not 
machine translation, which is known to be a difficult 
problem, but rather is performed by a sophisticated text-
processing system that has been told by human developers 
how each LinguaFranca primitive is represented in the 
language of each simulation code. 

The architecture of the Simulation Workstation is to be 
an overall control program that orchestrates the assembly 
of the various pieces required to prepare, perform, and 
analyze a simulation. Thus the user works with a single 
user interface to perform all related tasks. While it relies 
on interfaces to the simulation codes, the adaptation is 
always in the workstation, and no simulation code needs 
to be modified in order to work with it (some codes will 
benefit from modifications, especially on Windows).  

The Simulation Workstation will be portable among the 
major operating systems (Windows, Linux, Mac OS X), 
and will be released as open-source software. This is the 
same overall commercialization model as for our highly 
successful program G4beamline [1]. The key to 
G4beamline’s popularity is its excellent user interface; 
this project was inspired by that interface, and by what we 
perceived as ways to improve it. But rather than just 
improve this one code, we have chosen to design and 
develop a system that is customizable to improve the user 
experience for all related simulation codes. 

# tjrob@muonsinc.com 
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THE SIMULATION WORKSTATION 
The Simulation Workstation presents the user with a 

window ready to edit a simulation, as shown in Figure 1. 
The viewer is at the left, showing a 3-D image of the 
current system; the simulation shown is for the storage 
ring of a Very Low Energy Neutrino Factory [4]. The 
right-hand third of the window shows an edit panel at the 
top and a library panel at the bottom (showing a single 
row of three objects’ icons, with scroll bar).  

The 3-D Viewer 
As a simple illustration of the viewer's flexibility, 

Figure 2 zooms in on the transition from straight to arc. 
This required the following simple user gestures: 
1. Use the middle mouse button to pan the display to 

center the desired region. 
2. Use the mouse scroll wheel to zoom in. 
3. Use the viewer-control slider to set the solid opacity to 

50%. 
4. Use a viewer-control button to toggle the display of 

axes to on. 
5. Use the left mouse button to select the last cell of the 

straight section (highlighted in red). 
 

Total elapsed time: 3-5 seconds. The white line is the 
design coordinate axis, from the origin off the screen to 

the left, going once around the ring, and then right (+Z) to 
infinity. Design coordinates make it easy to lay out an 
accelerator or beamline by sequentially placing objects 
along the system centerline; bending magnets are 
accompanied by a bend in the centerline; they behave just 
like the implicit reference coordinates of beam optics 
programs like MAD-X. 

The Edit Panel 
The edit panel in the upper right is context sensitive, 

displaying appropriate information in response to user 
gestures. 

The Library Panel 
The library panel at lower right displays the objects 

currently in the library, sorted alphabetically. These can be 
simple parameterized components such as magnets and 
RF cavities, or they can be combinations of other objects, 
such as :Straight and :Arc (which define a cell for the 
corresponding region of the VLENF). In general there can 
be multiple Libraries (remote ones are configured via 
URLs), so library components are named 
LibraryName:name (no spaces). This is the default library 
whose name is empty, so the names simply begin with a 
colon. Objects can be dragged into the viewer and 
dropped in position; the edit panel can then be used to  
 

Figure 1: The Simulation Workstation Main Window, editing a VLENF simulation. Focusing and defocusing quads are 
green and blue, bending magnets are red, and beam pipes are gray. The 3-D viewer can be easily rotated, panned, and 
zoomed via the mouse, and individual objects can be selected and edited. 
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Figure 2: The system of Figure 1, but panned and zoomed, with the last Straight cell selected. Note the editing panel 
shows the command that put this cell into the simulation, placing the cell along the design coordinate axis. 

 

tweak their position precisely. But for an accelerator 
system using Design coordinates, once the components 
are placed into the library they can simply be dragged into 
the edit panel and dropped – this places them sequentially 
along the design coordinate axis; The VLENF simulation 
has magnets and beam pipes placed sequentially into 
cells, and the cells placed sequentially into the simulation. 

The Simulate Tab 
The upper right panel has three tabs that change the 

entire mode of operation: Edit, Simulate, and Analyze. 
The Simulate tab provides an interface to manage the 
running of a simulation, using any configured simulation 
code. As a simulation runs, its output file(s) can be 
scanned as they are produced, and events displayed in sets 
of N (which defaults to 10 but is easily changed). A 
viewer-control slider permits the user to vary the opacity 
of solids, making it easy to see tracks inside them. 
Clicking on a track does two things: it hides any other 
events in the current set, and in the upper right it displays 
the track values at the point clicked and at track creation. 
By default tracks are colored by their charge, but the user 
can configure a color for each type of particle. 

The Analyze Tab 
The Analyze tab will make it easy for the user to create 

histograms and plots of quantities of interest. It will 
incorporate a complete Root [5] package, as well as an 

interface to simplify the creation of basic histograms and 
plots, with sliders to apply cuts (updating the plot in real 
time as the cuts are changed). The Analysis tab will 
incorporate feedback to the Simulate tab, permitting the 
user to identify interesting, unusual, or “outlier” events in 
a plot, and then re-simulate each event while viewing its 
tracks in the viewer. With G4beamline [1] this has proven 
to be a very powerful technique for understanding back-
grounds and rare processes. 

 
CONCLUSION 

The Simulation Workstation is expected to become a 
useful addition to many students’ and accelerator 
designers’ toolkits. It has many innovative features not 
found in other programs that promise to improve users’ 
productivity; its use of libraries should foster collab-
oration among geographically diverse teams. 
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STATUS OF SPALLATION NEUTRON SOURCE CRYOGENIC TEST 

FACILITY (CTF)* 

M. Howell
#
, A. Coleman, B. DeGraff, S-H. Kim, T. Neustadt, J. Proulx, J. Saunders, W. Strong, D. 

Vandygriff, ORNL, Oak Ridge, TN 377831, USA 

T. Xu, FRIB, East Lansing, MI 48824, USA

Abstract 
The Spallation Neutron Source (SNS) is building 

Superconducting Radio Frequency (SRF) processing and 

testing facilities to support the reliability and 

sustainability goals of the enterprise. In addition, these 

facilities position the SNS superconducting linac (SCL) 

for improvement programs and future upgrades. Some of 

the testing facilities require cryogenic helium at both 4 K 

and 2 K. Currently, the Central Helium Liquefier (CHL) 

supplies 4 K helium to the linear accelerator and excess 

capacity is utilized to supply the test cave. As more 

facilities become available and testing is more frequent, it 

is essential to separate testing in the SRF facility from the 

operation of the accelerator. This paper describes the 

cryogenic system and the commissioning of that system at 

SNS to facilitate SRF testing needs. The initial phase of 

the project was to supply 4 K helium to a Vertical Test 

Area (VTA) and the test cave which is capable of housing 

either the Horizontal Test Apparatus (HTA) or a 

cryomodule. The scope of the initial phase of this project 

has been expanded. The system will be outfitted with 

warm pumping capability to produce 2 K helium in the 

testing systems. In addition, a liquid helium fill station 

will be incorporated to fill portable Dewars. 

INTRODUCTION 

The Spallation Neutron Source contains a 

superconducting linear accelerator which consists of 

eleven medium beta and twelve high beta cryomodules. 

The availability and reliability of the cryomodules has 

been high. However, the superconducting section of the 

linear accelerator has not met the energy specification of 

1 GeV [1]. To increase the energy of the beam and meet 

future upgrade requirements, the performance of multiple 

cryomodules must be improved. To improve these 

cavities, there are two options. These cavities can be 

replaced which will involve removing, disassembling, and 

rebuilding cryomodules. This approach is cost 

prohibitive. A second option is to implement additional 

processing or conditioning of the superconducting 

cavities. SNS is currently installing and developing 

superconducting radiofrequency processing and test 

facilities to develop methodology in increasing beam 

energy and facilitating necessary repairs. The CTF 

refrigeration system will provide helium at both 4 K and 2 

K to the SRF test facilities. 

Multiple repairs of cryomodules have been performed 

at SNS by in house staff. These include tuner repairs, 

removal of HOM antennas, and repair of helium circuit, 

beam line vacuum and insulating vacuum leaks. In one 

case, a mild plasma processing was applied to a 

cryomodule to improve its performance [2]. After repair, 

the cryomodules have been qualified in the test cave using 

the CHL to supply helium. This couples the testing and 

qualification process to the actual operation of the linear 

accelerator. The implementation of the CTF decouples 

these two differing objectives. 

DESIGN OVERVIEW 

The original scope of the CTF refrigeration system was 

to provide 4 K helium to the test cave and the VTA [3]. 

This scope has been expanded to include adding 2 K 

capability through the use of a warm pumping system. 

Because the availability of liquid helium has been scarce, 

a liquid helium fill station to supply portable Dewars to 

the neutron instrument and sample environment areas has 

also been added to the scope. By having this subsystem, 

the liquid supply chain issues can be mitigated with the 

helium gas storage that is normally available in the CHL. 

A block flow diagram of the CTF system is included 

below in Fig. 1. 

 

 

Figure 1: CTF Block Flow Diagram. 

As system design has progressed and operational 

experience has increased, the cryogenic loads in the 

various testing modes have been further defined. Table 1 

summarizes the estimated cryogenic loads of the various 

test modes. These loads are based on actual test results 

observed during operation of cryomodules in the test 

cave. 

Table 1: Cryogenic Load Design Criteria 
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The Linde LR280 was specified with a refrigeration 

capacity of 650 W at 4.4 K and liquefaction capacity of 

240 L/hr. This system can operate in multiple operational 

configurations. The system cold box supplies helium 

through the distribution box and helium Dewar when 

servicing the test cave.  However, the VTA and fill station 

are supplied from a second set of bayonets on the cold 

box. 

To operate the test cave, the system will experience a 

combination of refrigeration and liquefaction loads. The 

cold box will supply sub-cooled supercritical helium 

through the distribution box to both the shield and 

primary circuits. The primary flow will return through the 

distribution box to the cold box and serve as a 

refrigeration load. However, the shield flow will return to 

the warm compressor system through an ambient heat 

exchanger. This will act as a liquefaction load on the 

machine along with the coupler flow. 

For operation of the VTA or fill station, the CTF will 

be operated in liquefaction mode. The CTF will supply 

liquid helium to a 2000 L fixed Dewar within the fill 

station. This Dewar will be used as a reservoir to either 

fill the VTA Dewar or a portable Dewar. The detailed 

design of this subsystem is complete and fabrication is 

nearing completion. A model of the fill station system is 

included below in Fig. 2. The fill station is scheduled to 

be operational in the first half of FY 14. 

 

Figure 2: The model of fill station. [4] 

The addition of a Kinney pumping skid will enable the 

system to operate at 2 K. SNS made use of the vast 

experience of personnel at Fermi National Laboratory in 

refurbishing this skid. This was a machine originally 

slated for operation at the SSC. It is a 10 g/s machine 

equipped with a blower, liquid ring vacuum pump, and oil 

pump. This portion of the system is scheduled to come on 

line in FY 14.  

COMMISSIONING 

The commissioning philosophy was to first start the 

warm part of the system including the compressor, gas 

management, and oil removal. This allowed any bugs to 

be worked out in the warm part of the system while being 

isolated from the cold box and turbines. The philosophy 

of this portion of the system was to make it as similar to 

the existing plant as possible to minimize operator 

training time, make use of existing control templates, and 

incorporate the Ganni Cycle [5] to use a floating 

discharge pressure system to match the load.  

The primary goals of this portion of the commissioning 

were to test the operability, speed control, control 

functions and interlocks of the compressor, gas 

management, and oil removal system. Secondary goals 

were to gain valuable operator seat time and develop 

internal operating procedures. This test was completed at 

the end of January with a Linde representative present. 

The compressor screen shot is depicted below in Fig. 3. 

 

Figure 3: Warm compressor control screen. 

After commissioning the warm system, a control logic 

review was conducted as a collaborative effort between 

SNS controls personnel and a Linde representative. 

During this review, the readiness of the controls was 

verified. The team verified that instrument loop checks, 

interlocks, operator controls, control algorithms, and 

initial loop tuning were properly implemented. The cold 

box PLC logic was reviewed thoroughly and a short 

action item list was generated and completed within a 

couple of weeks. 

This positioned the team well to move to cold box 

commissioning.  The cold box was operated integrated 

with the warm system and the helium Dewar. A 

simplified block flow diagram is included in Fig. 4. An 

example of the controls screens used during 

commissioning for this system is shown in Fig. 5. The 

goals of the cold box commissioning were: 

1. Cool down cold box within specified time (< 6 hours) 

2. Achieve specified capacities for refrigeration and 

liquefaction 

3. Develop procedures and receive training 

4. Demonstrate helium Dewar integrity and achieve 

specified boil off rate 

5. Tune loops and refine control variables 

6. Test interlocks and ensures system fails safe. 

 

Figure 4: Cold box commissioning block flow diagram. 
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Figure 5: Cold box control screen II. 

To commission the cold box in liquefaction mode, the 

cold box supplied helium to the helium Dewar and a 

small amount of vapour returned to the cold box. For 

commissioning, the distribution box was bypassed with 

three custom made u-tubes. The liquefaction rate was 

measured in two ways.  The first was to observe how 

much the level increased in the helium Dewar over a 

specified amount of time.  The second was to observe 

how quickly the helium gas storage pressure dropped in a 

specified amount of time and convert that to liquefaction 

rate. These two methods of calculation yielded results of 

260 L/hr and 240 L/hr, respectively. Both met or 

exceeded the specified liquefaction rate. However, it is 

believed that the calculation method using helium gas 

storage tank pressure is more accurate than the method of 

using liquid level due to error introduced by level probe 

and helium Dewar geometry. 

The cold box was commissioned in refrigeration mode 

by supplying helium to the Dewar and boiling it off with 

an electric heater. The maximum refrigeration capacity of 

the system was observed to be 750 W which is greater 

than the specified capacity. A screen shot of the helium 

Dewar with the input heater power of 759 W is included 

in Fig. 6. After the helium Dewar was filled, the system 

was shut down over night and the boil off rate was 

measured. It was found to be <0.75% per day as specified. 

In addition to achieving the refrigeration and 

liquefaction capacities, interlocks were tested, internal 

operating procedures were developed, and loops were 

tuned. The commissioning gave opportunity to multiple 

operators to gain hands on experience with the system. 

 

Figure 6: Helium Dewar control screen depicting 

refrigeration capacity. 

LESSONS LEARNED 

A few valuable lessons were learned during the design 

and commissioning of this system. One design change 

that was incorporated was to take the compressor bypass 

from after the second stage coalescer to minimize oil 

carry over. In the CHL system, oil accumulation is 

witnessed in the low and medium pressure headers. This 

change has eliminated this concern from the CTF system. 

As controls personnel were performing check out of the 

gas management valves, it was discovered the Weka 

control valves required 5 atm instrument air pressure to 

operate [6]. The control valves in the CHL gas 

management system operate at 3atm air pressure.  This 

required a change out of an air pressure regulator to 

accommodate operation of the CTF gas management 

control valves. 

Another lesson learned involved bonding the cold box 

to ground. This was overlooked in the original installation 

of the system. The temperature sensors gave erroneous 

readings on both the TVO resistors and cryogenic linear 

temperature sensors (CLTS) [6]. This was corrected by 

connecting the box to ground. 

This system was specified as a machine with frequent 

starts and stops that give ample opportunity to regenerate 

the 80 K and 20 K adsorbers. However in future systems, 

it may be advantageous to install isolation valves and a 

bypass.  This can be used during warm up iterations and 

ensure that contamination does not enter other areas of the 

system. 
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RECENT IMPROVEMENTS IN PARTICLE SIMULATION SUPPORT IN 
ANALYST-MP *  

J. F. DeFord, B. Held, A. Nichols, AWR Corporation, Mequon, WI 53092, USA 
 

Abstract 
Recent work on the Analyst product has simplified 

model development, improved result visualization, and 
added particle simulation functionality.  The Analyst user 
interface has been updated with a new control layout, and 
support for automatic session recording, 
variables/expressions for all inputs, and units. For the 
study of multipacting and dark current phenomena a new 
volumetric particle source has been deployed, and 
changes to the way secondary generations are managed 
has simplified the identification of multipacting 
resonances. 

INTRODUCTION 
Analyst is a finite element-based tool used for design 

and optimization of three-dimensional structures in 
microwave engineering.  In development of new particle 
accelerators, Analyst is used on a variety of components 
including RF modules, feed systems, deflectors, etc.  
When applied to the multipacting problem, driven RF or 
eigenmode calculations are performed to obtain field 
distributions, and these are then used in a separate particle 
simulation to search for particle resonances. 

Recent work has improved the particle tracking 
algorithms and emission models [1].  The current version 
of the code employs a statistical secondary emission 
model that produces from an impact a set of zero or more 
electrons whose count and properties are obtained from 
samples of random variables that collectively enforce 
observed secondary emission behaviour [2].  The Analyst 
user interface has also been updated in response to user 
experience in the old system.  Development on the 
particle simulation engine has focused on changes that 
make it easier to identify and interpret multipacting 
behaviour.  These changes are discussed in the following 
sections. 

VOLUMETRIC PARTICLE SOURCING 
Previous versions of Analyst used a simple primary 

emission model for multipacting simulation.  This model 
emitted one or more particles from each element face that 
lay on the model boundary.  Particles were emitted at 
regular intervals during the first RF period, and 
subsequent particle motion and deterministic secondary 
generation were used to identify resonances.  This 
technique is very efficient, but it does not necessarily 
require fewer emissions than a volumetric launch if one is 
to avoid missing resonances. 

In addition to supporting primary emission from 
surfaces, Analyst now also allows initiation of particles in 

the volume by emitting a specified number from each 
mesh element (triangle or tetrahedron) during the first RF 
cycle.  The position, direction vector, and emission time 
of each particle are all randomly chosen.  The initial 
velocity of each particle is obtained by sampling a random 
variable, with the number of particles emitted per element 
controlled by a user input, and is typically of order 102. 

As expected, the efficiency with which resonances are 
identified is a function of the choice of initial velocity 
distribution.  Robust multipacting resonances involve low 
energy electrons because it is primarily low energy 
impacts (< 5 keV) that yield multiple secondary particles.  
Higher energy impacts can result in single reflected or re-
diffused secondary particles, but do not contribute to gain 
in multipacting resonances.  Consequently, initiating 
particles with high energy is usually of little utility in 
identifying resonances.  In the low energy regime we 
studied the effects of using different velocity distribution 
functions, including a delta function (specified value), 
uniform over a range of values, and Boltzmann with a 
peak matching the secondary emission yield peak of 
surface material.  We concluded that these functions were 
largely equivalent in initiating resonances in test 
structures, and the simplest approach of giving all of the 
particles the same initial energy (in the 100s of eV) is 
perfectly adequate.  This value is an input parameter in 
the software, which defaults to the peak energy of the true 
secondary yield curve.  Note that this choice does not 
imply that only particles with comparable energy exist in 
the simulation to initiate resonances.  High-field regions 
will accelerate particles to high energies, and subsequent 
interaction with cavity walls will typically scatter some of 
these particles into low-field areas. However, with this 
approach the preponderance of particles in low field 
regions will be in an energy range to yield true 
secondaries on impact with common metals, increasing 
the odds that a resonance will be discovered if one is 
supported by the geometry/field-structure. 

Volumetric sourcing produces an initial cloud of 
particles that rapidly dissipates, primarily due to collisions 
with cavity walls that produce no secondary particles.  
What remains after a few RF cycles is predominantly 
secondary particles that are in a resonance (Figure 1). 

MULTIPROCESSING 
Particle tracking is done by secondary generation, with 

each generation completed before the next one is started.  
Between generations secondary particles are redistributed 
across available processors to balance the computational 
load.  Dependence of particle populations on processor 
count is undesirable, even when it does not lead to ______________ 

*Work supported by DOE SBIR grant SC0002604. 
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quantitative changes to the results of interest, and such 
dependencies are also problematic in automated 
regression testing systems.  To make the results 
independent of processor count requires the creation of a 
particle index that does not depend on either processor 
count nor processor index.  This index is formed on the 
basis of initial emission parameters and secondary history, 
and is composed of a small number of 64-bit integers 
(generally 3 or less).  The index is unique for each 
particle, but simple interpretations of its values as integers 
are not evenly distributed in the set of integers, and as 
such it is not suitable for use in index-based load-
balancing.  So for this purpose an index hash (a single 
integer of a specified maximum size) is created based 
upon the index which is approximately evenly distributed, 
but is not generally unique.  Load balancing is then 
performed on the basis of this hash, which has exhibited 
high-quality partitions in our testing. 

  
Figure 1: Particle cloud at 1 RF period (left), and after 2 
RF periods (right) in 2-D RZ example.  Ultimately a 
resonance is seen about cavity “equator” (top center of 
cavity). 

SECONDARY DECIMATION 
The number of secondary particles that are tracked at 

each generation is controlled via decimation.  This is 
particularly important in highly resonant situations in 
which the particle growth is exponential.  As with load 
balancing, an index hash is used for this purpose, and only 
particles with zero hash index are tracked.  The existence 
of the untracked particles is accounted for in accumulated 
statistics, such as yield, but otherwise they are simply 
discarded. 

MODEL CREATION AND RESULT 
PROCESSING 

The Analyst user interface has been updated to simplify 
the creation and manipulation of complex geometry 
models.  Changes include mouse-based solid construction, 
relative coordinate systems tied to geometric entities (for 
creating a solid at a location/orientation that is relative to 
another solid), and the aggregation of all model data in a 
property grid that allows rapid access and modification of 
model parameters (Figure 2). 

Scripting is supported in the Analyst system, and is 
based upon the Python language.  The new software 
automatically records the complete session in a script that 

can be replayed in order to reproduce the session.  This 
recording can also be used as the basis for a user script. 

 
Figure 2: New model data browser in Analyst simplifies 
access to common elements. 

Variables and expressions can now be entered in place 
of numeric values in all input fields.  Variable definitions 
are collected in a single input panel for rapid access.  
Units are now comprehensively supported in the user-
interface, and a variable has the unit of its associated 
expression.  The expression parser observes rules 
associated with the use of quantities with units in 
expressions, so for example, it is not allowed to add a 
variable with unit of distance to another variable with unit 
of time.  Moreover, values with the same unit but 
differing scales are handled automatically via conversion 
to a common scale, so for example, an expression of the 
form v=1m+1in is allowed and correctly evaluated. 

Result visualization has been reorganized to allow 
simpler addition of filters to view elements (now called 
“annotations”).   Annotations can now be created in 
advance of a simulation, allowing views that are updated 
as data become available.  Previously in Analyst geometry 
visualization was done only in its own window, separate 
window from all result views.  In the new system there is 
no distinction between the two, so geometry and result 
visualization can be rendered together in the same view. 

As an example, we analysed an RF deflector cavity [3] 
(Figure 3).  This structure uses a dipole mode resonant at 
2.82 GHz, and the interest was to identify any 
multipacting bands below about 60 MV/m peak surface 
electric field.  Figure 4 shows the mode electric field, 
which is a field annotation rendered together with an 
outline view of the original solid geometry. 
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Figure 3: Deflector cavity geometry. 

 

 
Figure 4: Electric field of mode in deflector cavity.  
Cavity is shown as modelled using 3 planes of symmetry. 
View is combination of structure and field annotations. 

Running the problem at a single field level and 
dumping particles allows visualization of particular 
resonances.  Particles can be rendered either as dots (their 
position at a particular instant in time), or as tracks that 
show the path of a particular particle or set of particles 
(Figure 5).  In the deflector structure for the particular 
choice of secondary emission model there is a resonance 
near 50 MV/m in the vicinity of the connection between 
the beampipe and the cavity.  Particles in this resonance 
return to the surface once every RF period as can be 
inferred from the individual particle statistics table that is 
output by Analyst. 

 
Figure 5:  Particle distribution after 30 RF cycles in the 
multipacting band, showing accumulation of resonant 
particles near the fillet between cavity and beampipe. 

Plots now contain one or more “measurements”, which 
are data sources that can come from a simulation table or 
some other source.  As with annotations, measurements 
are updated as data becomes available, so if a number of 
plots have been created and the simulation is rerun there is 

no need to recreate the plots as they will simply be 
updated with the new data when the simulation is 
finished.  The enhanced counter function for the deflector 
cavity is shown in Figure 6.  The particle count time 
history for a field level in the multipacting band is shown 
in Figure 7. 

 
Figure 6: Enhanced counter function (number of particles 
surviving to 20 impacts including yield) as a function of 
peak surface electric field. 

 

 
Figure 7:  Particle count vs. time in deflector at 49 MV/m.  
Resonance is evident in late-time growth. 

CONCLUSIONS 
The Analyst finite-element software package has been 

updated, including improvements to the user-interface and 
particle simulation functionality.  Changes in the way 
particles are sourced and secondary particles are managed 
now allows direct observation of particle count growth in 
resonant situations.  Studies show expected multipacting 
resonances in test structures. 
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PARAMETER OPTIMIZATION FOR MULTI-DIMENSIONAL LASER 
COOLING OF AN ION BEAM IN THE STORAGE RING S-LSR* 

Z. He#, FRIB, Michigan State University, USA; Tsinghua University, China 
J. Wei, FRIB, Michigan State University, USA 
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Abstract 
S-LSR is a compact ion cooler ring built in ICR, Kyoto 

University, aiming at creating ultra-low temperature ion 
beam by laser cooling. In order to approach lowest 
possible temperature at S-LSR in an experiment, 
parameters of laser cooling should be carefully chosen by 
simulation. This paper mainly concerns optimization of 
laser cooling parameters and prediction of possible low 
limit of beam temperature at S-LSR. Firstly, the adiabatic 
capture process of ion beam is introduced and studied. 
Then, different laser profile parameters are compared and 
an optimized value is chosen. After that, optimized 
solenoid field strength for 3-D coupling is proposed. At 
last, by choosing the parameters proposed, the lowest 
beam temperature achievable for S-LSR is predicted to be 
10 K in transverse direction and 0.05 K in longitudinal 
direction. 

INTRODUCTION 
Cold beam, or low emittance beam, usually means less 

beam loss and smaller necessary beam aperture. 
Considerable effort towards ultra-cold beam was devoted 
in 1990’s by two European teams (the TSR group at Max 
Planck Institute [1, 2] and the ASTRID group at Aarhus 
University [3, 4]). Both teams applied the laser cooling 
technique [5, 6] to various heavy ions and succeeded in 
reducing the longitudinal beam. However, the possible 
lowest emittance is limited by the linear coherent 
resonance crossing unavoidable in both TSR and 
ASTRID rings [4, 7, 8]. S-LSR [9], a compact ion cooler 
ring built in ICR, Kyoto University, has a potential to 
overcome the difficulties encountered by the European 
teams. For instance, we can reduce the betatron phase 
advance per single lattice period near or even below 90 
degrees and avoid strong beam heating due to the linear 
resonance crossing. It is also possible to employ the 
resonant coupling method (RCM) [10, 11] and enables us 
to produce an ultimate ion beam that has a temperature 
near the absolute zero in all three dimensions [12, 13]. 
This paper mainly concerns optimization of laser cooling 
parameter and prediction of low limit of beam 
temperature at S-LSR. 

BUNCHED-BEAM LASER COOLING 
S-LSR is a compaction cooler ring with an electron 

cooling system and a laser cooling system. It has six-fold 
symmetric lattice and each lattice consists of a bending 
magnetic two quadruples and one 1.86 m long drift line, 
two of which are occupied by an electron cooler and a 
laser-beam interaction section as Fig. 1. A 40 keV Mg+ 
beam is injected continuously into the ring and captured 
and bunched by a RF cavity. The laser is set co-
propagating with the Mg+ beam and is slightly tuned 
below the transmission frequency of the beam. With the 
synchrotron motion of bunched-beam, particles 
automatically falls into the cooling region of the laser, 
thus making bunched-beam cooling possible by single 
laser. [14] 

 
Figure 1: Layout of the ion storage ring [9]. 

In order to realize multi-dimensional laser cooling, the 
idea of RCM has been induced [10, 11]. In S-LSR, we 
adjust the working point around (vx, vy, vz) = (2.075, 
1.120, 0.075) for 2-D cooling and working point around 
(2.075, 1.075, 0.075) for 3-D cooling. Longitudinal 
direction and horizontal direction are coupled by 
dispersion; horizontal direction and vertical direction are 
coupled by solenoid field. 

Simulations are specially designed for this single laser 
bunched-beam cooling experiment at S-LSR. The 
parameters are all chosen according to the data or past 
experiment result of S-LSR. A molecular dynamic 
simulation code, CRYSTAL, developed for the laser-
cooling and crystalline-beam study, was used [12]. 

 
 ___________________________________________  
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An ideal cooling method would cool all the particles to 
a certain low temperature. However, simulation shows 
that there are always particles not captured by laser in the 
longitudinal phase space, making a hot corona existing 
together with a cold beam core. See Fig. 2 for a typical 
longitudinal phase space distribution after laser cooling.  

 
Figure 2: A typical phase-space plot after laser cooling. 
The magenta dots represent captured particles while blue 
dots shows hot beam corona. 

COOLING PARAMETER OPTIMIZATION 
In order to maximize the cooling effect, various 

parameters should be optimized. Main experimental 
parameters are summarized in Table 1. Final detuning is 
chosen as minus half of the natural band width or –Γ/2, 
where the friction force is thought to be maximum. In our 
case, the frequency is 3.34 MHz or -1.1e-5 equivalent 
momentum spread. Laser scanning is applied in S-LSR to 
perform continuous laser cooling. Other parameters such 
as adiabatic capture time, laser spot size with saturation 
parameter, and solenoid field, should be carefully 
optimized by simulation. In this part, we assume that 
intra-beam scattering (IBS) effect is small enough and 
doesn’t change the optimum value of each parameter, so 
we ignored the space-charge effect in the following 
simulations unless otherwise noted. 

Table 1: Main S-LSR Parameters 

Parameter Value 

Circumference 22.557 m 

Average Radius 3.59 m 

Ion Species 24Mg+ 

Kinetic Energy 40 keV 

Frequency 25.145 kHz

Initial Momentum Spread 7.0e-4 

Typical Laser Power 10 mW 

Adiabatic Capture Process  
At S-LSR, Mg+ beam is injected continuously in to the 

storage ring, forming a coasting beam circulating around 
the ring. To prevent emittance blowing up during the 
bunching, the adiabatic capture process is conducted in S-
LSR. During the adiabatic capture process, the RF cavity 
voltage increases linearly from 0 to designed RF voltage 
decided by the synchrotron tune. So the only parameter 
needs to be optimized is the capture time. It can be easily 

seen from Fig. 3 that adiabatic capture process is a very 
effective procedure on preventing blowing up in 
emittance due to beam bunching process and even a very 
short period, would be far better than no adiabatic capture 
process. According to the result, an adiabatic capture time 
no less than 0.1s would be preferred by avoiding phase 
space dilution and strong emittance exchange. 

(a)    (b) 

Figure 3: (a) The sum of X-Px and Z-Pz un-normalized 
emittance evolution vs. different adiabatic capture time in 
2-D case (b) Final un-normalized emittance in X-Px and 
Z-Pz directions vs. adiabatic capture turn number. 

Laser Profile Parameter 
The total output power of laser available at S-LSR has 

now become the main constraint. A maximum output 
laser power of no more than 15mW is now available. On 
the other side, by maintaining a certain laser power, the 
laser profile parameters, namely laser waist radius R and 
centre saturation parameter S are able to adjust where SR2 
is kept constant. 

As a result, optimizing laser cooling effect by 
optimizing laser waist radius and centre saturation 
parameter is important. In our simulation, laser waist 
radius varies 1.5 mm to 6 mm. IBS is turned on. And laser 
is kept at 10 mW. Laser cooling was maintained for as 
long as 5s. 2-D cooling is applied in these simulations. 
The cooling result can be seen in Fig. 4. 
 
 
 
 
 
 
 

 
(a)    (b) 

Figure 4: Laser profile parameter optimization of certain 
power of laser in 2-D laser cooling. (a) Capture rate of 
laser cooling using different vs. laser spot radius, (b) The 
final temperature of captured particles vs. laser spot 
radius, IBS on, number of particles simulated is 300. 

From the result, we can see that the capture rate goes 
down while the final captured particle temperature goes 
up with laser radius going up, indicating smaller laser 
radius would be more effective in suppressing IBS effect 
in cold beam cores. If our goal is to get lowest possible 
captured beam temperature while maintaining a 
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reasonable capture rate in real case, a smaller laser radius 
of 1.5 mm would be preferred. 

Solenoid Field 
In 3-D laser cooling process, solenoid field should be 

turned on to couple horizontal direction and vertical 
direction. However, an optimized solenoid field for S-
LSR remains unknown. In this part, solenoid field is 
changed from 50 Gauss to 400 Gauss and 3-D laser 
cooling is put forward and the cooling effect is then 
checked. The result can be seen in Fig. 5.  

According to the calculation, if our final target is to get 
a cold particle core instead of getting the lowest total 
emittance, we can find out that the best solenoid field 
would be around 100 Gauss. And no matter too big or too 
small solenoid field is not good for coupling condition. 
Low solenoid would reduce the coupling between vertical 
and horizontal direction and high solenoid field would 
break the coupling condition between longitudinal and 
transverse direction. So a suitable solenoid field should be 
chosen to attain good cooling effect. 

 
 
 
 
 
 
 
 
 

Figure 5: Result combination of cooling result vs. 
different solenoid field. 

PREDICTION OF LOW- TEMPERATURE 
LIMIT AT S-LSR 

Up to now, we have been talking about the optimum 
choices in bunched-beam laser cooling at S-LSR. Long 
term study shows that in order to achieve transverse laser 
cooling, differential resonance condition should be 
imposed. Laser scanning should also be imposed to 
increase particle capture. And it has also been suggested 
that in order to gain a more satisfactory cooling result, 
adiabatic capture process is needed. With very limited 
laser power, the laser profile should be adjusted and a 
small laser radius as 1.5 mm is preferable for compressing 
IBS heating effect. For 3-D laser cooling, a solenoid is 
opened to couple X and Y degree of freedom and the 
optimum solenoid field would be 100 Gauss. 

To see how far we can actually go under this real 
situation, IBS effect is considered in the following 
simulations. The simulated number of particle is varied 
from 200 to 1000 to see the particle number dependence 
of IBS heating in S-LSR. According to the simulation 
result, capture rate drops, final rms beam radius, 
normalized cold beam core emittance and temperature 
goes up with the number of initial particles. This is 
because IBS effect gets enhanced by larger number of 
particles. Thus we prefer lower number of particles to 

reduce IBS heating effect. However, around 1000 
particles per bunch are near the limit of detection. At that 
circumstance, we can achieve around 600 particles 
cooled. The final temperature of cold beam core would be 
around 10 K in transverse direction and 0.05 K in 
longitudinal direction, as shown in Fig. 6. 

 
 
 
 
 

 
 

(a)    (b) 

Figure 6: S-LSR real situation laser cooling simulation 
with IBS on. Cool effect of different number of particles. 
(a) Final rms beam radius vs. number of particles; (b) 
Final transverse and longitudinal temperature vs. number 
of particles. 

CONCLUSION 
The power of the cooling laser currently available in S-

LSR is quite limited. We then expect the achievable beam 
temperature to be much higher than the Doppler limit 
even with the RCM. Nevertheless, considering the high 
potential of S-LSR, according to the simulation study, 
even with this limitation in the laser system, it seems 
feasible to break the world record of lower limit of the 
beam temperature. This paper gives useful insights for the 
laser-cooling experiment under a practical situation. By 
carefully choosing laser cooling parameters, we can 
finally arrive in a cold ion beam with temperature around 
10 K in transverse direction and 0.05 K in longitudinal 
direction. However, the result is a theoretical lower limit 
achievable by current S-LSR system and recent 
experiment results still arrive in higher temperature after 
cooling [15].  And we also expect that with an upgrade of 
the laser system in S-LSR in the future, a colder beam 
with an even lower temperature would be possible to be 
realized. 
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APS FAST ORBIT FEEDBACK SYSTEM UPGRADE* 
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A. Scaminaci, N. Sereno, S. Shoaf, ANL, Argonne, IL 60439, USA

Abstract 

A real-time feedback double-sector controller (RTFB 

DSC) for the APS Upgrade has been under design for the 

past year. Using the Xilinx Zynq-7000 All Programmable 

System on a Chip FPGA residing on the ZC706 board as 

the base platform, the upgrade path interfaces to the 

existing accelerator system and modernizes the beam 

position monitoring and feedback systems. The 

modernized system increases the RTFB system sample 

rate from 1.5 kHz to 22.6 kHz. We report the plan for 

sector-by-sector upgrades that will occur during system 

shutdowns and allow the upgraded sectors to operate with 

the existing sectors. The mapping of the RTFB DSC 

architecture is shown utilizing the targeted FPGA 

features. These features include the dual ARM CortexTM 

A9 processors, multi-port DDR3 memory controllers, 

gigabit transceivers, and the programming logic 

interconnect for implementing advanced orbit feedback 

controller algorithms using floating-point DSP operations. 

The RTFB DSC FPGA architecture is revealed as well as 

subsequent progress on the chassis implementation. 

INTRODUCTION 

The RTFB DSC of the APS storage ring upgrade 

increases the processing power using modernized 

electronics to provide the functions, calculations, and 

interfaces of the present-day system and to improve the 

beam stability by increasing the sample rate to target a 

closed-loop bandwidth of at least 200 Hz.  The network 

interface elements and functions on the RTFB DSC 

incorporate the EPICS software environment to control 

the process variables to configure and monitor the RTFB 

system. The RTFB DSC gigabit transceiver cores receive 

and transmit the global BPM error matrix over the real-

time data highway (DH). The digital signal processing 

cores calculate the corrector drive vector using a response 

matrix multiplication and global BPM error vectors to 

obtain the local portion of the corrector drive vectors. The 

correction is then applied to the steering corrector power 

supplies located in that double sector. The RTFB DSC 

interfaces to a disparate and evolving set of equipment.  

The RTFB DSC advantageously uses the programmable 

FPGA features to attach to the various rates and protocols 

used by different equipment. The modern FPGA’s 

integrated features, such as high-performance embedded 

processors, integrated DDR3 cores, numerous DSP and 

BRAM cores, gigabit Ethernet controllers, and gigabit 

transceiver blocks, along with the programmable fabric, 

allow decreasing the sample period and reducing the 

delay in correcting the electron orbit.      

RTFB DSC SYSTEM ARCHITECTURE 

The real-time feedback double-sector controller 

functions in the middle of the following existing [1] and 

proposed storage ring elements: monopulse rf beam 

position monitors (BPMs), Bergoz (i.e., narrowband) 

BPMs, existing x-ray BPMs, steering corrector power 

supplies, the Experimental Physics and Industrial Control 

System (EPICS), the timing and event systems, the low-

level rf systems, and a machine (i.e., storage ring) 

protection system.  The modernized RTFB DSC FPGA 

also provides the capability to interface to commercial 

BPMs (e.g., Libera Brilliance+ [2]) and to commercial x-

ray data acquisition systems (e.g., Libera Photon [3]).  

Figure 1 is a block diagram of the system showing the 

RTFB DSC and the other storage ring elements and the 

interconnections. The upgrade design shows the mapping 

of the RTFB DSC architecture to a realizable modern 

implementation. 

Figure 1: Real-time feedback double-sector controller 

architecture. 

RTFB DSC IMPLEMENATION 

The architecture maps into three functional chassis: 1) 

the APS2VME crate, which interfaces to the exiting 

reflective memory and EPICS networks; 2) the RTFB 

DSC chassis, which uses the ZC706 board [4] with its 

FPGA Mezzanine Connectors (FMC) for interfaces; and 

3) the CMPSI-II chassis, which uses a KC705 board [5] 

and its FMC connectors interfaces as shown in Figure 2.  

 ___________________________________________  
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Figure 2: RTFB system architecture implementation using three chassis.

 

APSU2VME Crate 

The APSU2VME crate is a rack-mountable chassis 

with 3U height accepting up to five horizontally mounted 

6U cards. It contains three cards: a CPU, the Reflective 

Memory card, and the SVEC [6]. The SVEC is a versatile 

VME64x board with the features necessary to interface 

with both the existing 1.5-kHz sample network and the 

new 22.6-kHz sample network. Using the following 

SVEC features—VME64x backplane connector, front 

panel SFP module, DDR3 memories, and Spartan6 

XC6SLX150T FPGA—the BPM error matrix can be 

transmitted and received between the two systems.     

RTFB DSC Chassis 

The RTFB DSC chassis is a custom low-cost 2U rack-

mountable chassis interfacing to the BPMs, APSU2VME 

crate, commercial BPM, commercial x-ray data 

acquisition systems, and the Corrector Magnet Power 

Supply Interface—a second-generation (CMPSI-II) 

chassis.  The RTFB DSC chassis contains the following 

components to be used to execute the RTFB algorithms 

on the various interfaces: a Xilinx ZC706 board, a Faster 

Technology FM-S18 FMC [7] with eight high-speed SFP 

channels, the SFP012, and the SFP001. The SFP012 is a 

custom 12-port SFP FMC accepting low-speed SFP 

modules. The SFP001 is a custom single-port SFP card 

holding one high-speed SFP module. Additionally the 

chassis contains a 12-V power supply, a fan controller, 

fans, and external connectors: LC, Ethernet, and USB.      

CMPSI-II Chassis 

The CMPSI-II chassis is also a custom low-cost 2U 

rack-mountable chassis.  It interfaces to the RTFB DSC 

chassis, the CMPSI interfaces in the power supply (PS) 

cabinets, and a potential future high-speed sector 

corrector power supplies. The CMPSI-II chassis contains 

the following components to be used for applying the PS 

setpoints: a Xilinx KC705 board, the LVDS64, and the 

OPTO64. The LVDS64 is a custom LVDS FMC on the 

high pin count connector of the KC705. The OPTO64 is a 

custom board interfacing an LVDS cable to Harting 

connectors. The OPTO64 mounts an existing PS interface 

card. The ZC706 board and the KC705 board can 

communicate directly via the on-board SFP modules and 

the SFP001.  The low pin count (LPC) connector could 

potentially communicate with a high-speed sector 

corrector using the currently defined LPC FMC pins.        

SECTOR-BY-SECTOR UPGRADE 

By replacing existing VME crates with two 

APSU2VME crates, one at each edge of the sectors being 

upgraded, and connecting the HS RTFB DHs of the 

RTFB DSCs with the upgraded sectors containing the 

RTFB DSCs between the two APSU2VME crates, the 

storage ring can be upgraded on a sector-by-sector basis 

during scheduled shutdowns. Thus the upgraded sectors 

can operate at the 22.6-kHz sample rate as the Sector 27 

demonstration targets.    
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Figure 3: RTFB DSC FPGA architecture using Zynq-XC7Z045 FPGA. 

RTFB DSC FPGA ARCHITECTURE 

Using the Zynq-XC7Z045 FPGA features [8] and the 

features of the ZC706 board, the necessary function for 

the RTFB DSC maps can be realized. EPICS runs from 

Linux in the program space DDR3 memory on one of the 

ARM CortexTM A9 CPUs.  The RTFB algorithm runs on 

the other CPU with hardware assists from floating-point 

DSP cores in the programmable logic (PL) fabric. Figure 

3 shows the FPGA architecture.  With Vivado High-Level 

Synthesis [9] or System Generator, the RTFB algorithms 

can be implemented using floating-point DSP cores and 

exported as a PCORE. The PCOREs attach to the DDR3 

controllers, GTX, and the CPUs via the AXI interconnect.  

The RTFB CPU coordinates the flow of the error and 

response matrix data between the RTFB PCOREs and the 

LS and HS interconnections via the AXI interconnect 

using the DMA controllers.  

SUBSEQUENT PROGRESS 

 Routed versions of the SVEC FPGA with a (0) timing 

score have been created. The FPGA functions to interface 

to the existing system function and is created using the 

following FPGA features: VME64x core, VME-to-AXI 

DPR, 4-port RTFB DDR3 memory controller, Microblaze 

(MB) embedded processor with local memories and 

controllers, MB DDR3 memory, AXI interconnect, two  

AXI DMA controllers, and one GTP core. 

CONCLUSION 

The Fast Orbit Feedback System for the APS Upgrade 

utilizes the dual ARM CortexTM A9 processors, multi-port 

DDR3 memory controllers, gigabit transceivers, and the 

programming logic interconnect to advance fast orbit 

feedback to a 22.6-kHz sample rate. 
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LINEAR ANALYSIS FOR SEVERAL 6-D IONIZATION COOLING

LATTICES
∗

J. Scott Berg, Robert B. Palmer, Diktys Stratakis, BNL, Upton, NY, 11973, USA†

Abstract

In muon accelerators, ionization cooling is the only vi-

able option for reducing the muon beam emittance to values

necessary for a muon collider. An ionization cooling lattice

requires a large momentum acceptance, small beta func-

tions, an extremely large dynamic aperture, and a modest

amount of dispersion to have good performance. The latter

values are a function of beam momentum. One step in un-

derstanding the lattice performance is to determine these

quantities for a lattice cell being studied. This is mod-

estly more complex than usual since the lattice is gener-

ally highly coupled. We first review the general method for

computing these quantities for a general lattice. Then we

look at several lattices of interest, compute these quantities,

and relate their values and momentum dependencies to the

performance of the lattices.

ANALYSIS

To try to understand the behavior of cooling lattices, one

can used standard techniques for analyzing accelerator lat-

tices. These systems are highly coupled, and they are non-

symplectic due to the presence of cooling. The symplec-

ticity is further complicated by the use of kinetic momenta

in most tracking codes. Use of canonical momenta would

be challenging due to the strong transverse vector poten-

tials that arise from the use of solenoids, but would arise in

any case due to the use of short cells and large beam sizes.

Symplecticity can be further compromised by use of a non-

symplectic integrator with step sizes larger than needed for

machine precision and magnetic field approximations that

are not divergence-free.

Fixed Energy

At fixed energies, we find the closed orbit through a sin-

gle cooling cell, then look at the linear map about that

closed orbit. We then find the eigenvalues and eigenvectors

of the linear map to get the tunes and the beta functions.

More specifically, if M is the linear map about the closed

orbit, then we find a matrix A such that MA = AR, where

R is in the form








λ1 cosµ1 λ1 sinµ1 0 0
−λ1 sinµ1 λ1 cosµ1 0 0

0 0 λ1 cosµ2 λ1 sinµ2

0 0 −λ1 sinµ2 λ1 cosµ2









(1)
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Since M is not necessarily symplectic, we allow λk 6= 1.

We find the lattice parameters as a function of energy.

We will not study energies for which the lattice does not

have stable orbits in the sense that R is of the form (1).

The matrix A is not uniquely defined. There are three

different degrees of freedom. First, one can exchange the

first two columns of A with the last two columns, which

corresponds to swapping the eigenvalues. Second, one can

change the sign of one of the first two columns of A, which

corresponds to changing the sign of µ1 (similarly for the

last two columns and the sign of µ2). Finally, one can mul-

tiply A on the right by a matrix of the form (1) (but with

different parameters than R). We will define A sufficiently

to accomplish three goals: to resolve the sign ambiguity in

µk in R; to be able to compute the beta functions; and to

ensure that the two sets of eigenvalues and the beta func-

tions are continuous functions of the energy (so that the 1

and 2 indices don’t swap arbitrarily).

For a given energy, we scale both a2k−1 and a2k (aj ,

1 6 j 6 4, is the jth column of A) by the same value, and

possibly change the sign of a2k, so that aT
2k−1Ja2k = 1,

where

J =









0 1 0 0
−1 0 0 0
0 0 0 1
0 0 −1 0









(2)

and the order of coordinates is (x, px, y, py). If we change

the sign of a2k, we also change the sign of µk. There is still

an arbitrary rotation on the right side of A; we will insure

that subsequent results are independent of that rotation.

Say we compute A1 and A2 for nearby energies. We

would expect these matrices to be nearly the same, ex-

cept for an arbitrary rotation on the right side of each

one. If the columns of these matrices are a1;j and

a2;j , we compute the matrix Skl with elements skl;ij =
a
T
2;2k−2+iJa1;2l−2+j . If detS11 > detS12, then the

columns of A1 and A2 refer to corresponding eigenvec-

tors. If not, then the eigenvectors are in a different order

in A1 and A2, and for one of the matrices the first pair of

columns should be swapped with the second pair, and the

eigenvalues should be swapped as well.

Each eigenvector pair describes a corresponding set of

Courant-Snyder lattice functions. They relate the beam size

and angular divergence to the area traced out by an ellipse.

Since with coupling, oscillation is not in a fixed plane, the

corresponding quantities must be independent of direction.

They must also be independent of the arbitrary rotation on

the right side of A. By analogy to the usual quantities, we

can then define

βk = a21,2k + a21,2k+1 + a23,2k + a23,2k+1 (3)
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Figure 1: Beta functions vs. total momentum in stage 4

of the rectilinear FOFO (curves). The plus symbols are

the beta functions and total momentum for the 6-D closed

orbit.
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Figure 2: Like Fig. 1, but for the planar snake.

One could similarly define αk and γk, though the usual

relationships between these quantities do not necessarily

hold since there are additional degrees of freedom due to

coupling between the planes.

We calculate dynamic apertures as a function of energy

by launching particles along the vector

√

2J1a1 +
√

2J2a3 (4)

and keeping track of the number of turns a particle survives

as a function of J1 and J2.

6-D Fixed Point

We can also find the 6-D fixed point in the presence

of acceleration and the average energy loss in the ab-

sorbers. All calculations are as for fixed energy but with 6-

dimensional phase space vectors. Our additional variables

are time and energy. The additional rows and columns of

J may need a sign change or scaling factor depending on

the exact implementation (blindly using energy and time,

plus having momenta in eV/c, leads to a factor of −c in J
as used above). The eigenvalues will no longer have unit

magnitude even for Maxwellian fields due to the presence

of the absorber. Beta functions for the modes which are

primarily transverse are computed according to (3).
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Figure 3: Momentum range vs. the geometric average of

the beta functions at the 6-D fixed point.

One can calculate a “lossless” Q factor which arises

solely from the average energy loss in the absorber and de-

cays:

dǫ6/ǫ6
dN/N

=
−2 ln|λ1λ2λ3|(pc)τµc

L(mµc2)
(5)

where ǫ6 is the product of the emittances, N is the number

of particles, λk are the eigenvalues of the one-cell map, p
is the average total momentum for the closed orbit parti-

cle, τµ is the muon rest lifetime, mµ is the muon rest mass,

L is the cell length, and c is the speed of light. The Q
value for the real lattice [1] is lower due to multiple scat-

tering and energy straggling, which increase the emittances

and cause particles to fall out of the dynamic aperture, dy-

namical losses of large amplitude particles, and emittance

growth from mismatches and nonlinearities.

LATTICES

We study three cooling lattices. The first is a “Guggen-

heim” channel [2], where the beamline bends around in a

circle while gradually moving perpendicular to the plane

of the circle. A dipole field which is mostly in the vertical

direction is generated by tilting the solenoid coils. In ad-

dition to generating bending, this creates dispersion (in po-

sition) at a wedge-shaped absorber. The solenoid field un-

dergoes a single sinusoidal-like oscillation within the cell.

The second is a rectilinear FOFO snake [3, 4], which has

fields similar to the Guggenheim channel, but with smaller

coil tilts and therefore a smaller dipole field, but where the

beamline is straight. This requires vertical motion of the

closed orbit to correct the bending from the dipole field.

The third is a planar snake [5], which is a straight channel

like the rectilinear FOFO. However, the solenoid field in

one cell is opposite to the field in the next cell. In the pres-

ence of the dipole field generated from the tilts, this makes

the period of this lattice two “cells” long. In addition, the

direction of the tilts is chosen so that instead of dispersion

in position at the absorber, there is dispersion in momen-

tum. Thus a parallel-faced absorber can be used instead of

a wedge.

Proceedings of PAC2013, Pasadena, CA USA THPHO04

06 Accelerator Systems

A11 - Beam Cooling 1305 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 0

 10

 20

 30

 40

 50

 60

 70

 80

 0  2  4  6  8  10  12  14  16  18

L
o
s
s
le

s
s
 Q

Stage

Guggenheim

Rectilinear FOFO

Planar Snake

Figure 4: Lossless Q, vs. stage number. The planar snake

has a beta function similar to stage 4 of either the Guggen-

heim or rectilinear FOFO.

Calculations are performed using ICOOL [6] and com-

puting linear maps via finite differences.

Figures 1 and 2 show the beta functions as a function of

total momentum for a rectilinear FOFO (the Guggenheim

is similar) and the planar snake. The rectilinear FOFO and

Guggenheim operate in the passband between π and 2π
phase advance. The planar snake operates similarly, except

that the period is two cells, so what is shown in Fig. 2 is for

a phase advance from 2π to 4π. There is thus a linear res-

onance (3π) near 168 MeV/c, which despite its weakness

appears to be enough to truncate the operating passband.

One also observes a strong change in the beta functions

at the high energy end (there is a corresponding change in

the closed orbit) arising from the approach to an integer

tune. There are also indications of a coupling resonance

near 213 MeV/c.

Figures 1 and 2 also show the beta functions at the 6-D

fixed point. For the rectilinear FOFO and Guggenheim, the

beta functions are close to what is found in the fixed energy

calculation. For the planar snake, however, the beta func-

tions are very different. At the fixed point, the two betatron

tunes and the synchrotron tunes have the same fractional

part (near 0.25), and one of the transverse eigenvectors and

the longitudinal eigenvector have ellipse projections that

have nearly equal areas in the transverse and longitudinal

directions. Thus the planar snake appears to be operating

on a synchro-betatron resonance, similarly to what is de-

scribed in [7].

Energy acceptance of a lattice is important both to

achieve good longitudinal cooling and acceptance as well

as to limit losses from energy straggling. One can look at

the momentum acceptance that can be achieved for a given

beta function at the absorber. The result is shown in Fig. 3.

The planar snake has a significantly reduced momentum

acceptance compared to the other lattices. The rectilinear

FOFO (at least as designed) does not perform quite as well

as the Guggenheim for smaller beta functions.

Figure 4 shows the lossless Q for the lattices. Note

that the lossless Q is significantly lower for the rectilin-

ear FOFO than for the other lattices. Since this is mainly
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Figure 5: Dynamic aperture vs. the geometric average of

the beta functions at the 6-D fixed point. Dynamic aperture

is the average over the momentum passband of the smallest

value of Jx+Jy (normalized) beyond which there is at least

one (Jx, Jy) pair which does not survive for 20 turns.

related to the energy lost or gained in each cell, and the RF

gradients in the rectilinear FOFO are similar or larger than

those used in the Guggenheim or planar snake, one would

expect that the rectilinear FOFO could have improved per-

formance, probably via some increase in the wedge thick-

ness and subsequent tuning. This may explain the lower Q
value found for the rectilinear FOFO (maximum of 9.5 [4])

compared to the Guggenheim (maximum of 11 [2]).

Figure 5 shows the dynamic aperture plotted against the

beta function for the Guggenheim and rectilinear FOFO lat-

tices. Note that the dynamic aperture is not proportional to

the beta function for small beta (it is worse), which ulti-

mately prevents achieving smaller emittances.
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A PLANAR SNAKE MUON IONIZATION COOLING LATTICE ∗

Robert B. Palmer, J. Scott Berg, Diktys Stratakis, BNL, Upton, Long Island, New York, USA

Abstract

Muon Colliders require cooling in six dimensions (x,
x’,y, y’, t, E). Several ionization 6D cooling lattices, using
vacuum acceleration, are reviewed: RFOFO lattices, both
curved [1] and rectilinear [2] cool one sign to low emit-
tances; A Helical FOFO snake [3] cools both signs, but not
to low emittances. A Planar Snake [4] lattice is proposed
that cools both muon signs, and appears suitable for low
emittances. The parameters and performance for an exam-
ple suitable for the early stages of cooling is given.

INTRODUCTION

The Muon Accelerator Program (MAP) [5] is studying
Muon Colliders with center of mass energies from 125 GeV
to several TeV. All require 6 dimensional (x, x’,y, y’, E, t)
cooling to transverse emittances of ≈ 0.31 mm, and longi-
tudinal emittances ≈ 1.5 mm.

In transverse ionization cooling, in a low Z absorber (hy-
drogen or Lithium Hydride), both transverse and longitudi-
nal momentum are lost. Radio-frequency (rf) cavities (only
vacuum rf is considered in this paper) then restore the lon-
gitudinal momentum, leaving the reductions of the trans-
verse components. Multiple scattering leads to a minimum
(equilibrium) emittance that is proportional to the betatron
β⊥ divided by the relativistic β of the muon momentum.

For cooling in the longitudinal dimension, emittance ex-
change is required. Two methods are illustrated in Fig. 1a
and b. In a), a wedge absorber is placed in a region with
dispersion, so higher momentum muons have more energy
loss than those lower. In b) a plane slab absorber is placed
where there is angular dispersion. Emittance exchange can
also be achieved in a Helical Cooling Channel [6] where
absorbing material is everywhere while higher momenta
have longer paths.

Periodic lattices allow lower transverse betatron lengths
β⊥, but introduce integer and half integer resonances defin-
ing the operating momentum range. Figure 2a, b, and c
show three cases:

a) Simple lattices of equi-spaced solenoids operate above
the single π resonance.

b) Bi-periodic lattices [7], with pairs of coils spaced by
longer drifts operate between the 2π and π resonances and
have an attractively level β⊥ between these resonances.

c) Lattices with more complex coils sequences, such as
the Helical FOFO Snake and Planar snake, which both op-
erate between the 3π and 2π resonances.

∗Work supported by US Department of Energy under contract DE-
AC02-98CH10886

Figure 1: Emittance Exchange: a) using dispersion &
wedge absorbers; b) using angular dispersion & slab ab-
sorbers.

Figure 2: Lattice types: a) Simply periodic alternating
solenoids; b) Bi-periodic alternating solenoids; c) Higher
tune lattices (Helical Snake & Planar Snake).

GEOMETRIES
Figure 3 shows three lattice geometries. They could be

curved, but we consider only straight geometries here.

RFOFO & RFOFO Rectilinear Lattices
Using alternating solenoids, Balbekov [2] has shown that

the required dispersions can be generated by small tilts of
the coils in either a simply periodic (FOFO) or bi-periodic
(RFOFO) lattice. The tilts are small and alternate to gener-
ate periodic dipole fields (Fig. 3a). The performance of
these lattices is essentially the same as with curved lat-
tices [8], but with simpler engineering. Recent simula-
tions [9, 10], have shown cooling from emittances close
to those simulated from the initial phase rotation (15 mm
transverse, 45 mm longitudinal) to that required in the base-
line design (0.31 mm transverse and 1.5 mm longitudinal)
with acceptable particle loss (of order 50%).
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Figure 3: Geometries: a) Rectilinear RFOFO; b) Helical
FOFO Snake; c) Planar Snake.

Despite the success of such simulations, there are rea-
sons to seek alternatives. The current densities are high,
in part because the coils on either side of the absorber are
opposed; and for the same reason, the forces between them
are outward, requiring supporting structures. The engineer-
ing of wedge shaped liquid hydrogen absorber will not be
easy, and the fact that they only cool one sign is less than
ideal.

Helical FOFO Snake
The Helical FOFO Snake [3] (Fig. 3b) is based on a peri-

odic FOFO lattice with alternating focus solenoids, but the
coil tilts are no longer in a single plane. Instead, the tilt di-
rections rotate in azimuth giving closed orbits that perform
an approximation to a helix. Because the lattice does not
repeat for multiple sub-cells, there are more resonances,
and the operating momenta are restricted to tunes between
3π and 2π - as in Fig.2c.

The lattice has two very attractive characteristics: 1) it
uses absorbers with plane parallel windows that would be
much easier to build than the wedges; and 2) it works for
both signs simultaneously, possible because the lattice em-
ploys emittance exchange represented in Fig. 1b. Unfortu-
nately the absorbers are located where the β⊥s are at their
maxima making it unsuitable for cooling to the smaller
emittances.

Planar RFOFO Snake
This lattice[4] (see Fig. 3c) is, like the RFOFOs, based

on bi-periodic focusing coils that give low betas at ab-
sorbers placed between the nearer pairs. But the polari-
ties of the coils, instead of alternating, have the sequence
+|+−|−+|+ etc., where the vertical bars indicate absorber
locations. The number of field reversals is now only half
that in an RFOFO, and the coils on either side of the ab-
sorber have the same polarity. Their fields no longer buck
one another, and the magnet forces pull them together. A
disadvantage is that the phase advances are doubled and the
momentum acceptance, between 3π and 2π (see Fig. 2c) is

reduced.
An attempt to find tilts that would give dispersions at the

absorbers failed, but a solution was found, using very small
tilts, giving large angular dispersions. The solution has tilts
all in the same direction, resulting in dipole fields with the
same pattern as the solenoids. This introduces a transverse
resonance, at the tune 2π, at the high end of the momentum
acceptance. This dispersion is highly non-linear: low over
most of the momentum range, but very high near the 2π
resonance, yet, at least for the example simulated, this was
not a problem.

EARLY STAGE PLANAR RFOFO SNAKE
This example would be suitable for an early stage of 6D

cooling for a Muon Collider. Parameters are given in Ta-
ble 1. Figure 4 shows a cross section of one complete cell.
The solenoid coils are tilted in the same direction alterna-
tively by 7.3 and 17.9 mrad. The rf is at 201 MHz operating
at 17 MV/m axial gradient, and a phase of approximately
30 degrees.

Figure 5 shows the betas as a function of length for a
few cells. It is seen that, as in a normal RFOFO lattice, the
betas are much lower at the absorbers than between them.

Figure 6 shows the dispersions as a function of length
over a few cells. It is seen that, at the absorbers, the dis-
persion is not large, but the x dispersion at the absorber is
changing rapidly as a function of length, corresponding to
an angular dispersion of approximately 0.4.

Figure 7 shows the emittances and transmission. Cool-
ing is good in both transverse and longitudinal emittance,
with the rate of muon loss, after an initial miss-match,
dominated by the inevitable decays. The quality factor
Q = (dε6/ε6)/(dn/n) has a low initial value where match-
ing losses dominate; a low value at the end as the emit-
tances approach their equilibria; and a maximum value of
over 9, which is approximately the same as that with a Rec-
tilinear RFOFO lattice.

The results plotted in Fig. 7 and discussed above were
obtained using a mode of ICOOL [11] simulation in which
fields are defined along the axis, and the program derives
the fields at other locations by a 5th order extrapolation.
The lattice has since been simulated [12] with ICOOL us-
ing a field map, and also with G4BL [13] using the same
map. The results are very similar or slightly better in these
simulations.

CONCLUSION
Simulations of Rectilinear RFOFO 6 dimensional ion-

ization cooling has given the required parameters, but there
remain engineering challenges and two complete systems
are needed for the two particle signs.

A Planar RFOFO Snake, using planar absorbers, can
cool both signs simultaneously. An example lattice design
of an early stage of cooling has been simulated and gives
good performance. It uses coils on either side of the ab-
sorber, that have the same polarity, thus reducing the cur-
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Figure 4: Section of an early stage of a Planar RFOFO
Snake.

Figure 5: Beam betas as a function of length. The green
lines define the location of the absorbers.

Figure 6: Dispersions as a function of length for the early
stage lattice. The green lines define the location of the ab-
sorbers.

Figure 7: Emittances and transmission of early stage planar
snake.

Table 1: Parameters of Early 6D Cooling Lattice
gap start dl rad dr tilt I/A
m m m m m mrad A/mm2

0.50 0.50 0.5 0.77 0.11 7.3 62.22
0.75 1.75 0.5 0.77 0.11 17.9 -65.45
0.50 3.25 0.5 0.77 0.11 7.3 -62.22
0.75 4.50 0.5 0.77 0.11 17.9 65.45

material length radius
cm cm

Half absorber Liquid H2 21.3 18
Absorber window Aluminum 0.05 18
Gap Vacuum 17.15 50
6 rf cavities Vacuum 33 61
Gap Vacuum 17.15 50
Absorber window Aluminum 0.05 18
Half absorber Liquid H2 21.3 18

rent densities and forces. Non-linear angular dispersions
are obtained with small tilts (0.5-1 deg.), enhanced by the
2π resonance at the high momentum end.

The concept is similar to that of a Helical FOFO
Snake [3], but is here generated by alternating dipole fields
in a single direction, conceptually giving planar snaking
orbits, unlike the azimuthally rotating dipoles in the Heli-
cal Snake. The planar RFOFO snake allows betas at the
absorbers to be much smaller than elsewhere. This result
has been confirmed using field maps in both ICOOL and
G4BeamLine. A design reaching the required final emit-
tances has been tried, but its transmission is poor, and is
not yet understood.
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Abstract 
Efforts to experimentally prove the concept of coherent 

electron cooling are underway at BNL. A short 22 MeV 
linac will provide high charge, low repetition rate beam to 
cool a single ion bunch stored in RHIC. The linac will 
consist of a 112 MHz SRF gun, two 500 MHz normal 
conducting bunching cavities and a 704 MHz five-cell 
accelerating SRF cavity. The paper describes the SRF and 
RF systems, the linac layout, and discusses the project 
status, first test results and schedule. 

INTRODUCTION 
Coherent electron Cooling (CeC) is a technique 

promising significant luminosity improvement in high-
energy hadron-hadron and electron-hadron colliders [1]. A 
Proof-of-Principle (PoP) experiment is under preparation 
at BNL to demonstrate its feasibility [2, 3]. This 
experiment aims to cool only one ion bunch stored in 
RHIC, requiring a high-bunch-charge (up to 5 nC), but 
low-repetition-rate electron beam. The bunch repetition 
frequency (78 kHz) is equal to the revolution frequency of 
ion bunches in RHIC. A short 22 MeV superconducting 
linac is being built to provide such beam [4]. The linac 
includes two superconducting RF (SRF) systems and one 
normal conducting RF system. The two SRF systems are a 
112 MHz Quarter Wave Resonator (QWR) SRF 
photoemission electron gun [5] and a 704 MHz SRF 
booster cavity cryomodule. The normal conducting RF 
system comprises two copper bunching cavities [6] to 
provide velocity modulation for shortening the electron 
bunches between the two SRF cryomodules. The linac 
layout is shown in Figure 1. In this paper we describe the 
SRF and RF systems, report on the project status and test 
results, and discuss testing and commissioning plans. 

112 MHz QWR SRF GUN 
A superconducting 112 MHz quarter-wave resonator 

was developed by collaborative efforts of BNL and 
Niowave, Inc. [7, 8]. The gun operates at 4.5 K with 
liquid helium provided from a quiet helium source via the 
cryomodule  cryogenic tower.  We expect  to  achieve  the 

 

Figure 1: Layout of the CeC PoP linac. 

cavity quality factor of 1.8×109. The QWR’s center 
conductor geometry naturally accommodates a half-
wavelength choke joint and allows mechanical decoupling 
of the cathode assembly from the niobium cavity [9]. A 
low-RF-loss photocathode stalk operates at room 
temperature. It is hollow, allowing inserting a small 
photocathode pack via a load lock system. We plan to use 
multi-alkali (CsK2Sb or NaK2Sb) photocathodes 
illuminated with a green (532 nm) light from a laser to 
generate the electron beam. 

The 112 MHz gun is equipped with a dual-purpose 
fundamental RF power coupler / fine frequency tuning 
assembly [9]. The fine frequency tuning with a range of 
about 3 kHz will be used for remote frequency 
adjustment. It will complement a larger range (>78 kHz) 
tuner, which will be used only for an initial frequency set 
up. The mechanical design of the fundamental power 
coupler (FPC) is described elsewhere [10]. A focusing 
solenoid is placed on top of the FPC close to the 
cryomodule’s beam exit flange. 

After the first cryomodule cold test at Niowave in 
December of 2010 [7], the gun has undergone 
modifications. A new cryostat was designed and 
fabricated to be compatible with BNL’s safety 
requirements and to have appropriate interfaces for 
installation in RHIC tunnel. The modified gun was cold 
tested again at Niowave in December of 2012 and 
February of 2013. During the tests we encountered 
multipacting zones at very low fields, which were 
processed only after we modified the RF input coupler to 
increase its coupling. Eventually, the gun reached an 
accelerating voltage of 0.92 MV, limited by an 
insufficient radiation shielding of the experimental set up. 
Figure 2 shows the gun cavity performance during the 
cold test. 

____________________________________________  

*Work is supported by Brookhaven Science Associates, LLC under 
contract No. DE-AC02-98CH10886 with the US DOE. 
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Figure 2: Q vs. Vc plot showing the gun cavity behavior 
during conditioning and the final curve. 

After completion of the cold test, the gun was shipped 
to BNL and is currently installed in the RHIC tunnel. The 
commissioning will begin in early 2014. 

500 MHz BUNCHING CAVITIES 
Two single cell normal conducting cavities operating at 

500 MHz will serve as bunching cavities, imprinting a 
velocity modulation along the electron bunch. The bunch 
will then shorten as they travel in the drift space between 
the two SRF cryomodules. The cavities are a contribution 
to the experiment from the Daresbury Laboratory, UK [6]. 
Formerly, they were installed in the now decommissioned 
SRS light source [11]. Figure 3 shows a cavity layout and 
Table 1 lists its parameters. 

 

Figure 3: 500 MHz bunching cavity. 

The fundamental power coupler is of a waveguide type 
coupled to the cavity via an aperture (port) at the cavity 
top, sealed with a disk ceramic window. The coupling is 
adjusted via moving a reflection plane in the waveguide. 
The original SRS configuration included a moveable 
waveguide short, which allowed adjusting coupling for 
different beam loading. As there will be very small beam 

loading in CeC PoP, we will adjust the short position for 
unity coupling only once – no need for a moveable short. 
The two cavities will be powered in parallel from an IOT-
based RF power amplifier. 

The cavities were delivered from Daresbury to BNL in 
early 2012. They have been particulate-free cleaned and 
refurbished, vacuum baked. The cavities are installed in 
the RHIC tunnel and being prepared for high power 
commissioning. 

Table 1: Parameters of the 500 MHz Bunching Cavity 

RF frequency 500 MHz 

Accelerating voltage 0.3 MV 

R/Q 178.5 Ohm

Geometry factor 38.2 Ohm 

Cavity Q0 31,000 

Frequency tuning range 1.5 MHz 

Cavity wall losses at 0.3 MV 16.3 W 

Available RF power from IOT amplifier 50 kW 

704 MHz BOOSTER CRYOMODULE 
The 704 MHz booster cryomodule will house one 5-cell 
SRF cavity of the BNL3 shape [12-14]. The booster will 
deliver an energy gain up to 20 MeV. It will operate at 2 K 
with an internal superfluid heat exchanger to better isolate 
the cavity from microphonic noise originated in the 
cryogenic system. The mechanical design of the cold 
mass is described elsewhere [15]. A sectional view of the 
cryomodule is shown in Figure 4. A fundamental RF 
power coupler (FPC) will be of a coaxial antenna type and 
will be able to transmit power up to 20 kW CW. The 
cryomodule design is being finalized and its production 
will begin soon at Niowave, Inc. with the delivery to BNL 
scheduled for summer of 2014. Table 2 lists main 
parameters of the booster system. 

 

 

Figure 4: 704 MHz booster cryomodule for CeC PoP. 
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Two cavities have been fabricated: BNL3-1 by AES, 
Inc. and BNL3-2 by Niowave, Inc (Figure 5). Both 
cavities have undergone standard preparation for vertical 
acceptance testing (bulk BCP, vacuum bake at 600ºC for 
10 hours, light BCP, HPR). The tests will be performed in 
October/November of 2013. 

Table 2: Parameters of the 704 MHz SRF Booster 

RF frequency 704 MHz 

Maximum energy gain 20 MeV 

R/Q 506 Ohm 

Geometry factor 283 Ohm 

Cavity Q0 at 4.5 K 2×1010 

Cavity RF losses at 2.0 MV 37 W 

Frequency tuning range 78 kHz 

Qext of FPC, min. 2.8×107 

Available RF power from solid state amplifier 20 kW 

 

 

Figure 5: BNL3-2 cavity at Niowave, Inc. 

SUMMARY 
A short 22 MeV linac for the CeC PoP experiment 

comprises two SRF systems and one normal conducting 
RF system. The 112 MHz SRF gun cryomodule has been 
fabricated and tested up to 0.92 MV, limited only by 
insufficient radiation shielding. It will be re-tested and 
conditioned to full voltage after installation in the RHIC 
tunnel is complete in January of 2014. This will be 
followed immediately by commissioning of the 2 MeV 
beam line. The beam line will include two single cell 
normal conducting bunching cavities operating at 
500 MHz. The cavities were received from Daresbury in 
2012, refurbished, vacuum baked and are currently 
installed in the RHIC tunnel. Two 704 MHz 5-cell 

cavities have been fabricated. One of the cavities will be 
chosen for integration into the booster cryomodule after 
both are tested in a vertical cryostat at BNL. The booster 
cryomodule design is being finalized and its fabrication 
will begin soon at Niowave. Its delivery to BNL is 
scheduled for summer of 2014. Installation of the booster 
cryomodule will complete the CeC PoP linac. 
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Abstract 
   Based on the beam emittance measurement from the 

pickup, the RHIC Stochastic Cooling kicker uses sixteen 

narrowband high Q cavities (from 5 to 8 GHz) to kick (or 

to cool) the bunched beam on each of the two transverse 

planes in the two rings.   The cavities are integrated to 

two pairs of cavity plates and installed in two UHV 

chambers.  The new kicker features scissor like driving 

mechanism, frictionless flexure joints, water cooled 

cavity plates, small frequency shift (less than 0.05%) 

during the operation and maintenance free.  Novel 

mechanical designs, including cavity plate, vacuum, 

cooling, driving mechanism, and support structure design, 

are presented.  Structural and thermal analyses, using 

ANSYS, were performed to confirm chamber structural 

stability and to calculate the cavity plate deformation due 

to thermal and mechanical load.  Good agreement 

between the calculated cavity plate deflection and the 

expected plate deformation from the cavity frequency 

shift measurements has been achieved.    Three 

assemblies utilizing this design (1 for the vertical and 2 

for the horizontal plane) were completed for the FY2012 

run. Successful performance has been reported. 

INTRODUCTION 

   RHIC has successfully employed the stochastic cooling 

technique to counteract the emittance growth in the high 

frequency bunched beam due to Intra Beam Scattering 

(IBS) in the past several runs [1].  Two essential 

components, a pickup (to measure the beam emittance in 

the transverse directions) and a kicker (to cool the beam 

transversely), are required for the transverse stochastic 

cooling.  The new pickup design has been reported 

elsewhere [2].  This paper will focus on the mechanical 

design of the new transverse stochastic cooling kicker. 

   To minimize the input power, high Q resonant cavities 

were chosen as the new kicker in RHIC [3].  During the 

early stage kicker development, RHIC received a few 

stochastic cooling tanks from Fermilab as a gift, which 

were originally developed for the FNAL Tevatron.  To 

take advantage of these tanks, the FNAL original vacuum 

chambers and the driving mechanisms [4] were used to 

accommodate those cavities and to drive them from the  

cooling position (with a smaller aperture) to the standby 

position (with a larger aperture for the injected beam).      

There are several disadvantages with these designs: (1) 

The cavity plate guide shafts could get stuck in vacuum, 

(2) The beryllium copper RF spring fingers could lose 

their contact with the beam pipe, (3) The actuator could 

deliver an excessive force to bend the shaft, (4) The 

vacuum space is too small for the application, and (5) The   

cavity frequencies are not repeatable. 

The newly developed transverse stochastic cooling 

kicker has addressed all the mechanical problems 

described above.   Novel mechanical designs for the 

system are described below.    Structural and thermal 

analysis results are also presented.  

 

DESIGN REQUIREMENTS 

   The mechanical design requirements for the new 

transverse stochastic cooling kicker are: (1) To  provide 

16 high Q cavities, spanning the bandwidth of 5 to 8 GHz 

in 200 MHz intervals, for each kicker, (2) To split the 

cavities on the median plane and integrate them into two 

pairs of cavity plates, (3)To maintain repeatable cavity 

resonant frequencies, with a frequency shift of no more 

than 0.05% of their frequencies,   (4) To provide a reliable 

actuator for the cavity plates, (5) To keep the cavity 

aperture at 20 mm, during the operation, and at no less 

than 124 mm, when not in use, (6) To provide a  

sufficient space in the vacuum chamber for an easy access 

and the installation of the cavity plates,   (7) To provide  

adequate structural stability of the vacuum chambers and 

the support stands, and (8) To provide a bakable (up to 

200
o
C) and maintenance free vacuum design.     

 
Fig. 1: One Half of a Horizontal and a Vertical Transverse 

Stochastic Cooling Kicker Assembly. 

 

 ___________________________________________  

*Work supported by Brookhaven Science Associates, LLC under 

Contract No. DE-AC02-98CH10886 with the U.S. Department of 

Energy     
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   TRANSVERSE KICKER ASSEMBLIES 
   The 16 cavities in each assembly are installed in two 

UHV chambers.      Fig. 1 shows one half of a horizontal 

and a vertical transverse kicker assembly.   One vertical 

and two horizontal kicker assemblies were completed for 

the FY2012 run.   

 
Fig. 2: A Typical Cavity Plate.    

Unique Cavity Plate Design 

   Each 292 x 743 x 38 mm cavity plate is made of 

aluminum alloy 6061-T6 (Fig. 2), which is copper plated 

(25 microns thick) by Epner Technology.    Flatness 

requirement on the split surface is within 13 microns 

along the plate length.   Cavity shapes were accurately 

machined and fine cut by removing a small amount of 

material at a time to achieve the desired frequencies and 

the bandwidths.   To obtain a repeatable cavity frequency, 

a closing force of ~ 13.6 kg (for the horizontal kicker) and 

of ~10 kg (for the vertical kicker), between two mating 

cavity plates, is required.    Extension springs, by Lee 

Springs, were used on the side of each cavity to provide 

these forces (see Fig. 3).    One cavity plate, with stiffer 

springs, serves as the hard stop to the mating plate, when 

the cavity plates are closing to each other.  

   The 50 ohms .14” (3.58 mm) OD semi-rigid shielded 

power cables, which were made by Advanced Technical 

Materials,   are supported and cooled by the water cooled 

cavity plates (see Fig. 3 or  Fig.4).  Four ¼”-28 silver 

plated set screws, which are secured by four jammed set 

screws, are provided on each side of a cavity to tune the 

cavities (See Fig. 4). 

 
Fig. 3: Scissor Like Actuator. 

Scissor Like Actuator   

   To take advantage of the commercially available  

frictionless pivot bearings, the scissor like actuators  

(Fig. 3) were chosen to drive the cavity plates.      Each 

actuator includes a ball screw actuator (Motion Systems, 

85151DUB) and a linkage bar, which are driven by a DC 

motor (Motion Systems, 73464-400 24V). The actuator 

could be disengaged from the motor at both ends of the 25 

mm stroke.    Each cavity plate is supported by a pair of 

frictionless pivot bearings (C-Flex Bearings, JD-20).      

The cavity plates are lifted and rotated, like a scissor, 

about their pivot bearings.    With both cavity plates 

rotated an angle of ~ 8 degrees from the vertical median 

plane in the opposite direction, the required aperture of 

124 mm is achieved.  A mechanical stop is provided to 

keep the two cavity plates parallel to each other when 

they are at the closed position.  

 
Fig. 4: Cavity Plate Assembly inside the UHV Chamber. 

Custom Made Feedthru and Cable Strain Relief 

   To produce a reliable (high yield and bakable to 200
o
C) 

RF feedthru for the kicker, a custom designed RF 

feedthru was developed. The new 50 ohms SMA power 

connector is shown in Fig. 4, which has a stainless steel 

housing, a kovar center conductor, an alumina insulator 

and a Teflon insulator.    The center conductor and the 

alumina insulator were silver brazed to provide the 

vacuum seal, which was fabricated by INTA 

Technologies.   Ten custom made feedthrus were 

fabricated for testing, which were 100% leak tight and 

bakable to 200
o
C.    To provide a strain relief to the 

unsupported cable, between the feedthru and the cavity 

plate, and to provide a vacuum seal to the feedthru, a 

novel dual purpose tubular shape copper gasket was also 

fabricated and installed (Fig. 4).   

 

Stress Free Image Current Transition Piece   

   Image Current Transition Pieces (ICTP) are required to 

fill the gaps between the cavity plates and the neighboring 

beam pipes so that the excitation of high-order resonant 

modes could be avoided.  Due to the scissor like motion 

of the cavity plates, the ICTP would fail easily with the 
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repetitive and excessive bending and twisting stresses. A 

novel stress free transition piece has been successfully 

developed for the purpose (see Fig. 4), which installs a 

single end flex- hinge (SDP/SI S99FXS-075020) between 

the ICTP and the cavity plate to prevent the piece from 

rotating with the plate.   

 

Low Thermal Noise Water Cooling Design   

   During operation, the power dissipation from each 

cavity and from each power cable are about 3 Wand 1 W 

respectively.   With a water pipe rigidly attached the 

cavity plate (see Fig. 3), the calculated temperature 

gradient and the maximum thermal deformation on the 

cavities are 0.9
o
C and 160 microns respectively, which 

would result unacceptable frequency shifts in the cavities.   

Part of this deformation is caused by the different thermal 

expansions between the stainless steel pipe and the 

aluminum cavity plate.  A novel flexible heat sink design 

(see Fig. 4) was developed to resolve the problem, which 

press fits the water pipe onto the fins of a convective heat 

sink (AAVID Thermalloy, Part no: 74925) so that the 

thermal contraction of the cooling pipe would not deform 

the cavity plate.   Assuming that the water temperature 

was at 104
o
F (or 40

o
C), the thermal analysis result (using 

ANSYS) showed that the maximum temperature gradient 

would be ~ 1
o
C (see Fig. 5) and the maximum thermal 

deformation would be ~ 25 microns (.001”) across the 

cavities, which is equivalent to a frequency shift of ~5 

MHz.  The predicted frequency shift agrees with the 

frequency measurements on the cavities. To meet the 

design requirement, the frequency shift can be further 

reduced to ~2 MHz by a proper tuning on each cavity.  

 
Fig. 5: Temperatures and Deflections on a Cavity Plate. 

Large Rectangular Vacuum Chamber 

     Each UHV chamber has an interior dimension of 851 x  

381 x 406 mm to allow install the cavity plates easily.    

Due to the rectangular opening and the long sealing 

length (~2565 mm long) on the top lid, no gaskets, 

including the Helicoflex metallic delta seal, could make a 

reliable UHV seal on top of the chamber.   The solution 

was to weld the top lid onto the chamber and to protect 

the weld with a few stiffener bars around the chamber 

(see Fig. 1).    Assuming that a 15 psi (0.1 MPa) external 

pressure is applied on the stainless steel chamber,     the 

calculated maximum Von Mises stress along the weld  is 

21086 psi  (0.145 GPa) (a safety factor of 1.4 to yielding 

strength) (Fig. 6) and  the maximum deformation on the 

chamber is 0.3mm. 

 
Fig. 6: Stresses on the vacuum Chamber. 

CONCLUSIONS 

   We have developed a novel 5-8 GHz bandwidth 

bunched beam transverse stochastic cooling kicker, which 

uses scissor like actuators to drive the high Q cavity 

plates around the frictionless pivot bearings to obtain the 

required apertures.    With a proper closing force applied 

on the cavity plates, using the flexible water cooled heat 

sink, and with some tuning, the cavity frequencies   are 

repeatable within 0.05% of their frequencies during 

operation.   By using the stress free Image Current 

Transition Pieces, eliminating wearable components, 

relieving strains on the power cables, silver plating or 

dicroniting stainless steel hardware, using only 

continuous water pipe, and venting all trapped vacuum 

volumes in the vacuum chamber, the vacuum components 

are virtually maintenance free. Three kicker assemblies 

were completed for the FY2012 run. Successful 

performance has been reported. 
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ROBUST MECHANICAL DESIGN FOR RHIC TRANSVERSE 
STOCHASTIC COOLING PICKUP 

C.J. Liaw, J.M. Brennan, J. Tuozzolo, K. Mernick, V. De Monte, M. Myers 
Brookhaven National Laboratory, Upton, NY 11973, USA 

Abstract 
The RHIC transverse Stochastic Cooling Pickup uses a 

pair of high resolution 4-8 GHz frequency band planar 
loop arrays to measure the Schottky signals from the 
bunched beams in the two transverse planes of the two 
rings.  Precision alignment between the two 381 mm long 
array boards was achieved by surveying two specially 
designed alignment fixtures outside the vacuum chamber 
and using a pair of high resolution, motor controlled, and 
force balanced actuators. Robust mechanical design was 
achieved by excluding wearable mechanical joints and 
fragile electronics inside the vacuum chamber.  Both 
mechanical designs and structural analysis results, for the 
vacuum chamber and for the array board supports, are 
presented.  Two horizontal and two vertical plane pickups 
have been fabricated and installed in RHIC for the 
FY2012 run.  Successful performance has been reported.    

INTRODUCTION 
The injected ion beams inside the two RHIC rings have 

a typical bunch rate of 10 MHz with 5 ns in length. The 
number of particles per bunch varies from 2 x 108 (for 
uranium) [1] to 1.5 x 109 (for gold) [2].  Due to intra-
beam scattering (IBS), beam emittance would grow and 
reduce the intensity and the lifetime of the beam.  RHIC 
has been successfully applying the stochastic cooling 
technique to correct this problem in the past 10 years.  
Based on the experience, a new transverse stochastic 
cooling system, which includes a broad band pickup and a 
kicker, has been developed recently.   This paper will 
focus on the mechanical design of the new pickup.   

McGinnis (1991) [3] developed a 4-8 GHz bandwidth 
bunched beam Stochastic Cooling Arrays for the Fermilab 
Tevatron.   Due to the strong coherent frequency 
components presented in the high frequency bunched 
beam, the common mode Schottky signals from the two 
planar loop couplers must be subtracted before taking the 
measurement, which requires a high precision and 
repeatable mechanical alignment between the two arrays 
[3].  Hurh (1993) [4] designed a bunched beam Stochastic 
Cooling Tank for the FNAL Tevatron, which integrated 
the loop arrays into a vacuum chamber.  The arrays were 
driven by two stepper motors through two guided 
plungers, which could provide different apertures for the 
changing beam size.  Hurh’s original design, however, 
has a few disadvantages, which include (1) The Teflon 
coated array board guiding shafts and the piezoelectric 
crystal inchworm motor could get stuck in vacuum, (2) 

The two pieces design BeCu image current transition 
assembly could buckle and reduce the aperture 
unexpectedly, and (3) The BeCu spring fingers on the 
image current transition assembly could lose their elastic 
strength and the contact forces on the beam pipe after the 
vacuum bake out.  

Wei (2004) [5] applied the coasting beam theory and 
demonstrated that a 3-D stochastic cooling system with a 
4-8 GHz bandwidth could effectively counteract IBS in 
RHIC.  The 4-8 GHz Bunched Beam Stochastic Cooling 
Arrays, which were developed by McGinnis,  were 
therefore adopted and retrofitted to become the  sensor in 
the new pickup design.  The newly developed transverse 
stochastic cooling pickup has addressed all the 
mechanical problems described above.   Both mechanical 
designs and the supporting structural analysis results are 
presented below.    

 
Figure 1: Horizontal and vertical stochastic cooling 
pickup. 

MECHANICAL DESIGN OF THE 
TRANSVERSE STOCHASTIC PICKUP 
The transverse stochastic cooling pickup could be 

installed either horizontally or vertically (see Fig. 1) to 
measure the Schottky signals from the RHIC bunched 
beam in the corresponding planes.   The pickup integrates 
a pair of printed planar loop arrays, produced by Fermilab 
[3], with two aluminum backing boards being retrofitted 
into the newly designed UHV chamber.  Two pickup 
leads and a proximity sensor (which is a pair of gold 
plated SST spring fingers, made by Lairtech) are provided 
on the two 381 mm x 152 mm x 17.5 mm array boards. 
Each array board is cantilever supported by a motor 
controlled precision linear stage, which is mounted on a 
four axes (X-Y-Z-theta) adjustable table.   The linear 
stages provide a fine tuning on the relative alignment 
between two array boards in the X and the Z (or beam) 
direction.  The alignment accuracy between the two array 
boards is required to be maintained within 50 microns 

 ___________________________________________  

*Work supported by Brookhaven Science Associates, LLC under
Contract No. DE-AC02-98CH10886 with the U.S. Department of 
Energy. 
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during the operation. Apertures between the two pickup 
arrays are 0.7” (18 mm) and 3.5” (89 mm) for the 
operation and the standby positions respectively.    

Precision Alignment between Array Boards  
Precision alignment between two loop arrays was 

achieved by accurately monitoring the array positions, 
using the laser survey technology, and by using motor 
controlled high precision actuators to drive the array 
boards.  To monitor loop array positions without breaking 
the vacuum, two special external alignment fixtures (Fig. 
2) have been designed and installed on the mounting 
stages.  Each fixture has four targets on the four corners.  
The distance between two targets was chosen to be the 
same as the plunger length so that one could measure the 
misalignment directly on the fixture.   To position the 
array boards accurately, two high precision AeroTech 
Stages (AST150-100), with a stroke of 1.8” (46 mm), are 
used to drive the array boards perpendicularly to the beam 
direction through two rigid plungers (see Fig. 1).   One of 
the AST150-100 stages is stacked with an AST100-050 
stage, with a +/- 1 mm adjustment, to provide a 
longitudinal (or beam) direction adjustment.   Both 
AST150-100 and AST100-050 have a resolution of 0.5 
microns with a position accuracy of better than 5 microns.   
An alignment accuracy of ~15 microns is achievable 
between the two array boards.  All the stages were custom 
retrofitted with a ‘Home’ position at the middle of the 
stroke.   Two welded bellows (Standard Bellows SBC 
300-200-3) were installed on both sides of each actuator 
stage to balance the vacuum forces on the stage.   

 
Figure 2: External array board alignment fixtures. 

Signal Feedthroughs and Cable Strain Relief  
To seek for a more reliable RF feedthrough design, two 

types of signal feedthroughs were developed and tested 
on the pickup device for the comparison.  One is a custom 
design and was fabricated by INTA Technologies, which 
provides the vacuum seal by brazing the alumina insulator 
onto a kovar center conductor (Fig. 3(A)).  The other one 
is designed and made by SRI Hermetics (SRIVF102), 
which used the glass seal technology to seal a copper 
center conductor and a stainless steel housing (Fig. 3(B)).  
The former has a higher bake out temperature of 300oC 
and the latter gives a broader bandwidth. Both designs 
have a reasonable high yield.  

To provide a strain relief to the unsupported cable, 
between the feedthrough and the array board, and to 

provide the vacuum seal, a dual purpose custom made 
copper gasket (made of 1/4 hard oxygen free copper) was 
also developed (Fig. 3(C)).    

 
Figure 3: (A)INTA feedthru, (B) SRI feedthru, and (C) 
dual purpose copper gasket. 

Long Lived Image Current Transition Piece 
Image Current Transient Pieces (ICTP), which bridge 

the array boards and the beam pipes, are required to 
eliminate the excitation of the high-order resonant modes.   
To accommodate the aperture variations and to have a 
long service life, a special ICTP had been developed.    
Each ICTP includes a flexible 13 x 48 x 0.25 mm thick 
beryllium copper (C17200 Alloy 25) strip and a rigid 
copper plated 0.76 mm thick stainless steel structure (see 
Fig. 1), which has a rectangular opening on one end and a 
circular opening on the other end.  Copper plated SST 
spring fingers are installed on the circular end, which are 
secured by a stainless steel spring ring, to provide a 
positive contact to the beam pipe.   The stainless steel 
structure and the spring fingers are bakable to 300oC 
without losing their elastic strength.  Fatigue test result, 
with repetitive bending between the minimum and the 
maximum aperture, demonstrated that the life time of the 
beryllium copper strip could exceed 10 k cycles without a 
failure, which is far beyond the application.  
Maintenance Free Vacuum Design 

Materials inside the vacuum chamber, which include 
stainless steel, copper, carbon coated polyimide, ferrite 
and aluminum are low outgassing. Vacuum components 
were cleaned and baked at 450oC for the stainless steel 
material and at 150oC for other materials before the 
installation. Venting holes were provided for all the 
trapped volumes.  Stainless steel bolts were silver plated 
to avoid galling in vacuum.  A vacuum pump (SAES 
Getters Model 4H0426) is installed underneath the 
vacuum chamber to maintain an UHV inside the chamber.  
There are no wearable components inside the vacuum 
chamber.   

STRUCTURAL ANALYSES 
Stage Linear Bearing Lifetime Analysis 

The load distributions on the actuator stages were 
carefully planned and analyzed to increase the lifetime of 
the stage linear bearings.   Figure 4 shows the actual stage 
loads vs. load capacities at the calculated CG locations 
and the expected travel life time for the stage bearings. 
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The results show that the travel lifetime with the current 
design would be no less than 2.3 x 109 mm.   

Figure 4: Actuator stage loads and stage bearing lifetime. 

Support Structure Stress Analysis 
The horizontal and the vertical stochastic cooling 

pickup assemblies have an overall weight of 193 kg and 
315 kg respectively. When the chamber is in vacuum, a 
pressure load of 15 psi is applied on the surfaces of the 
chamber. All the components, except the pickup device 
and the supporting plates (which are made of aluminum), 
are made of 304 stainless steel.     Stress analysis results, 
using ANSYS, showed that for the worst case when the 
pickup is supported vertically, the maximum stress and 
the maximum deformation on the support structure, due to 
the loads described above, are 6019 psi (41.5 MPa) (with 
a safety factor of 5 to yield) and .007” (0.18 mm) 
respectively (Fig. 5).  The results have confirmed the 
structural stability of the pickup design. 
  

 
Figure 5: Structural analysis results using ANSYS. 

CONCLUSIONS 
We have developed a new mechanical design for the 

transverse stochastic cooling pickup, which can monitor 
and align the two 4-8 GHz bandwidth bunched beam 
Stochastic Cooling Arrays precisely without using any 
wearable mechanical guiding shafts or fragile electronics 
inside the vacuum chamber.  The success of the custom 
designed image current transition piece, signal 
feedthrough, and cable strain relief has also improved the 
reliability of the vacuum components during operation.  
The pickup has been successfully operated since the 2011 
run.  The mechanical design has been proven to be robust. 
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HIGH INTENSITY RHIC LIMITATIONS DUE TO SIGNAL HEATING OF 
THE CRYOGENIC BPM CABLES * 

P. Thieberger, C. Pai, K. Mernick, T. Miller, M. Minty, K. Hamdi, A. Ghosh and J. D’Ambra 
Collider Accelerator Department, Brookhaven National Laboratory, Upton NY 11973, USA

Abstract 
The signal cables from the beam position monitors 

(BPMs) in the cryogenic sections of the Relativistic 
Heavy Ion Collider (RHIC) need to satisfy somewhat 
conflicting requirements. On the one hand, the cryogenic 
load due to heat conduction along the cable needs to be 
small, which led to the use of stainless steel jacketed 
cables with Tefzel insulation.  On the other hand, radio 
frequency losses need to be reasonably small to reduce 
heating due to dissipated signal power. As the beam 
intensity in RHIC increased over the years, and the 
bunches are becoming shorter, a point is being rapidly 
approached where these cables will soon become a 
performance limiting factor. Here we describe an 
extensive study of this problem including cable loss 
measurements as a function of temperature and 
frequency, characterization of the copper center 
conductor, and simulations using Particle Studio (PS) and 
ANSYS. 

INTRODUCTION 
The signal heating limitations of the RHIC cryogenic 

BPM cables were recognized and analyzed in 1995 [1, 2]. 
In particular, the Tefzel insulator has an operational 
temperature limit of 150 oC. Continuing RHIC upgrades 
to higher luminosities will hopefully lead next year [3] to 
the new goal of 111 bunches of 3E11 protons each with 
an RMS bunch length of 20 cm (henceforth the “upgraded 
beam”). The cable limit is expected to be approached, and 
more detailed estimates have now been performed to 
ensure safe and reliable operation. 
          

CABLE LOSS MEASUREMENTS  
Cable losses as a function of frequency were measured 

with a signal analyzer at eleven temperatures ranging 
from 4 K to the maximum operating temperature of the 
cable which is 423 K (150 oC). To perform these 
measurements at the various temperatures two different 
cryostats, an ice bath and an oven were used. A spare 
RHIC 125 cm long BPM cable was formed into a 10 cm 
diameter spiral and connected to two lead-in cables of the 
same type.  

To take into account the temperature dependent losses 
in these lead-in cables, a short (8 cm long) “dummy” 
connection was used as shown in the Fig.1 inset, and the 
results shown in figure 1 were obtained by subtracting at  
_______________________ 
* Work supported by Brookhaven Science Associates, LLC under 
Contract No. DE-AC02-98CH10886 with the U.S. Department of 
Energy. 

 
Figure 1: Cable attenuation as function of frequency 
measured at 11 temperatures ranging from 4 K to 423 K; 
the operating temperature limit for the cable. 

each temperature the losses measured with the dummy 
from the ones measured with the sample under identical 
conditions.  The frequency range up to 500 MHz contains 
over 95% of the signal power for 20 cm rms bunches. 

From these curves, the losses per unit length are later 
calculated considering an effective cable length of 125 – 8 
= 117 cm where 8 cm is the length of the “dummy” 
connection. The Fig. 1 data show that above ~180 MHz, 
some of the lower temperature losses are larger than 
losses at higher temperatures. This surprising behavior, 
which was confirmed by repeating the measurements with 
different signal analyzers, is probably due to peculiarities 
in the dielectric losses in the Tefzel insulator. 

 
THERMAL CONDUCTIVITY 

 
Figure 2: Thermal conductivities used for the simulations.  
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The thermal conductivity of copper is a sensitive function 
of the impurity content and was determined by measuring 
a Residual Resistivity Ratio value of 131. Values of the 
thermal conductivity parameterized for various RRR 
values given by NIST [4] were used to calculate the 
thermal conductivity curve for copper through 
interpolation. The curve for Tefzel was generated from 
the room temperature value [7] adopting a slope similar to 
the one for Teflon. As shown in Fig. 2, this conductivity 
is so small that it isn’t very significant.  
 

SIGNAL AMPLITUDE AND FREQUENCY 
SPECTRA 

The current pulse into 50 Ω generated by a BPM 
stripline is due to a superposition of charges induced 
directly by the beam and the ones reflected by the delay-
line structure formed by the stripline and the rest of the 
BPM. In addition, that charge of course depends on the 
beam position. An extensive series of Particle Studio (PS) 
[5] simulations was performed to characterize these 
signals as a function of position for the three types of 
cryogenic BPMs present in RHIC (see Table 1).  

 
 

Figure 3: Cutaway view of the Type 2 BPM model used 
for the Particle Studio simulations. 
 

Figure 3 is a cutaway view of one of the BPM PS 
models used for the simulations. The number of mesh-
cells used was about 195,000. At the ends of the 
striplines, where in reality 50Ω feedthroughs are located, 
these feedthrough were simulated by 50 Ω resistors 
connected between the tip of the stripline and the vacuum 
housing.  Figs. 4 and 5 show some of the results for a 
Type 2 BPM (see Table 1). 
 
HEAT TRANSPORT SIMULATIONS 
 

Power density inputs for the ANSYS heat transport 
simulations (Fig. 6) are calculated as if all the losses were 
dielectric. In reality resistive losses contribute too. The 
other extreme case of resistive losses only was also 

simulated with nearly identical results. The cable 
diameter is small enough to make it practically irrelevant 
where along the radius the energy is deposited. 
 
 

 
Figure 4: PS simulated signal amplitudes and powers 
from two opposite striplines induced by an upgraded 
beam displaced by 10 mm from the center line. 

 
 

 
 

Figure 5: PS simulated signal power as function of beam 
position from two opposite Type 2 BPM striplines. 

 
  
 

 
Figure 6: Power density in Tefzel as a function 
temperature calculated by convolving the cable frequency 
response with the signal frequency spectrum. 
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Figure 7: Schematic representation of the geometry used 
for the ANSYS heat transport simulations. 

 
The geometry used for the ANSYS heat transport 

simulations is shown in Fig. 7. The curve labeled 1.00 in 
Fig. 8 shows the ANSYS simulated temperature profile 
along the cable for a type 2 BPM with a centered 
upgraded beam. The power or load factors labeling the 
other curves correspond to powers larger by the indicated 
factors. 
 

 
Figure 8: Cryogenic cable temperature profiles obtained 
from the ANSYS simulations. The curve labeled 1.00 
corresponds to the upgraded beam centered in a type 2 
BPM. The other labels indicate correspondingly higher 
power factors. 
 

 
Figure 9: Peak temperatures as function of the load factor 
where 1.0 corresponds to the upgraded beam centered in a 
Type 2 BPM. The jump at the “cold” or BPM side of the 
cable indicates an incipient temperature runaway situation 
that must be avoided.  

RESULTS AND CONCLUSIONS 

The  maximum  allowable  beam  displacements  to  just 
avoid  the  incipient  temperature  runaway  situation shown 
in Fig. 9 are shown in Fig.10 and Table 1. 

 
Figure 10: Maximum allowed beam displacements as 
function of bunch intensity of 111, 20 cm RMS bunches 
for the three types of BPMs. 
 
Table 1: Maximum beam displacements to avoid cable 
damage with the upgraded beam for the 3 types of BPMs 

BPM 
Type 

#of 
planes 

Location Radius 
(mm) 

Max. x 
(mm) 

#1 1 Arcs 34.5 7.3 
#2 2 Arcs 34.5 10.4 
#3 2 Triplets 53.7 16.1 

 
These results are more detailed than- but in general  

agreement with the ones obtained before [1, 2]. As shown 
in Fig. 10 and Table 1, operation with the upgraded beam 
should be possible provided excessive beam position 
excursions can be precluded by the use of beam abort 
interlocks. In practice, we note that there is some 
performance uncertainty due to crimping of the cable 
ends in the early days of RHIC [6].  In the future, we plan 
to verify the temperature rise predictions presented here 
with measurements using thermocouples 
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UPGRADING THE RHIC BEAM DUMP FOR HIGHER INTENSITY∗

C. Montag, S. Nayak, L. Ahrens, W. Fischer, H. Hahn, C.J. Liaw,
J. Mi, T. Roser, P. Thieberger, J. Tuozzolo, K. Yip, W. Zhang

BNL, Upton, NY 11973, USA

Abstract
Mechanical analysis of the RHIC beam dump window

has shown that present heavy ion beam intensities are close
to the tolerable limit, and will likely exceed that limit in
future runs. Two approaches to upgrade the abort sys-
tem for those projected higher intensities have been stud-
ied, namely replacing the existing window, and adding a
vertical kicker that distributes the individual bunches more
evenly across the window, thus reducing the heat load. We
present the results of these studies and the present status of
the upgrade project.

INTRODUCTION
The RHIC beam is aborted by a set of five kickers that

deflect it horizontally into the dump. The dumped beam
first passes through a 50 cm long C-C carbon block that
dilutes its emittance before it exits the RHIC vacuum en-
closure through a pair of 17-7 PH steel windows. Outside
the beam vacuum, the aborted beam is diluted further by
a second carbon block before it is absorbed by a massive
steel block.

The RHIC beam dump system was originally designed
for a 100 GeV/nucleon gold bunch intensity of 1 · 109 Au
ions/bunch in 56 bunches. During the 13 years of RHIC
operation, the actual beam intensity has been increased
by more than a factor 2, to 1.3 · 109 Au bunches in 111
bunches. In addition, stochastic cooling [1] now results in
much smaller emittances than originally envisioned during
the RHIC design phase [2]. These developments led to a
re-evaluation of the integrity of the vacuum window.

NUCLEAR INTERACTION AND
MULTIPLE SCATTERING IN THE C-C

CARBON BLOCK
Due to stochastic cooling the Au beam emittance in

RHIC depends strongly on the bunch intensity. A simple
scaling law can be derived from the fact that cooling rate
and intrabeam scattering (IBS) growth rate counterbalance
each other in the equilibrium.

With the cooling rate scaling with the bunch intensity as

τ−1
cool ∝

1

N
(1)

and the IBS emittance growth rate scaling as

τ−1
IBS ∝ N

ϵ2⊥ϵL
, (2)

∗Work supported by Brookhaven Science Associates, LLC under Con-
tract No. DE-AC02-98CH10886 with the U.S. Department of Energy.

Table 1: Double-Gaussian Fit Parameters for the Energy
Deposition for Two Different Beam Emittances

emittance [πmmmrad] 4 8
bunch intensity 109 0.7 1.6
A1 [MeV/cm3] 43.0 · 1013 66.8 · 1013

σ1 [mm] 0.51 0.62
A2 [MeV/cm3] 0.77 · 1013 1.74 · 1013

σ2 [mm] 5.25 5.26

where ϵ⊥ and ϵL are the transverse and longitudinal emit-
tances, respectively, the transverse emittance is therefore
proportional to the bunch intensity [3]

ϵ⊥ ∝ N (3)

for a constant longitudinal emittance ϵL. This scaling rule
agrees well with simulation results that show a trans-
verse equilibrium normalized 95 percent emittance of
4πmmmrad for 0.7 ·109 Au ions/bunch, and 8πmmmrad
for 1.6 · 109 Au ions/bunch [3].

The interaction of a single incoming bunch with the C-C
carbon block and the resulting energy deposition is simu-
lated using the code MCNPX [4]. Nuclear interaction and
multiple scattering in the C-C carbon block widens the dis-
tribution and reduces the peak intensity of the round Gaus-
sian beam, while at the same time producing significant
non-Gaussian tails. The resulting distribution is described
by a double-Gaussian fit as

ρ(r) = A1 exp

(
− r2

2σ2
1

)
+A2 exp

(
− r2

2σ2
2

)
, (4)

where r is the radial particle coordinate, and A1, A2 and
σ1, σ2 are the normalized amplitudes and RMS widths
of the double-Gaussian distribution. Table 1 lists the
double-Gaussian fit parameters for two different emit-
tances. Together with the abort kicker pulse shape, the spa-
tial energy distribution on the abort kicker window for the
entire 111 bunches can then be calculated.

MECHANICAL AND THERMAL STRESS
IN THE WINDOW

The RHIC beam dump system aborts the beam by apply-
ing a horizontal kick. The pulse shape of these abort kick-
ers is designed such that after an initial fast rise that kicks
the first bunch across the septum, the remaining bunches
are spread out in a straight line by an oscillatory behavior
of the kick, as shown in Figure 1.
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Figure 1: Kicker pulses for full kicker strength, and re-
duced strengths of 80 and 64 percent.

Figure 2: Heat input of 111 bunches of 0.7 ·109 Au ions on
the beam dump window, assuming a 95 percent normalized
emittance of 4πmmmrad.

This oscillating kick results in several distinct hot spots
on the window surface where bunches are dumped in close
vicinity due to the near-zero slope of the kicker pulse at
its minima and maxima. Figure 2 shows the heat input
for 111 gold bunches with a bunch intensity of 0.7 · 109
Au ions/bunch and a 95 percent normalized emittance of
4πmmmrad on the existing steel dump window. Table 2
lists the material properties for the 17-7 PH steel used for
the RHIC abort window.

In the numerical analysis of the mechanical and thermal
stress in the window we require a safety factor of two. An
analysis of the heat deposition in the window reveals that at
a 95 percent normalized emittance of 4πmmmrad a max-
imum bunch intensity of 0.7 ·109 gold ions per bunch is al-
lowable. In this case, the maximum stress reaches half the
yield stress of the present 17-7 PH steel window [5]. The
success of the stochastic cooling effort results in emittances
of 8πmmmrad at bunch intensities of 1.6 · 109. This will
shrink the safety margin for the window below an accept-
able level, so the beam dump system needs to be upgraded
in the near future.

Table 2: Material Properties of 17-7 PH Stainless Steel and
of Titanium 6242 Alloy

steel Ti
17-7 PH 6242

elastic modulus [GPa] 197 115
Poisson’s ratio 0.29 0.32
yield stress [MPa] 940 960
ultimate stress [MPa] 1289 1016
therm. cond. [W/m ·K] (100◦C) 16.4 7.1
therm. cond. [W/m ·K] (500◦C) 21.8
therm. exp. coeff. [µm/(m ·K)] 12 8.1
specific heat [J/(kg ·K)] 460 460
melting point [◦C] 1400 1700
density kg/m3 7800 4540

UPGRADE SCENARIOS
To increase the allowable beam intensity at the reduced

emittances, two possible upgrade scenarios are being con-
sidered. The first scenario involves replacing the 17-7 PH
steel window with a different material, while in the second
scenario a vertical kicker would be added to increase the
spacing between individual bunches in the hot spots on the
window surface. Both scenarios have been evaluated for
two consistent combinations of intensities and emittances,
namely 0.7 · 109 Au ions/bunch at a normalized 95 percent
emittance of 4πmmmrad, and 1.6 · 109 Au ions/bunch at
8πmmmrad.

Window Replacement
Replacing the existing window with a high strength tita-

nium 6242 alloy (see Table 2) raises the safety factor from
1.35 to 2.65 for a bunch intensity of 1.6·109 Au ions/bunch
and the associated normalized emittance of 8πmmmrad,
while at a low intensity of 0.7 · 109 Au ions/bunch and an
emittance of 4πmmmrad the safety factor of two is ex-
ceeded even with the existing window, as listed in Table
3. Based on these results, the safety factor is expected to
remain greater than two for intensities up to 2.1 · 109 Au
ions/bunch with a corresponding normalized emittance of
10πmmmrad,

Vertical Kicker
To dilute the hot spots on the window, a vertical kicker

may be added. The pulse waveform of this kicker needs to
be chosen such that the vertical kicker pulse has its great-
est slope at times when the slope of the horizontal kickers
is near zero. A larger vertical kick amplitude results in a
greater spread of the individual bunches on the window and
therefore a lower heat load, which increases the safety fac-
tor for a given intensity and emittance. However, bunches
that experience kicks near the minima and maxima of the
sinusoidal vertical kicker pulse hit the window at a different
vertical position, but their distance relative to each other is
unchanged. The dependence of the resulting safety factor
on the amplitude of the vertical kicker pulse is therefore
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Figure 3: Heat input of 111 bunches of 0.7 · 109 Au ions
with an emittance of 4πmmmrad on the beam dump win-
dow, with an additional vertical kicker.

Table 3: Safety Factor for the Various Abort System Con-
figurations, for Two Different Beam Intensities. A mini-
mum safety factor of 2 is required for safe operation of the
RHIC abort system.

emittance intensity steel Ti steel
17-7 PH

and
[πmmmrad] [109] 17-7 PH 6242 vertical

kicker
8 1.6 1.35 2.65 2.47
4 0.7 2.80 5.11 4.88

nonlinear, and the gain increase is reduced at larger ampli-
tudes. At the same time, achieving large kicker amplitudes
is costly due to the required high kicker currents and volt-
ages. For these reasons, the maximum vertical kick angle is
chosen as 164µrad, which corresponds to an orbit ampli-
tude of 3 mm at the window. Table 4 shows lists the design
paramters of such a kicker.

Simulations show that the lowest peak heat deposition
is achieved by adding a vertical kicker with a cosine-like
pulse shape of 8µsec period, delayed by 2.64µsec w.r.t.
the horizontal kicker pulse. Figure 3 shows the result-
ing heat input distribution for a 4πmmmrad beam with
0.7 · 109 Au ions per bunch in 111 bunches. In this case,
the safety factor for the 17-7 PH steel window is signifi-
cantly raised, Table 3, and a bunch intensity of 2.0 · 109 Au
ions/bunch in 111 bunches at a corresponding emittance of
10πmmmrad becomes feasible.

Table 4: Parameters of the Vertical Kicker Assembly

Total length [m] 1.83
Number of modules 3
Deflection angle peak-to-peak [mrad] 0.328
Au beam energy [GeV/n] 100
Integrated field [Tm] 0.28
Magnetic field strength [T] 0.152
Magnet current peak-to-peak [A] 6161
Voltage [kV] 5
Sine wave period [µsec] 8.0
Beam duration [µsec] 11.7

SUMMARY
We have investigated two scenarios to upgrade the RHIC

beam dump system for higher heavy ion beam intensities,
which is currently limited by mechanical and thermal stress
in the stainless steel exit window. Replacing the existing
window with a titanium alloy window would allow maxi-
mum bunch intensities of 2.1 · 109 Au ions per bunch in
111 bunches.

Alternatively, additional abort kickers could be installed
that spread the aborted beam in the vertical direction, thus
reducing the peak energy deposition in the window. A pre-
liminary design of this kicker has been developed, which
would allow for a maximum bunch intensity of 2.0 · 109
Au ions per bunch in 111 bunches.

While both scenarios result in very similar improve-
ments of the RHIC beam dump system, replacing the
exit window is significantly cheaper than adding a vertical
kicker, though also very labor intensive. As an additional
advantage, a window upgrade is inherently more fail-safe
than an additonal vertical kicker since it is a passive system.

Based on these studies and considerations it has there-
fore been decided to replace the exit window with a tita-
nium alloy one. A vertical kicker can then still be added in
the future should the need arise.
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OPTIMIZATION OF THE CAPTURE SECTION
OF A STAGED NEUTRINO FACTORY∗

H.K. Sayed,† H.G. Kirk, Brookhaven National Laboratory, Upton, NY 11973, USA
K.T. McDonald, Princeton University, Princeton, NJ 08544, USA

Abstract
A proposed staged Neutrino Factory, producing lower

muon intensity of 1020 muons per year and 10-14 GeV
muon beam energy, initially requires target station for
1 MW proton beam power with a proton beam energy
of 3 GeV, which could be upgraded to the full power of
4 MW at 8-GeV beam energy. The optimization of the ini-
tial Target Station and the following Decay Channel and
Buncher/Phase Rotator are discussed.

INTRODUCTION
In the baseline Neutrino Factory / Muon Collider de-

sign [1], sketched in Fig. 1, the muon beam is produced
from pion decay by bombarding a liquid-mercury-jet tar-
get with a 4-MW pulsed proton beam, which delivers an
intense muon beam of 1014 muons/sec from the incident
beam of 1015 proton/s. In the proposed staged Neutrino
Factory [2] with a 1-MW proton beam of 3-GeV energy,
the Target Station uses a solid graphite target and produces
a muon intensity of 1020 per year The target is embedded
in a 15 (or 20) T solenoid magnet for the pion collection,
shown in Fig. 2, which is followed by a lower field Decay
Channel. The baseline design of the Target Station/Decay
Channel will be retained during later stages of the Neutrino
Factory to save the cost at the time of upgrade to the full 4-
MW scenario.

The target and proton beam sizes and their tilt angles in
the initial 3-GeV configuration are given in Table 1, which
configuration produces 0.42 muons/protons at the end of
the Target System.

Table 1: Proton Beam and Graphite Target Parameters for
the Staged Neutrino Factory

Carbon rod target Proton beam
Length 0.72 [m] σt = 2 [nsec]

Diameter 0.692 [cm] σx,y = 0.0865 [cm]
Angle to solenoid axis 42 mrad 42 mrad

The adiabatic variation in solenoid field strength along
the beam near the target performs an emittance exchange
affects the performance of the downstream Buncher, Phase

∗Work supported by the US DOE Contract No. DE-AC02-
98CHI10886.
† hsayed@bnl.gov

Figure 2: Neutrino Factory/Muon Collider target system.

Rotator, and Cooling Channel [3]. An optimization was
performed using the MARS15 (2012) [4] and ICOOL [5]
codes in which the rate of change of the field along the pion
beam near the target was varied to maximize the number of
muons that falls within the acceptance of the downstream
accelerator chain (muons within 201.25 MHz RF bunches
with momentum in the range 100300 MeV/c, transverse
amplitude squared less than 0.03 m and longitudinal am-
plitude squared less than 0.15 m [3]).

The Target System utilizes a magnetic-field profile that
peaks at Bi = 15 T at the target and tapers down to
Bf = 2.5 T over a distance of Ltaper. In this study
we optimized the length of this tapering solenoid Ltaper.
The effect of solenoid-field profile on the captured-particle
count and their phase-space distribution was studied by
simulating the particles captured at the target and trans-
ported through the rest of the Front End. Various axial-field
profiles were considered, based on an inverse-cubic form
[6], from which the off-axis fields were calculated using
Maxwellian series expansions. A sample of the axial-field
profiles studied is shown in Fig. 3.

PION PRODUCTION AND CAPTURE AT
THE TARGET

The MARS15 code [4] was used to simulate the par-
ticle production off the graphite target, using an incident
3-GeV proton beam with delta-function time distribution.
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Figure 1: Neutrino Factory/Muon Collider Target System.

The kinematic parameters of the secondary pions, Kaons
and muons at end of the graphite target were used as in-
put for an ICOOL [5, 7] simulation through the tapered
solenoid field and on to the end of the Cooling Channel.
The transverse-momentum distribution of secondary pions
at the downstream end of the graphite target is shown in
Fig. 4. The beam-pipe geometry was simplified to have a
constant 30-cm radius.
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Figure 3: On-axis magnetic field profiles for the Target
System.

THE FRONT END
The major systems of the Front End [3] of a Neutrino

Factory are: Target System, Decay Channel, Buncher,
Phase Rotator, and the Cooling Channel, as shown in Fig. 1.
In this study, a constant solenoid field of 2.5 T was used to
confined the muon beam throughout the Decay Channel,
Buncher, and Phase Rotator, which ends some 150 m from
the target, after which the beam was matched into the Ion-
ization Cooling Channel [8] with ±2.8-T axial field in the
alternating solenoid magnets.

The pions collected off the target are transport by the
capture solenoid to the decay channel of 50-m length where
most of the pions decay into muons. The muon beam is
then bunched using a sequence of RF cavities with fre-
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Figure 4: Pion transverse momentum at the end of the
graphite target.

quencies varying from 320 to 230 MHz over ≈ 33 m, while
the bunching-cavity RF voltage increases linearly along the
channel from 3.42 to 9.01 MV/m. In the 42-m-long Phase
Rotator, lower-energy muons are accelerated and higher-
energy ones are decelerated, until at the end of the Rotator
and the original 15-m-long bunch of muons of both signs
has been formed into a 48-m-long train with 33 bunches of
µ+ interleaved with 33 bunches of µ−.

The transverse phase volume of the muon beam at the
end of the Phase Rotator significantly larger than the ac-
ceptance of the later muon accelerator, but this volume is
reduced by the Ionization Cooling section. The number
of muons with the accelerator acceptances increases nearly
linearly in the Cooler from z = 150 to 300 m as shown in
Fig. 5.

OPTIMIZING THE TAPER LENGTH
The figure of merit for the optimization was taken to be

the number of positive muons per incident proton within
the subsequent muon-accelerator momentum acceptance
[9], 100 < pz < 300 MeV/c, and acceptances in lon-
gitudinal and transverse phase space, Az < 150 mm and
Ar < 30 mm. The solenoid-taper length has a distinct in-
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Figure 5: Number of muons within the accelerator-chain
acceptance at various distances along the Front End.

fluence on the number of the transported muons to the end
of cooling channel. Varying the length of the Taper resulted
in higher muons yields, for Ltaper ≈ 3-4 m, as shown in
blue in Fig. 6.

As we varied the taper length the longitudinal phase
space changed accordingly, requiring RF-phase optimiza-
tion, which increased the yield by ≈ 16-40 See the black
curve in Fig. 6.
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Figure 6: Muon yield from the Front End, within the accep-
tance of the accelerator chain vs. the solenoid taper length.
The RF optimization (black curve) increased the Front End
performance by ≈ 16-40%.

CONCLUSION
An optimization study of the capture section of the Front

End of a staged Neutrino Factory was presented. The study
was performed on a graphite target bombarded by a 3-GeV
proton beam. The figure of merit of the optimization was
the number of muons within the acceptance of the acceler-
ator chains that follows the Front End. The target-solenoid
field profile used in this study had an initial on-axis field
Bi = 15.0 T, and final on-axis field Bf = 2.5 T, with

the taper length Ltaper being optimized for maximum yield
of muons from the Front End (i.e., at the beginning of the
Muon Accelerator). Then, an optimization of the RF phase
of the Buncher/Phase Rotator RF cavities was carried out.
The best performance of the Front End was found to be
0.042µ+/p. The optimum taper length was found to be 3-
4 m, which is shorter than the optimum taper length when
using an 8- GeV proton beam by 1-2 m.

ACKNOWLEDGMENT
The authors are grateful to X. Ding, R.B. Palmer,

D. Neuffer and S.J. Berg for useful discussions.

REFERENCES
[1] M.M. Alsharo’a et al., Recent Progress In Neutrino Factory

And Muon Collider Research Within The Muon Collabora-
tion, Phys. Rev. ST Accel. Beams 6, 081001 (2003).

[2] M.A. Palmer et al., Muon Accelerators for the Next Gen-
eration of High Energy Physics Experiments, Proc. IPAC13,
TUPFI057.

[3] C.T. Rogers et al., Muon front end for the neutrino factory,
Phys. Rev. ST Accel. Beams 16, 040104 (2013).

[4] N.V. Mokhov, The MARS Code System User’s Guide,
Fermilab-FN-628 (1995); N.V. Mokhov and S.I. Strig-
anov, MARS15 Overview, AIP Conf. Proc. 896, 50 (2007),
http://www-ap.fnal.gov/MARS/

[5] R.C. Fernow, Ionization Cooling Code,
https://pubweb.bnl.gov/˜fernow/icool/

[6] K.T. McDonald, Analytic Forms for an Adiabatic Tapered
Solenoid Gaussian Approximation to the Field Near z = 0,
http://www.hep.princeton.edu/˜mcdonald/mumu/target/taper.pdf

[7] R.C. Fernow, Physics analysis performed by ECALC9 (Sep.
30, 2003),
http://nfmcc-docdb.fnal.gov/cgi-bin/ShowDocument?docid=280

[8] J. Gallardo et al., An Ionization Cooling Channel for
Muon Beams Based on Alternating Solenoids, Proc. PAC99,
THP35.

[9] J.S. Berg et al., Muon front end for the neutrino factory,
Phys. Rev. ST Accel. Beams 9, 011001 (2006).

Proceedings of PAC2013, Pasadena, CA USA THPHO11

06 Accelerator Systems

T12 - Beam Injection/Extraction and Transport 1327 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



A HIGH-PERFORMANCE RECTILINEAR FOFO CHANNEL FOR MUON 
COOLING* 

D. Stratakis#, J. S. Berg, R. B. Palmer, Brookhaven National Laboratory, Upton NY, USA 
V. I. Balbekov, Fermi National Accelerator Laboratory, Batavia IL, USA 

Abstract 
An ionization cooling channel is a tightly spaced lattice 
containing absorbers for reducing the momentum of the 
muon beam, rf cavities for restoring the longitudinal 
momentum and solenoids for focusing the beam. Such a 
lattice is an essential step for a Muon Collider. Here, we 
explore a new scheme for designing ionization cooling 
channels for muon related applications. In this scheme, 
emittance reduction is achieved within a rectilinear 
channel with wedge absorbers for cooling and tilted 
solenoids for emittance exchange. Such configuration 
addresses several of the engineering challenges of a 
conventional helical channel. We numerically examine 
the performance of our proposed channel and compare it 
against conventional designs. We also review the 
conductor current densities requirements for all of the 
simulated scenarios.    

INTRODUCTION 
A key technical challenge in the development of a 

Muon Collider is that the phase space of the beam that 
comes from pion decay greatly exceeds the acceptance of 
downstream accelerators system. Therefore, a cooling 
channel is required. Given the short life time of a muon 
particle, ionization cooling is the only practical method 
that can be realized.  

Over the past decade several progresses have been 
made in the design and simulation of 6D RFOFO cooling 
rings [1] based on emittance exchange. This is generally 
accomplished by using a wedge shaped absorber in a 
region with dispersion. Particles with higher energies will 
pass through more material than particles with lower 
energy as a result of dispersion, eventually leading to 
reduction of longitudinal emittance. Such rings have been 
shown to provide an impressive to two order magnitude 
reduction of the normalized 6D phase-space volume with 
a transmission well above 50%. In order to avoid the 
complexity arising from the required injection and 
extraction systems, those rings involved without loss in 
performance to a RFOFO helical channel [2], commonly 
known as the Guggenheim. A chief advantage of the 
Guggenheim is that avoids any issues related to absorber 
overheating. 

Although a helical lattice can be advantageous in paper, 
still many questions remain. For instance, the beam can 
be intercepted by the fringe fields from the nearby 
solenoids. In addition, engineering constraints may arise 
at the last stages as the radius of curvature becomes less 
than 1.5 m. To further relax the aforementioned 
constraints we design and simulate here a rectilinear 
FOFO snake channel which has been proposed recently 

by one of the authors [3] and show that it can offer the 
same performance as the Guggenheim.  In particular, we 
show that by applying a novel tapering scheme in which 
numerous parameters of the structure change from stage 
to stage based on the emittance reduction rate and 
transmission, we can achieve a good cooling efficiency 
that remains flat through the channel. This is because the 
beam emittance is always above the equilibrium 
emittance.  

DESIGN PARAMETERS 
The main issue with a channel of a fixed radius, cell 

length, and frequency is its gradual loss of cooling 
efficiency. Therefore, to keep the cooling process going 
we examine a tapered channel in which various 
parameters change in order to avoid reaching equilibrium. 
In this scheme, parameters such as cell length and radius 
of curvature progressively change from stage to stage 
based on the emittance reduction rate and transmission. 
Recent studies have shown [4] that such a concept 
improves performance substantially. In addition, with this 
approach the same emittance can be obtained in much 
shorter scale. 

 

 
Figure 1: Conceptual design of our proposed rectilinear 
cooling channel: (a) Top view; (b) Side view. Note that 
the coils (yellow) are slightly tilted to generate dispersion.   

At the first stage of the tapered channel the focusing 
will be relatively weak to avoid excessive angular 
divergence that can arise from the large transverse 
emittance of the initial muon beam. However, the weak 
focusing implies that the beta function and thus the 
equilibrium emittance are also relatively large, so the 
transverse cooling weakens as the limit is approached. To 
avoid this, this stage is terminated and we couple into the 
next stage that has a lower beta. This is achieved by 
simultaneously scaling down the cell dimensions and 
raising the strength of the on-axis solenoidal field. As a 
result this will produce a piecewise multi-stage shaped 
channel where each stage will consist of a series of 

___________________________________________
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identical cells. A schematic of our proposed cooling 
system is shown in Fig.1. Note that the coils (yellow) are 
not evenly spaced; those on either side of the absorber are 
closer in order to increase the focusing at the wedge 
absorber (magenta). In order to produce dispersion, they 
are tilted by 1.1-1.30. The absorber is wedge shaped so 
that higher momentum particles go through the thicker 
part. Each lattice cell contains the same number of rf 
cavities (dark red) which, depending on the stage, can be 
4, 5, or 6.  The rf frequencies are either 325 MHz or 650 
MHz. Those frequencies are chosen in order to match 
with the initial linac of Project X. 

 
Figure 2: Close view of one cell at an early stage. Each 
cell has 4 coils and two of them are raped around the 
cavities. The tilt of the coils is not shown. 

Figure 2 shows the side view of one cell at an early 
stage of the channel (Stage 2).   This stage consists of a 
sequence of 14 identical 2.36 m cells, each containing 
four 0.4 m-long 325 MHz pillbox cavities, and a wedge-
shaped liquid hydrogen absorber, with 28.6 cm central 
thickness and 100 deg. opening angle, to assure energy 
loss. Moreover, each cell contains four solenoid coils of 
opposite polarity, yielding an approximate sinusoidal 
variation of the magnetic field in the channel with a peak 
on axis value of 3.1 T and providing transverse focusing 
with a peak beta value of ~ 36 cm.  In order to provide the 
required dispersion the coils are tilted by 1.1 deg 
vertically. The lattice transmits in a region from 155 to 
248 MeV/c, with a central (reference) momentum of 204 
MeV/c.   

 
Figure 3: Closed orbit at the reference momentum of 204 
MeV/c (left). Dispersion in the vertical and horizontal 
directions along the cell.  

Deviation of the closed orbit along the cell for the 
reference momentum of 204 MeV/c is shown in Fig. 3(a). 
Notice that at the central momentum the vertical offset 
(dashed) from the center is ~ 2.6 cm at the entrance of the 
cell. Figure 3(b) displays the dispersion functions in x 
(solid) and y (dashed) along the cell. The dispersion at the 
absorber has the same sign in both directions and is 
mostly in the horizontal direction. Notice that the 
dispersion is maximum at the center of the absorber.  

The beta function varies from 40.0 cm to 4.0 cm while 
the on-axis magnetic field increases progressively from 
2.7 T to 13.1 T. It is important to emphasize that the 
maximum field on the coil at the last stage is 14.1 T with 
a current density of 196 A/mm2. This value is below the 
critical published [5] limit for Nb3Sn. The RF frequency 
is increased from 325 MHz to 650 MHz.  Ideally, the 
cooling channel should be tapered with a continuously 
varying frequency. However, for practical implementation 
we keep the number of different frequencies as small as 
possible. As we will illustrate in the next section, 16 
stages are enough to achieve the desired emittance for a 
Muon Collider. Detailed lattice parameters of our 
proposed channel can be found in Table 1.  

SIMULATION DETAILS 
Simulations of the channel performance where done 

using the ICOOL code with 100,000 particles. The 
simulation is initiated after the bunch merger. We 
generated 3D cylindrical field maps for each of the stages 
by superimposing the fields from all solenoids in the cell 
and its neighbour cells. The rf cavities were modelled 
using cylindrical pillboxes running in the TM010 mode. 
The cavities are enclosed with 100 �m metallic Beryllium 
windows. The wedge material was liquid hydrogen. The 
absorbers are enclosed in Al windows ranging from 500 
�m (Stage 1) to 10 �m (Stage 16).  

The lattice cooling efficiency is defined as the rate of 
change of the 6D emittance divided by the change of 
muons. It is often used to quantify the lattice performance 
and it is displayed in Fig. 4. One can see that for a 
rectilinear channel it remains relatively flat along the 
channel with a maximum near 9.5. The helical lattice 
appears to have a slight higher performance. Note that a 
more detailed comparison between the two schemes can 
be found elsewhere [6].  

 
Figure 4: Cooling efficiency of the rectilinear channel 
(solid) and Guggenheim (dashed line). 
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Table 1: Lattice Parameters of Our    .  Proposed Tapered Rectilinear FOFO Channel

Stage  Cell length  
[m] 

RF freq.  
[MHz] 

RF grad.  
[MV/m] 

Beta 
[cm] 

Bo axis 
        [T] 

Bmax coil 
[T] 

Coil tilt  
[deg.] 

Dispersion  
[cm] 

1 2.75 325 17.5 40.0 2.7 7.1 1.1 6.6 

2 2.36 325 17.5 35.8 3.1 5.5 1.1 6.8 

3 2.02 325 18.5 28.6 3.6 7.8 1.1 7.5 

4 1.73 325 17.5 25.1 4.1 5.6 1.2 3.4 

5 1.49 325 19.5 21.1 4.9 7.9 1.3 5.0 

6 1.38 325 18.0 17.4 5.4 8.5 1.1 3.8 

7 1.27 325 20.5 14.6 6.0 9.4 1.2 5.4 

8 1.15 325 20.5 13.5 6.5 10.2 1.1 4.4 

9 0.995 650 24.0 10.8 7.7 10.4 1.1 2.9 

10 0.806 650 27.0 8.7 9.5 12.9 1.1 2.3 

11 0.806 650 26.0 7.1 10.3 12.7 1.1 1.8 

12 0.806 650 27.0 6.1 11.0 13.0 1.1 1.7 

13 0.806 650 27.0 5.2 11.6 13.5 1.1 1.6 

14 0.806 650 26.0 4.3 12.6 14.1 1.1 1.4 

15 0.806 650 26.0 4.0 13.1 14.2 0.5 0.6 

16 0.806 650 26.0 4.0 13.1 14.2 0.5 0.6 

 

 
Figure 5: Longitudinal (red), transverse (blue) emittances 
and transmission as a function of distance along the 
channel. The final values of the emittances are also 
shown. 

The transverse, longitudinal emittance and transmission 
including muon decays as a function of distance along 
stages 1 to 16 are shown in Fig. 5. The simulation 
produced a transverse emittance of 0.32 mm and a 
longitudinal emittance equal to 1.6 mm, which is close to 
the desired values for a Muon Collider. The transmission 
without decays is above 60%. If space-charge is included 
in the simulation an additional 10% of losses is predicted 
[7]. The quoted emittance values are normalized rms.  

SUMMARY 
Cooling large emittance muon beams is an essential 

step for a Muon Collider. A rectilinear FOFO snake 
channel may reduce the engineering challenges compared 
to conventional helical structures (like in a Guggenheim 
helix). As this study demonstrated, by performing 
tapering the desired emittances for a muon collider can be 
obtained with a transmission above 60% without decays 
and 40% with muon decays. The cooling rate remains 
relatively flat along the channel with a peak value of 9.5.  
Furthermore, the maximum field on the coil is 14 T which 
is within the published critical limit for Nb3Sn. The next 
step would be to improve the matching between 
individual stages, which will aid in boosting the 
performance. The authors like to thank P. Snopok and R. 
Ryne for many fruitful discussions. 
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SPACE-CHARGE LIMITATIONS ON THE FINAL STAGES OF A MUON 
COLLIDER COOLING CHANNEL* 

D. P. Grote#, Lawrence Livermore National Laboratory, Livermore, CA, USA 
D. Stratakis, R. B. Palmer, J. S. Berg, Brookhaven National Laboratory, Upton, NY, USA

Abstract 
Muon Colliders use ionization cooling to reduce the 

emittance of the muon beam prior to acceleration. At the 
last stages of the cooling channel, the bunch has 4×1012 
muons, an average momentum of 200 MeV/c, and an rms 
bunch of 2 cm. With this beam intensity and relatively 
low momentum, we expect space charge effects to have a 
significant impact on beam dynamics. Here, with the aid 
of the particle-in-cell code Warp, a 3D model is 
developed to examine space-charge for muon cooling 
lattices and some recent results are presented. The model 
includes 6D cooling with wedge shaped absorbers. We 
show that space-charge under certain conditions can cause 
a notable particle loss. Furthermore, we discuss some 
potential space-charge compensation mechanisms. 

INTRODUCTION 
A complete scheme for cooling a muon beam 

sufficiently for use in a muon collider has been previously 
described [1]. This scheme uses separate 6D ionization 
cooling channels for the two signs of the particle charge. 
In each, a channel first reduces the emittance of a train of 
muon bunches until they can be injected into a bunch-
merging system. The single muon bunches, one of each 
sign, are then sent through a second tapered 6D cooling 
channel where the transverse emittance is reduced as 
much as possible and the longitudinal emittance is cooled 
to a value below that needed for the collider. The beam 
can then be recombined and sent through a final cooling 
channel using high-field solenoids that cools the 
transverse emittance to the required values for the 
collider. The baseline cooling requirement for cooling is 
shown in Fig. 1. 

Theoretical estimates predict that at the last stages of 
the post-bunch-merge 6D cooling channel the rms bunch 
length is just 2 cm and contains 4x1012 muons. Thus, the 
peak current becomes ~4 kA at a ~200 MeV/c 
momentum. Due to this large current, space-charge forces 
can be present and thus, there is cause for concern that the 
existing 6D cooling lattice design may not work so well. 
Recent studies [2] with the Warp PIC code [3] confirmed 
this fact since it was shown that longitudinal space-charge 
can oppose cooling while simultaneously it causes severe 
particle losses. To reduce the space charge effects, the 
overall lattice was redesigned with a higher longitudinal 
emittance target, increased from 1.5 to 2.0. We note that 
those previous studies were assuming a matrix for 
longitudinal cooling and thus, the effect of a real absorber 
wedge was not taken into account. This paper will present 

results from recent studies on simulating full 3D space-
charge effects on muon cooling lattices with more 
realistic wedge shaped absorbers.  

 
Figure 1: Baseline cooling requirement for the Muon 
Collider. 

LATTICE DESIGN 
In order to cool towards the micron scale emittances 

required for a Muon Collider a 16-stage tapering channel 
has been proposed. A detailed description of this lattice 
can be found elsewhere [4]. In this scheme, we apply the 
concept of tapering [5] where parameters such as cell 
length, focusing and radius of curvature progressively 
change from stage to stage based on the emittance 
reduction rate and transmission.  

A segment of one stage of our proposed cooling system 
is shown in Fig. 2(a). Each stage consists of straight 
section with a number of identical cells like the one 
shown in Fig. 2(b) and Fig. 2(c). The coils (yellow) are  
 

 
Figure 2: Cooling scheme for the Muon Collider. Fig. (c) 
depicts one lattice cell. The tilts of the magnets are not 
shown.  

____________________________________________  
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not evenly spaced and in order to produce dispersion, they 
are tilted by 1.1-1.30. The liquid hydrogen absorber 
(magenta) is wedge shaped so that higher momentum 
particles go through the thicker part. Each lattice cell 
contains the same number of rf cavities (dark red) which, 
depending on the stage, can be 4, 5, or 6. We use only two 
sets of rf frequencies, namely 325 MHz and 650 MHz. 
The choice of 325 MHz is made in order to match with 
the initial linac of Project X. The cavity window material 
is Be.  

SIMULATION RESULTS 
The input beam in the simulations has a normalized 

transverse emittance of 3.63 mm and a normalized 
longitudinal emittance of 10.17 mm, while the average 
longitudinal momentum is 218 MeV/c.  Note that those 
parameters closely resemble the baseline distribution of a 
muon beam before the final 6D cooling sequence of a 
Muon Collider [1].  We tracked 100,000 particles and 
included decay of muons. We generated 3D field maps 
for each of the stages by superimposing the fields from all 
the solenoids in the cell and its neighbour cells, including 
the solenoid tilts. The rf cavities were modelled using 
cylindrical pillboxes running in the TM010 mode. 

Space-charge effects were studied by using the particle-
in-cell code Warp. Warp was originally developed to 
simulate space-charge-dominated beam dynamics in 
induction accelerators for heavy-ion fusion (HIF). The 
code now has an international user base and is being 
applied to projects both within and far removed from the 
HIF community. A layer was added to Warp to read in 
and parse ICOOL input files allowing identical problem 
setup. Note though that Warp operates with time as the 
independent variable whereas ICOOL uses s, so there are 
small numerical differences in the calculations. During 
the calculation, Warp handles all operations except for the 
interaction with the material in the wedge absorber, which 
is handled by calls to the appropriate ICOOL routines. 

The lattice as seen in the Warp simulation is shown in 
Fig. 3. This is a cell in the first stage of cooling. The 
simulation incorporates all aspects relevant to the beam 
motion, including the 3D solenoid field map, RF cavities 
with absorbing Be windows, and the wedge absorbers and 
windows. The wedges and RF cavity windows both act as  
 

 
Figure 3: Lattice as known by the Warp simulation. 

perfectly conducting internal boundary conditions on the 
electrostatic potential. The beam macro-particles were 
generated with an initially Gaussian distribution in 
physical and velocity space. 

Before examining the effects of space charge, checks 
were carried out comparing ICOOL and Warp simulations 
without space-charge to check correctness of the models. 
The resulting emittance and particle numbers are shown 
in Fig. 4. Four cases are shown, ICOOL and Warp with 
and without muon decay. As can be seen, good agreement 
was obtained. 

 
Figure 4: ICOOL and Warp cross-check without space 
charge (a) emittance, and (b) number of muons. 
Simulations are carried with and without muon decay 
using both codes. 

In these initial simulations, the electrostatic self-field 
model was used. The resulting fields from the beam are 
significant, of order several MV/m, as can be seen Fig. 5. 
However, this is small compared to RF gradient, which is 
typically between 17 and 27 MV/m. Note the sharp cut 
off of the field at the RF cavity windows. 

 
Figure 5: Longitudinal electric self-field. The red curve 
shows the scale current to show the location of the beam 
bunch. 

The electrostatic potential was calculated on a 3D grid 
with an initially 2 cm transverse and 1 cm longitudinal 
cell sizes. As the simulation progresses and the lattice 
dimensions decreased, the grid cell sizes were 
correspondingly reduced. The simulations are significant, 
requiring on the order of a day of wall clock time, 
depending on the number of processors, because of the 
large number of time steps, > 500,000, to traverse the 
cooling channel. Note that the time step size is driven by 
the need to resolve the variations in the applied fields and 
not by the space-charge calculation. 
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The results of the simulations with space charge are 
shown in Figs. 6, 7 and 8.  The main effect of the space 
charge is to increase the particle loss. Little difference is 
seen in the emittances. There is a reduction in the 
longitudinal emittance, but it is associated with the 
increased particle loss. Most of the particle loss is 
longitudinal – the increase in the loss is not unexpected 
since the space charge increases the length of the pulse, 
pushing more particles out of the RF bucket. The increase 
in bunch length is shown in Fig. 8. The transverse size is 
unaffected. 

 
Figure 6: Beam normalized rms emittances along the 
channel with (red) and without (black) space-charge. 

 
Figure 7: Fraction of beam remaining with (red) and 
without (black) space-charge. 

 
Figure 8: Longitudinal beta function with (red) and 
without (black) space-charge. 

One possible method to reduce the particle loss is to 
increase the RF gradient, which increases the depth of the 
bucket. In the previous work [2], this was found to be 
effective. However, in the current lattice design, 
increasing the gradient was ineffective. Figure 9 shows 
the resulting emittances and particle losses with the 
gradient increased by steps of 1.5 MV/m in the last 8 
stages. Note that the red line shows the default value of 
26 MV/m while the yellow line corresponds to 46 MV/m 
which is the maximum gradient simulated. It is possible 
to obtain better performances if the beam is matched for 
each gradient accordingly. This will be investigated in 
more detail in a future study. 

Figure 9: Emittances with varying RF gradients.  The 
emittance is reduced with each 1.5 MV/m increment. The 
black curve, without space charge, is for reference. (b) 
Fraction of beam remaining for varying RF gradients. The 
black curve, without space charge, is for reference. 

CONCLUSIONS 
Towards the end of the cooling channel, the density of 

the muon bunch becomes significant enough that space 
charge effects can become important. A simulation 
campaign has been carried out, using the Warp code, to 
examine the effects. Warp uses a fully self-consistent PIC 
model to include space charge. The simulations show that 
there is little effect on the emittance, but an increase in 
the particle loss. Most of the particle loss is longitudinal, 
out the tail of the bunch. Unfortunately, the simple 
remediation of increasing the RF cavity gradient was not 
effective. Work examining other techniques to reduce 
particle loss will continue. 
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RF CAVITY PHASE CALIBRATION USING ELECTROMAGNETIC
PICKUPS∗

B. Durickovic† , D. Constan-Wahl, J. Crisp, G. Kiupel, S. Krause, D. Leitner,
S. Nash, R. Rencsok, J.A. Rodriguez, R. Webber, W. Wittmer,

NSCL/FRIB, East Lansing, MI 48824, USA

Abstract
A method is presented using electromagnetic pickup

probes for RF cavity phase calibration. (We used capaci-
tive style pickup probes.) Pickup probes provide fast read-
ings, and measurements of the phase difference between a
pair of pickup probes provides enough information about
the phase-energy curve to yield a fit for the zero-crossing
phase. We present an overview of the algorithm and mea-
surement results of an implementation on the ReA3 re-
accelerator.

INTRODUCTION
The Facility for Rare Isotope Beams (FRIB) is a heavy

ion fragmentation facility to produce rare isotopes far from
stability for low energy nuclear science. The facility will
utilize a high-intensity, superconducting heavy-ion driver
linac to provide stable ion beams from protons to uranium
at energies greater than 200 MeV/u and at a beam power
of up to 400 kW [1]. The baseline design for the linac
comprises over 300 accelerating superconducting cavities.
A precondition for tuning the linac is calibrating the radio
frequency (RF) phase of each of these cavities, which re-
quires a phase scan combined with energy measurements.
With such a large number of cavities as it is planned for
FRIB, a need arises for an automated approach to calibrat-
ing cavity phase.

RF cavity phase calibration is the process of calibrat-
ing the cavity phase relative to the phase of the accelerated
beam. For this purpose, the zero-crossing phase points (the
phase points at which the cavity does not provide any ac-
celeration) are determined. There are two such points in a
full 360-degree phase range (180◦ apart from each other),
and we use the one on the bunching side of the phase slope
as the reference. The value of the zero-crossing depends on
the beam energy, thus the cavities need to be calibrated for
every new energy tune. Therefore, cavity phase calibration
is a necessary recurring task in operations.

We approached the concrete problem of calibrating the
cavity phases on the ReA3 accelerator at Michigan State
University [2], which is currently being commissioned.
Prior to the installation of Beam Position Monitors (BPMs)
in the ReA3 accelerator, the only method available for cav-
ity phase calibration was energy measurements from sili-
con foil detectors. As these measurements are inherently

∗Work supported by Michigan State University FRIB funds and by the
U.S. Department of Energy Office of Science under Cooperative Agree-
ment DE-SC0000661
† durickovic@frib.msu.edu

slow, calibrating the six accelerating cavities currently in-
stalled in ReA3 could take up to several hours. Since ca-
pacitive style electromagnetic pickup probes provide fast
readings, we explored the application of pickup probes for
inferring the beam energy and thereby calibrating cavity
phase. The capacitive style pickup probes we used were
the two BPMs installed on the ReA3 beam line. The details
of the BPMs in the ReA3 accelerator are presented in Ro-
driguez et al. [3]. The phase readouts were averaged over
the four buttons for each BPM, so that for this purpose,
the BPMs were effectively used only as electromagnetic
pickup probes.

PRINCIPLE
The readouts from two pickup probes separated by a cer-

tain distance provide the phase difference of bunches at the
two locations. It is important to keep in mind, though, that
this is not the absolute phase difference, but its value mod-
ulo 360◦. In other words, the pickup probes do not provide
information about the total number of bunches between
the two locations, but only the fraction of the RF period
that represents the “incomplete last bunch.” The number
of “complete bunches” between the two locations needs to
be evaluated by other means. As will be shown, however,
knowing this information exactly is not essential for the ap-
plicability of the method we are presenting.

The phase difference ∆ϕ between the pickup probes can
be translated into the time of flight via

t(∆ϕ;n) = TRF

(
n +

∆ϕ

360◦

)
, (1)

where n is the truncated number of bunches between the
pickup probes, TRF is the RF period, and t is the time
of flight. The integer n decreases with beam energy, and
within energies attainable in the ReA3 accelerator (with-
out deceleration), and with the BPMs separated by 2.08 m,
it ranges from 14 (for the beam energy after the RFQ of
600 keV/u) to 8 (for the maximum beam energy after the
linac of 1.9 MeV/u). Translating the time of flight (1) into
energy (non-relativistically), we obtain the dependence of
energy per nucleon E/m on the phase difference ∆ϕ:

E

m
(∆ϕ;n) =

1

2

(
LfRF

n + ∆ϕ
360◦

)2

, (2)

where L is the distance between the pickup probes, and
fRF = 1/TRF is the RF frequency. Equation (2) can be in-
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verted eliminating the unknown number of bunches n into

∆ϕ(E) =

(
360◦LfRF

√
m

2E

)
mod 360◦ . (3)

This functional dependence, for the relevant range of ener-
gies, is shown in Figure 1, which is a graph we refer to as
a mod-360 hyperbola.

Figure 1: Bunch phase difference at pickup probes ∆ϕ as a
function of beam energy per nucleon E/m. (L = 2.08 m)

In the method presented here, the beam energy is varied
by changing the cavity phase

E(Φ) = E0 + QeV sin(Φ − Φ0) , (4)

where Φ is the cavity phase, E0 and Φ0 are the zero-
crossing energy and phase, respectively, Q is the beam
charge state (an integer), and eV is the cavity amplitude.
The dependence ∆ϕ(Φ) of the measured phase difference
on the cavity phase (the independent variable) is therefore
obtained by composing the sine function E(Φ) (4) with
the mod-360 hyperbola ∆ϕ(E) (3). Ideal measured data
(pickup probes phase difference vs. cavity phase) should
therefore be aligned along the curves shown in Figure 2.
Note that this plot is not a broken sine function inasmuch
as the mod-360 hyperbola ∆ϕ(E) (3) is not a broken line
(cf. Figure 1).

Figure 2: Ideal measured data: pickup probes phase differ-
ence ∆ϕ as a function of cavity phase Φ. (E0 = 600 keV,
eV = 100 keV, Φ0 = 305◦, L = 2.08 m)

Algorithm Outline
The first step in fitting for the sought parameter Φ0 is to

turn data in the form of ∆ϕ(Φ) into a continuous-looking
function, effectively a “reverse mod-360” operation. We re-
fer to this process as stitching. Once the data are stitched,
ordinate values are no longer restricted to a 360◦ window.
Next, we eliminate the unknown parameter n from consid-
eration by picking a reasonable estimate for it, and trans-
forming the phase difference data into energy values. Then,
we fit the sine curve E(Φ) (4), which yields three fitted pa-
rameters (E0, eV , Φ0) including the wanted zero-crossing
phase Φ0. An error in the estimate for n is mostly reflected
in the error in E0, while the effect on the fit in Φ0 is negli-
gible, as evidenced by numerical trials on measured data.

METHODS
The algorithm as outlined above was implemented in

Python, with a curve fitting optimizer provided by the
SciPy [4] optimize package and a graphical user interface
(GUI) written using the Traits and TraitsUI packages, also
included in the SciPy library. The EPICS [5] connection
was established via PyEpics [6], which allowed the soft-
ware to do a fully automated phase scan by setting cavity
phase values, and reading cavity phase readbacks and BPM
phase data, as well as any other EPICS channels that might
be of interest (e.g. Faraday Cup readouts for beam inten-
sity).

In order to be of practical use, in addition to the basic
phase scan controls, data collecting, and fitting capabili-
ties, the software also required data resampling functional-
ity to produce meaningful fits. For various reasons, some
measured data points need to be discarded. The most com-
monly observed cause of outliers in the ReA3 accelerator
data was sparking between bender plates near the source,
due to the fact that the source needs to operate in a high
current mode in order for the pickup probes to provide a
sufficient signal throughout the phase scan. Sparks would
typically produce a single bad datapoint before the beam
falls back into its trajectory. We were carrying out several
measurements (typically 10, although in some instances 3
were sufficient) for each cavity phase, and such outliers
were easily detectable due to a large deviation from the
mean. However, other causes of error in the measurements
lead to an entire set of measurements for a given cavity
phase setpoint (referred to as a setpoint group) to be dis-
carded, either because of a large rms, or as too far removed
from the fitted curve. Therefore, the resampling was done
at two levels: (1) within a setpoint group: removing single
data points that are too far from the mean; (2) among set-
point groups: removing entire setpoint groups whose stan-
dard deviation is too large, or whose mean is too far from
the fitted curve.

As far as the beam line configuration, we note that the lo-
cations where the BPMs were installed in the ReA3 accel-
erator were not chosen with this particular purpose in mind,
and were less than ideal: they were about 0.6 m down-
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stream from the last accelerating cavity with no focusing or
steering elements after the cavity, and separated by a dis-
tance of 2.08 m. These were the only two BPMs available,
and so were used for all the cavities. The upstream cav-
ities were therefore more challenging due to their greater
distance from the BPMs.

RESULTS
Several test runs of the software were carried out on

the ReA3 accelerator. The beam used in each case was
molecular hydrogen H2

+. The issue that made the calibra-
tion process slow at first was the tuning required to pre-
pare the beam, which was not trivial due to the position of
the BPMs and the lack of focusing and steering elements
around them. Moreover, in order to obtain usable data, the
beam must be tuned so as to provide a good signal from the
BPMs throughout a full cavity scan. This is complicated
by the fact that due to the design of the ReA3 supercon-
ducting RF cavities, they steer the beam as a function of
phase setting [7]. Tuning was more challenging with the
upstream cavities due to the greater distance to the BPMs
and because of the effect of the cavity kicks is proportion-
ately larger on the lower energy beam at the beginning of
the linac. In the first runs, tuning was taking up to a few
hours per cavity. As the tunes were developed, this time
was significantly reduced, and in the last run tuning was
taking an average of about 10 minutes per cavity.

We have empirically verified the claim presented above
that the fit for the zero-crossing phase is not affected by
an inaccurate estimate of the number n of bunches be-
tween the pickup probes. For all the measured data, vary-
ing n between extreme values attainable in ReA3, the re-
sulting change in the fitted zero-crossing phase Φ0 is less
than 0.1◦, which is less than the estimated accuracy of the
method.

In the last run, carried out in September 2013, we have
developed a procedure to phase the linac sequentially, using
the fitted zero-crossing phase value of the last cavity to set
the cavity phase to nominal acceleration phase (in ReA3:
−20◦ off peak) before proceeding with the next one. The
energy plot of the data for one cavity (after resampling),
along with the fitted sine curve, is shown in Figure 3.

CONCLUSION
A method for calibrating cavity phase using two capac-

itive style pickup probes by measuring the relative differ-
ence in phase between the two pickup probes was pre-
sented. No other measurements are necessary: the method
does not require absolute energy measurements, since a
reasonable estimate of the number n of bunches between
the pickup probes is sufficient to yield an accurate fit for
the zero-crossing phase Φ0. The principle is based on sim-
ple equations: phase difference data are stitched together
and transformed to the energy domain, where a sine func-
tion is fitted, and the abscissa offset represents the desired
parameter Φ0.

Figure 3: A screenshot of a window of the cavity phase cal-
ibration software that shows energy vs. cavity phase data
(black) with the fitted sine curve (blue) for one of the ac-
celerating cavities in the ReA3 linac.

This algorithm was implemented and tested on the ReA3
accelerator. The implementation software had a direct con-
nection with EPICS channels, automating the full cavity
scan process, and it included data resampling features to
deal with unacceptable levels of noise in the data. In the
best case, a usable full cavity scan took only a couple of
minutes, however this time is dominated by the time needed
to tune the beam in order to prepare it for the scan. The lat-
ter time is strongly dependent on the position of the pickup
probes relative to the cavity, and their separation distance,
as well as the availability of tuning and focusing elements,
and the reproducibility of previously developed tunes, all of
which were less than ideal in our case. We still successfully
calibrated the accelerating cavities in the ReA3 accelerator
using BPMs as pickup probes.
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MICE SPECTROMETER SOLENOID  

MAGNETIC FIELD MEASUREMENTS 

M. Leonova
#
 on behalf of the MICE collaboration 

Fermilab, Batavia, IL 60510, USA

Abstract 
The Muon Ionization Cooling Experiment (MICE) is 

designed to demonstrate ionization cooling in a muon 

beam. Its goal is to measure a 10% change in transverse 

emittance of a muon beam going through a prototype 

Neutrino Factory cooling channel section with an absolute 

measurement accuracy of 0.1%. To measure emittances, 

MICE uses two solenoidal spectrometers, with Solenoid 

magnets designed to have 4 T fields, uniform at 3 per mil 

level in the tracking volumes. Magnetic field 

measurements of the Spectrometer Solenoid magnet SS2, 

and analysis of coil parameters for input into magnet 

models will be discussed.  

INTRODUCTION 

The MICE experiment [1] located at Rutherford 

Appleton Laboratory consists of a dedicated beam line, 

which generates muons in a range of input momenta 

between 140 and 240 MeV/c and emittances between 2 

and 10 π mm, and a cooling cell sandwiched between 

particle identification detectors (PID) and Spectrometer 

Solenoids (SS) equipped with scintillating fiber trackers, 

see Fig. 1. The cooling cell is designed to reduce the 

transverse emittance of a passing muon beam by about 

10% using the ionization cooling principle.  

Each spectrometer consists of a 4 T superconducting 

solenoid, and a tracker [2] composed of five planar 

scintillating-fibre stations, whose pacing has been chosen 

to optimize the performance of the reconstruction (track-

finding efficiency and parameter resolution). Together, 

the spectrometers are required to determine the expected 

relative change of approximately 10% between the 

“before” and “after” beam transverse emittances with a 

precision of ±1% (i.e. 0.1% absolute measurement of the 

emittance). Therefore, the fields in the tracking volume 

should be known with high accuracy. 

The MICE SSs were built at Wang NMR (Livermore, 

CA, USA). A schematic representation of the magnet (not 

drawn to scale) is shown in Fig. 2. The cryostat consists 

of a liquid helium vessel, an 80 K thermal shield, cold 

mass supports and a stainless steel vacuum vessel with 

40-cm diameter bore. Each solenoid consists of five 

superconducting Nb-Ti coils wound on a single aluminum 

mandrel. Two Matching coils (M1, M2) match the muon 

beam in the SSs to the beam in the cooling cell. Two End 

coils (E1, E2) positioned around a Center coil (C) are 

designed to generate a uniform 4 T field over a 110-cm-

long and 30-cm-diameter volume. The coil parameters  

 

Figure 1: Layout of the MICE cooling cell. It is a 

prototype of a cooling channel section for use in a 

Neutrino Factory or a Muon Collider. 

 

Figure 2: Top half of a schematic cross-section of one of 

the MICE SS. 

 

 Match 1 Match 2 End 1 Center End 2 

Inner Coil Radius (mm) 258 258 258 258 258 

Coil Thickness (mm) 46.165 30.925 60.905 22.125 67.783 

Coil Length (mm) 201.268 199.492 110.642 1314.30 110.642 

Current Center Axial Position* (mm) 124.00 564.00 964.00 1714.00 2464.00 

Current Center Radial Position* (mm) 281.083 273.463 288.453 269.063 291.891 

Coil Average J (A mm-2) 137.67 147.77 124.28 147.66 127.09 

Number of Layers per Coil 42 28 56 20 62 

Number of Turns per Layer 115 114 64 768 64 

Total Number of Turns 4830 3192 3584 15360 3968 

Design Current (A)** 264.83 285.60 233.68 275.52 240.21 

Coil Self Inductance (H)^ 12.0 5.0 9.0 40.0 11.3 

Coil Stored Energy (MJ)** 0.42 0.20 0.26 1.55 0.32 

Peak Field in Coil (T)** 5.30 4.32 5.68 4.24 5.86 

Temperature Margin at 4.2 K (K)** ~1.6 ~1.8 ~1.5 ~2.0 ~1.5 

* Based on Z = 0 is at the match coil end of the magnet cold mass (The center of MICE in these 

coordinates is at Z = -3487 mm) R = is the axis of the magnet (the MICE axis). 

** This is at the maximum design current, which is based on the worst-case currents for the five coils. 

^ The inductance of the two end coils and the center coil in series is about 74 H. 

Figure 3: As built parameters of the second MICE SS. 

given in Fig. 3 [3] are “as built”, which are different from 

the original design and design by vendor. Each coil layer 

was thicker than anticipated with fewer turns per layer, 

thus, the currents in the coils were adjusted accordingly.  

A model of the solenoids (together with other magnets, 

equipment and structures in the MICE experimental  

hall) will be used to simulate the fields for each 

momentum/emittance case for use in MICE data analysis. 

Thus, the magnetic field mapping is important to verify 

the coil geometry for the model and effects of magnetic 

material (detector shielding) on the field. 
 ___________________________________________  

# mleonova@fnal.gov                
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HIGH PRECISION MAGNETIC  

FIELD MEASUREMENTS 

CERN Detector Technologies Engineering and 

Mechanics group built a dedicated system for mapping 

MICE magnets [4]. The system includes: a 5-m long 

support system, the chariot containing a detachable 

service module for an NMR probe, disk with seven 3D 

Hall probes, and the Data Acquisition system. The setup 

of the magnet measurement device is shown in Fig. 4.  
 

 

 

 

Figure 4: (Top) Magnet measurement device setup. 

(Center) Photo of the system in use for SS2 magnet. 

(Bottom left) Measurement grid of the device. 

(Bottom right) Mounting positions of the seven 3D Hall 

probe sensors on the disk. 

The support is made of ¼” aluminum pipe. Other 

components of the device are made of non-conducting 

materials to avoid eddy currents. The chariot is moved by 

a motor with reduction gear box and encoder on the 

outgoing shaft. The disk with seven 3D Hall probes can 

be rotated in steps of 5°. The probe at 180 mm radius 

needs to be dismounted for rotation angles between 225° 

and 355° due to interference with the chariot. 

The system is characterized by the following 

uncertainties: ± 0.5 mm probe radial position; ± 1 mrad 

disk rotation angle; < 0.5 mm longitudinal position; and  

± 2 mT magnetic field measurement in 1 to 4 T region. 

Magnetic measurements of MICE SS2 magnet were 

performed for two setups: without any magnetic material 

present near the solenoid, and with steel (US1010) plate 

and cage, mounted on the E2-coil side of the solenoid for 

shielding detectors present in MICE channel.  

For each setup, a series of measurements were done for 

two coil current configurations: “Solenoid Mode” and 

“Flip Mode”, corresponding to the two MICE cooling cell 

magnetic field configurations when operating with muons 

with an average momentum of 240 MeV/c and a  

β-function at the center of the absorbers of 420 mm.  

Figure 5 shows an example of one set of measurements; 

measurements for all 3D Hall probes at different radii are 

plotted (0 mm – 18 mm), thus, the scatter in the points.  
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Figure 5: Measured field components for all probes, and a 

numerical calculation of the longitudinal field on 

magnetic axis using “as-built” coil parameters. 
 

The typical measurement format was with 2 cm 

longitudinal steps and 20° disk rotation steps. There were 

additional faster measurement sets at currents adjusted to 

various percentage of a full current configuration to check 

linearity of field with current and study the hysteresis 

effect in the field (due to introduction of material in 

shielding plate). For these, the measurement format was 

with 5 cm longitudinal steps at only four disk rotation 

angles (0°, 40°, 180°, 220°). There were also additional 

studies to check for systematic uncertainties introduced by 

probes mounting on the disk (only 5 longitudinal 

positions, but with 5° disk rotation steps). We also 

measured coils powered at low current of 30 A: coils M1, 

M2, E1 and E2 individually, and coils E1-C-E2 together; 

the measurement format had varying longitudinal steps 

and 30° disk rotation steps.  
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Figure 6: Magnetic field linearity study.  

Figure 6 shows analysis of magnetic field linearity with 

current for a set of measurements without shielding plate, 

for “Solenoid Mode”. There are several overlapping 

points at 80% current and 50% current, as indicated. The 

currents in coils were stable to ~0.05A (maximum 

variance) over ~2.5-hour measurement set, and set 

currents were reproducible to ~0.03A, as measured by the 

shunts installed to read coil currents directly [5]. The 

magnetic field is linear with current, with no indication of 

measurable offset at 0A.  

Figure 7 shows zoom-in on the tracker region. Spread 

of the field measurements at each radial probe position 

comes from measurements at different disk rotation 

angles, and is due to shift of mapping device axis with 

respect to magnetic axis, as also indicated in Fig 8.  

An ~3% discrepancy between measurements and 

simulation was also observed in preliminary 

measurements [6], when we did not have a direct 

measurement of coil currents and precise survey of the 

mapping axis. These results together with the linearity  
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Figure 7: Longitudinal magnetic field component in the 

tracker region: measurements for 3D Hall probes at 

different radii for a case without shielding plate, 

measurements at 0 mm for a case with shielding plate, and 

a numerical calculation on axis (no shielding plate) using 

“as-built” coil parameters and measured coil currents. 
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Figure 8: Survey of magnet measurement device axis 

(zoom-in on tracker region) in a coordinate system 

aligned to the cold mass axis. 

studies indicate that this discrepancy does not come from 

control or measurement systems, but is due to the coils 

themselves. It is likely that the number of turns in coils 

E2, C, and possibly E1 are not as specified in [3], thus, 

the currents in the coils need to be adjusted to achieve the 

desired field configuration and uniformity.  

The effect of shielding plate on magnetic field inside 

the solenoid agrees with the studies [7], indicating that 

reduction of current in the outer coil (E2) of ~2.5% is 

required to keep the desired magnetic field configuration. 

We plan to perform more field measurements around the 

shielding plate during the mapping of the MICE SS1. 
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Abstract

A muon collider and a muon-based neutrino factory are

attractive options for particle physics. Their realization re-

quires demonstration of muon ionization cooling, the only

technique to rapidly reduce the emittance of the short lived

tertiary muon beam. MICE, performed by a team from the

U.S., Europe, and Asia at Rutherford Appleton Laboratory,

will provide this demonstration. The experiment comprises

one cell of a representative cooling channel, bracketed up-

stream and downstream by muon detection stations, each

with a spectrometer solenoid (SS). Characterization of the

RAL/ISIS muon beam line is complete. Fabrication of the

two SS is nearly complete, with one having passed its ac-

ceptance tests, and the second nearly ready for testing. The

first focus coil is presently being tested, with a second unit

ready shortly. The cold mass for the coupling coil proto-

type is under test and its cryostat is in fabrication. Other

required hardware, including RF cavities and liquid-H ab-

sorbers, is also being built. Their status and plans for car-

rying out the experiment are described.

CONCEPT AND STAGING

Ionization cooling of muons involves reducing the to-

tal momentum through energy loss while replenishing the

component along the reference orbit with acceleration.

MICE is a demonstration of muon cooling using a full

cooling cell surrounded by tracking and particle identifi-

cation detectors to measure each muon before and after it

traverses the cell [1]. This way, a virtual beam can be con-

structed in software and its emittance measured with un-

precedented precision. The goal is to measure a reduction

of order 10% in normalized transverse emittance with a rel-

ative precision of 1% under different configurations of in-

put beam and magnetic channel optics. Figure 1 shows the

staging of the experiment. Step I, aimed at characterizing

the beam using the particle identification detectors, is now

complete. In addition, preliminary momentum reconstruc-

tion and emittance measurements were performed at this

stage using the time-of-flight (TOF) detectors [2]. Recon-

structed trace space distributions agree well with simula-

tions for different combinations of momentum (140, 200

and 240 MeV/c) and normalized transverse emittance (3π,

6π and 10π mm). The first measurement of cooling with

absorbers will take place in Step IV [3]. This will be fol-

lowed by the final stage (Step VI) with the full cooling

∗This work was supported by the Office of Science, U.S. Department

of Energy under DOE contract number DE-AC02-05CH11231
† torun@iit.edu

Figure 1: MICE staging and schedule.

channel cell in place including RF acceleration [4].

BEAMLINE

A target system [5] utilizing a linear electromagnetic

drive moves a Ti cylinder vertically toward the edge of the

shrinking proton beam envelope just before extraction. In

addition, a vertical closed orbit bump has been developed

to steer the ISIS beam to meet the target at the correct phase

and reduce losses in the machine induced by the MICE

target [6]. Figure 2 shows the beamline elements and in-

strumentation. The pion beam from the target is captured

by a quadrupole triplet (Q1-3) and momentum selected in

a dipole (D1) before being directed into a decay solenoid

(DS). A variable thickness proton absorber at the exit of the

DS is used to remove protons from the beam. Momentum

selection on the muons from pion decay is performed by

Figure 2: MICE beamline and instrumentation.

STATUS OF THE MUON IONIZATION COOLING EXPERIMENT (MICE)∗
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Figure 3: Partial cross section of the MICE channel show-

ing, from the outside in: spectrometer solenoids; AFC

modules with liquid hydrogen absorbers; RFCC modules

with RF cavities, couplers and Be windows.

another dipole (D2). Two more quadrupole triplets (Q4-6,

Q7-9) focus the muon beam. A variable thickness diffuser

[7] is used to increase the emittance of the beam at the end

of the beamline for some of the settings. The beamline set-

tings have been successfully commissioned [8] and meet

the experimental requirements [9].

COOLING CHANNEL HARDWARE

Figure 3 shows the layout of the final stage (step VI)

of MICE. The cooling cell includes three AFC (Absorber-

Focus Coil) and two RFCC (RF Cavity-Coupling Coil)

modules.

AFC Modules

Liquid hydrogen absorber development is complete and

the first absorber has been built and successfully tested

[10]. Solid absorbers will also be tested in Step IV [11].

A cylindrical disc absorber has been built out of LiH and

a wedge-shaped absorber has been designed [12]. Training

and testing of the first AFC module magnet is complete and

the second unit will be delivered to RAL shortly.

RFCC Modules

Ten RF cavity bodies have been built and most of the

thin Be windows and ceramic vacuum windows are in hand

[13]. One of the cavities was electropolished at LBNL [14]

and is being assembled for operation in a vacuum vessel at

the Fermilab MuCool Test Area (MTA) [15]. The tuning

system for this cavity was built at Fermilab and LBNL and

will be tested soon [16]. The first pair of RF power cou-

plers is under fabrication at LBNL. A test stand at Dares-

bury Laboratory is being used to develop the RF amplifier

chain that consists of four 2-MW systems. RF power and

control system design is complete and installation is under

way [17]. The first amplifier will be operated in the MICE

hall soon. The cold mass for the first prototype coupling

coil (CC) magnet is under test at a recently commissioned

magnet test facility at Fermilab [18] and cryostat fabrica-

tion at LBNL is nearing completion. This CC magnet will

be installed at the MTA in 2015. In the meantime, cav-

ity tests will be carried out in the fringe field of a smaller

magnet [19].

Spectrometer Solenoids

Assembly of both spectrometer solenoids is complete

[20]. The first is on its way to RAL after successful fi-

nal testing and magnetic field mapping [21]. Testing of the

second is about to start.

DETECTORS

Two scintillating fiber trackers have been built [22] and

successfully tested. The trackers will be installed inside

the spectrometer solenoids and used to reconstruct muon

position and momentum. The rest of the detectors are used

for particle identification and most are labeled in Fig. 2.

The two upstream TOF hodoscopes (TOF0, TOF1) [23],

together with the Cherenkov counters (Ckova, b) [24] allow

identification of incoming muons while the downstream

calorimeter (KL) and electron-muon ranger (EMR) [25]

next to it are used to reject muon decays and high energy pi-

ons [26]. The TOF counters also provide a measurement of

the time coordinate for each muon. Assembly of the last de-

tector, the EMR, was recently completed at the University

of Geneva and a commissioning run will begin shortly to

complete installation at RAL. The data acquisition system

is complete and the software framework for Monte Carlo

simulation, reconstruction and analysis of detector data is

in place [27].

MAGNETIC SHIELDING

The MICE magnetic channel contains 18 large-bore su-

perconducting coils over a length of about 15 m with no

flux return. Steel walls have been installed at the edges

of the MICE hall to shield the rest of the building (includ-

ing the MICE and ISIS control rooms). However, detailed

modeling has shown that the magnetic field within the hall

would potentially interfere with operation of some compo-

nents. This will be addressed by relocating some of the sen-

sitive hardware and installing a partial return yoke (PRY)

[28] around the magnetic channel to capture the flux. The

conceptual design of the PRY is shown in Fig. 4 and de-

tailed engineering is in progress.

OUTLOOK

The beamline has been operating successfully and all

major cooling channel components are on track for deliv-

ery within the next few years. Commissioning of the last

particle ID detector (EMR) is about to commence. Instal-

lation of the support infrastructure in the hall is well under

way and a framework for controls and monitoring [29] is

in place. Step IV of MICE will be ready early in 2015 for

the first measurement of emittance reduction after a long

ISIS shutdown. The latest version of the schedule can be

obtained from the MICE website [30]. MICE is on track

for demonstration of ionization cooling by the end of this

decade which will pave the way for future muon based ac-

celerator facilities [31].

Proceedings of PAC2013, Pasadena, CA USA THPHO18

06 Accelerator Systems

A11 - Beam Cooling 1341 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 4: Partial return yoke concept for Step IV (left) and Step VI (right).
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A CHARGE SEPARATION STUDY TO ENABLE THE DESIGN OF A 
COMPLETE MUON COOLING CHANNEL* 

C. Yoshikawa#, C. Ankenbrandt, R. P. Johnson, Muons, Inc., Batavia, IL 60510, U.S.A. 
Y. Derbenev, V. Morozov, JLAB, Newport News, VA 23606, U.S.A.                                                

D. Neuffer, K. Yonehara, Fermilab, Batavia, IL 60510, U.S.A.

Abstract 
The most promising designs for 6D muon cooling 

channels operate on a specific sign of electric charge.  In 
particular, the Helical Cooling Channel (HCC) and 
Rectilinear RFOFO designs are the leading candidates to 
become the baseline 6D cooling channel in the Muon 
Accelerator Program (MAP).  Time constraints prevented 
the design of a realistic charge separator, so a simplified 
study was performed to emulate the effects of charge 
separation on muons exiting the front end of a muon 
collider.  The output of the study provides particle 
distributions that the competing designs will use as input 
into their cooling channels.  We report here on the study 
of the charge separator that created the simulated 
particles. 

INTRODUCTION 
One of the most challenging components for a muon 

collider is the 6D cooling channel that must cool muons 
by six orders of magnitude in phase space before they 
decay (τ=2.2μs). The two most promising candidates are 
the Helical Cooling Channel [1,2] and Rectilinear 
RFOFO [3] designs.  The Muon Accelerator Program 
(MAP) is a national effort headed at Fermilab that is 
charged with accessing the feasibility of building a muon 
collider and/or a neutrino factory based on a muon storage 
ring. A down-select competition between these contenders 
had been announced over the summer of 2013 with the 
expectation for each design to have results of simulations 
of all components in their channel by end of calendar 
2013. Both concepts operate on a single sign of electric 
charge of the muon, but a charge separator had not been 
designed. The tight time constraint forbade the design of a 
realistic charge separator, so a study was performed to 
emulate the effects of a simplified charge separator on 
muons exiting the front end of a muon collider. The 
output of the study provides particle distributions that the 
competing designs will use as input into their cooling 
channels. 

INITIAL STUDY 
This study benefits from an earlier effort [4] that used 

bent solenoids to separate the opposite charges in the 
beam.  Upon scrutiny of that study, we realized that it was 
possible to design a configuration that would separate the 
charges without the need to accelerate the muons above 
the momentum of 250 MeV/c expected from the front end 
of the system.  A cartoon of the coil configurations that 

illustrate the basic layout of the charge separator is shown 
in Figure 1.  There are two bent solenoids; the first 
“forward bend” (shown in white in Figure 1(a)) separates 
the charged beams vertically, while the second “reverse 
bend” (shown in red and blue in Figure 1) directs each 
beam back into the mid-plane.  Each bend has three 
sectors: two “Norem matching” sectors [5] of half a 
Larmor oscillation length (λL/2) each and a mid-sector 
that has half the bending radius (and thus twice the 
vertical displacement angle) to adjust the vertical 
displacement at the end of the first bend.  One of the 
beams will need to drift in a straight solenoid for a full λL 
in order to create separation between the two reverse bend 
sets of coils.  For consistency with the earlier study, we 
chose the μ+ beam to traverse the longer path.  Since 
there is no RF in the separator, the beam in the longer 
path is subject to larger longitudinal emittance growth, 
and that drives the performance of the charge separator.  
We will thus design to optimize the μ+ beam and 
subsequently analyse the μ- beam in the shorter channel. 

 
Figure 1: Cartoon of coil configuration illustrating the 
concept of a charge separator from a top view (a) and at 
the downstream end looking upstream (b). 

A SIMPLIFIED CHARGE SEPARATOR 
Designing a realistic charge separator will involve: 

1. Dealing with fringe fields at the end of the forward 
bend and start of the two smaller solenoids. 

2. Dealing with fringe fields between the two 
downstream solenoids. 

3. Possibly tilting the coils in the downstream 
segments if the path difference introduced by the 
vertical displacement of the coils has a negative 
impact on performance. 

The above complications and the time constraints 
motivated the need for a simulation setup that can extract 
the effects of a properly designed charge separator 
without having to design a realistic charge separator.  
Such a setup is illustrated in Figure 2 where the simple 
charge separator is introduced by way of two separate 
channels, one for each sign.  Each channel incorporates 
large radii coils throughout both bends as well as in the 

 ___________________________________________________________________________________________________________________________________________________________________________________________ 
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middle straight in the case of the longer μ+ channel.  All 
coils are confined to lie in the mid-plane as would be 
done for the forward bend in a realistic charge separator.  
The coil configurations produce magnetic fields that are 
well understood and produce expected particle 
trajectories.  Collimators are introduced in the sections 
downstream of the forward bend to mimic the effect of 
coil apertures in a realistic charge separator. 

 
Figure 2: Association of a charge splitter coil concept in 
(a) to two separate simplified charge splitters (one for 
each sign) with transparent large radii coils.   Yellow 
discs demarcate sectors.  Oblique view of μ-s in (b) and 
side view in (d) show vertical rise in forward bend and 
vertical drop in reverse bend.  Oblique view of μ+s in (c) 
and side view in (e) show vertical drop in forward bend 
and vertical rise in reverse bend. 

OPTIMIZATION 
The simple charge separator is utilized to optimize for 

maximum throughput and minimal longitudinal emittance 
growth, recalling there is no RF in the separator.   As 
mentioned above, we will optimize for μ+s which traverse 
the longer channel.  Particles out of a 325 MHz version of 
the front end of a muon collider [6] were used as input, 
and since there is a roughly 20% loss of muons in the 4D 
cooler, we focused the optimization on particles exiting 
the phase rotator.  Configurations considered in the 
optimization are given in Table 1, where each was 
designed to have the same vertical separation at the end of 
the first bend.  Simulations were performed with 
G4beamline [7], and results of the optimization process 
are shown in Figure 3, where we have chosen the 
configuration with Redge=6.32 m as the optimal based on 
transmission. 

Table 1: Configurations in the Optimization  
P=Pz MeV/c 250 
B T 2 
λL=(2πPz)/(Bφc) m 2.62 
Redge m 3.21 4.25 5.28 6.32 7.36 8.39 9.43 
αedge(vert angle) deg 7.4 5.6 4.5 3.8 3.2 2.8 2.5 
Smid sector m 0 0.42 0.85 1.27 1.70 2.13 2.55 
Δymax m 0.342 
SLonger Channel(μ

+) m 7.86 8.71 9.56 10.41 11.26 12.11 12.96 

LONGITUDINAL DISTORTION & ITS 
REMEDY 

The μ+s exiting the optimal charge separator 
configuration determined above will need to be caught 
into RF buckets immediately following the separator.  
Examination of the longitudinal phase space reveals 

distortion as shown in Fig. 4.  Quantifying the particle 
losses and behaviour of εL in Fig. 5, a 9% loss and εL 
oscillation above the HCC acceptance is expected. 

 

 
Figure 3: Results of optimization. 

 

 
Figure 4: Longitudinal distortion at end of optimal 
configuration.  P(MeV/c) vs. T(nsec) for μ+’s entering the 
charge separator are upright in (a) and begin to show 
some distortion at the end of the first bend in (b).   Muons 
overlap neighboring bunches in (c), which is more easily 
seen in the zoomed-in view in (d). 

 
Figure 5: Rate and emittances of μ+’s in RF after the 
charge separator. 

A solution to counteract against this longitudinal 
distortion is to prepare the muon beam upstream of the 
charge separator as illustrated and explained in Figure 6, 
where RF gymnastics are applied to create a more upright 
ellipse in longitudinal phase space at the exit of the charge 
separator.  Figure 7 shows the optimal configuration  
where particles exiting the phase rotator drift for 3 meters, 
followed by 4 m of RF (20 MV/m @ 325 MHz, same as 
upstream phase rotator) before traversing the charge 
separator and being caught and analysed in 10 m of RF of 
the same gradient and frequency.  Figure 8 shows the 
longitudinal phase space of particles at the key locations 
described in Figure 6.  While not perfectly upright, the 
particles that were subjected to the beam preparation in 
Figure 8(d) appear to have less distortion than those not 
having gone through the preparation in Figure 4(d). 
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Figure 6: Longitudinal Phase Space Preparation Strategy.  
Longitudinal phase space of muons at the end of rotator in 
(a) are allowed to drift, resulting in (b) where RF is turned 
on to take advantage of the PvsT correlation.  The rotated 
longitudinal phase space at end of the RF is shown in (c), 
which enters the charge separator and exits with an 
upright ellipse in (d). 

 
Figure 7: Oblique view in (a) of 3 m drift following phase 
rotator, followed by 4 m of RF (20 MV/m @ 325 MHz; 
same as rotator), followed by transit through the charge 
separator, followed by 10 m of RF to recapture the μ+ 
beam.  Side view is shown in (b). 

 
Figure 8: P(MeV/c) vs. T(nsec) for μ+ through RF 
Preparation with 3 m of drift and 4 m of RF and traversed 
through the Charge Splitter.  Panels a-d correspond to the 
same conditions as in Figure 6. 

The improvement in rate of accepted muons and the 
reduction in the longitudinal emittance via the beam 
preparation are clearly seen in Figure 9 for μ+s and Figure 
10 for μ-s.   In the longer μ+ channel, εL is lowered and 
remains within the HCC acceptance.  The yield is also 
increased and remains flat in 10 m of RF, resulting in a 
net transmission increase of 14.6%.  In the shorter μ- 
channel, Figure 10 shows that while εL was within the 
HCC acceptance before the preparation, it is lowered 
further because of it.  The increase in rate is not expected 
to be as dramatic, but is still significant at 10%.  Final 
results are summarized in Table 2. 

SUMMARY 
We presented a study to emulate the effects of a charge 

separator on muons exiting the front end of a muon 
collider to enable the design of a 6D cooling channel in 
absence of a realistic design of a charge separator.  The 
output of this study provides particle distributions that the 
competing 6D cooling teams will use as input into their 
channels in the evaluation to be the baseline in MAP. 

 
Figure 9: Improvement in Rate and Emittances of μ+’s in 
RF After Charge Separator with Upstream Preparation. 

 
Figure 10: Improvement in Rate and Emittances of μ-’s in 
RF After Charge Separator with Upstream Preparation. 
Table 2: Survival Rates and Emittances of Muons at 1 m 
Past a Charge Separator. 

 

REFERENCES 
[1] K. Yonehara, R. P. Johnson, M. Neubauer, Y. S. 

Derbenev, “A helical cooling channel system for 
muon colliders”, IPAC10, MOPD076, (2010). 

[2] C. Yoshikawa, C. Ankenbrandt, R. P. Johnson, Y. S. 
Derbenev, V. Morozov, D. Neuffer, K. Yonehara 
“Complete Muon Cooling Channel Design and 
Simulations”, IPAC13, TUPFI060 (2013). 

[3] D. Stratakis et al., “A High-Performance Rectilinear 
FOFO Snake Channel for Muon Cooling”, NA-
PAC13, THPH012 (2013). 

[4] R. Palmer and R. Fernow, “Charge Separation for 
Muon Collider Cooling”, PAC11, MOP001 (2011).  

[5] J. Norem, Phys. Rev. Spec. Top. – Acc. Beams 2, 
(1999) 054001. 

[6] D. Neuffer and C. Yoshikawa, “Muon Capture for 
the Front End of a μ -μ  + - Collider”, PAC11, MOP030, 
(2011). 

[7] G4beamline, T. Roberts, http://www.muonsinc.com 

units

Particle Species μ+ μ─ μ+ μ─ μ+ μ─ μ+ μ─

At End of Rotator 15.66 15.54 30.06 27.71 7368 6690 4118 4221

3831 4025
(-7%) (-5%)

Acceptance of HCC

7122

20.4 42.8 12,900

Redge = 6.32 m @ 1m 
Drift 3m; RF 4m

15.94 15.69 34.2 29.3 8519

εT εL ε6D Nsurvive

mm-rad mm mm3 per 20k POT
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MAGNETIC BUNCH COMPRESSION FOR
A COMPACT INVERSE COMPTON SOURCE

B.R.P. Gamage1∗ and T. Satogata1,2
1Center for Accelerator Science, Old Dominion University, Norfolk VA, 23529, USA
2Thomas Jefferson National Accelerator Facility, Newport News VA, 23606, USA

Abstract
A compact electron accelerator suitable for inverse

Compton source applications is in design at the Center for
Accelerator Science (CAS) at Old Dominion University
(ODU). Here we discuss two options for transverse mag-
netic bunch compression and final focus, each involving a
4-dipole s-chicane with M56 tunable over a range of 1.5-
2.0m with independent tuning of the final focus to an in-
teraction point β*=5mm. One design has no net bending,
while the other has net bending of 90 degrees and is suit-
able for compact corner placement.

INTRODUCTION
There is significant interest in X-ray sources beyond

those available at large third-generation, lab-based syn-
chrotron light sources. Medical phase imaging, and in-
dustrial applications have been developed that have mo-
tivated development of compact light sources based on
inverse Compton scattering (ICS) [1] that provide sin-
gle beamline operation at a cost of about $10-15M. A
compact ICS source is in design at the ODU CAS with
an X-ray energy of up to 12 keV, flux of approximately
1.6×1014 photon/sec, and average brilliance of 1.5×1015

photon/(s ·mm2 ·mrad2 · 0.1%BW) [2].
This project consists of an optimized 500 MHz super-

conducting electron gun, 4K 500 MHz superconducting
spoke cavity linac [3], and a bunch compressor to provide a
short, high-brightness electron bunch to collide with an in-
coming laser beam to produce inverse Compton scattered
photons. The electron beam requirements are shown in Ta-
ble 1. The bunch length requirement of a few ps and en-
ergy spread requirement of 3 × 10−4 indicate the need for
small longitudinal emittance (<7 eV-m) and well-corrected
bunch compression. A practical system will also have tun-
able M56 to optimize the scattered photon beam.

DESIGN PHILOSOPHY
Traditionally dispersion-free chicanes are used for mag-

netic bunch compression, with M56 < 0 and T566 > 0[4].
However, these chicanes are not very compact and cancel
dispersion only to odd orders. M56 tunability is also di-
rectly connected to the chicane transverse dimension, and
so is limited.

For a compact design with tunable M56, we have been
investigating 4-dipole s-chicanes that alternate the bend-
ing directions of the center dipoles. A chicane of this type

∗Author email: bgama002@odu.edu

Table 1: Electron Beam Parameters at Collision
Parameter Value Units

Energy 25 MeV
Bunch charge 10 pC
Repetition rate 100 MHz
Average current 1 mA
Normalized emittance 0.1 mm·mrad
α∗
x,y , β∗

x,y 0, 5 -, mm
FWHM bunch length 3.0 (0.9) psec (mm)
RMS energy spread 7.5 keV

was investigated for the final bunch compressor of TTF-
FEL [5]. S-shaped compressors are dispersion free to all
orders, have greater M56 tunability, and can be wrapped in
on themselves with large central bend angles to be made
compact. As described in [5], M56 is tunable by adjusting
the central dipole angle.

Initial designs considered combining quadrupoles in the
compressor with quadrupoles outside the compressor to
tune the final focus. However, the aggressiveness of the
design final focusing to β∗ = 5mm is best handled with
a separate independent low-beta focus section. This sac-
rifices some small measure of compactness of the design,
but greatly improves the orthogonality of tuning knobs for
achromaticity, M56, final focusing, and upstream match-
ing. The linac design for this ICS suggests that a reasonable
range for M56 tuning is 1.5-2.0m.

A typical s-shaped chicane compressor ensures achro-
maticity by having a net horizontal phase advance of 2π,
with a pair of symmetrically-placed horizontal focusing
quadrupoles to tune achromaticity and a vertical focusing
quadrupole at the center symmetry point to control vertical
betas. Here the compact design pushes us towards stronger
focusing, and we investigate two designs: one with net 3π
phase advance and a net 90◦ bend for corner use, and one
with net 4π phase advance for larger dispersion and M56

lever arm. M56 is tunable for both designs by adjusting the
center symmetric bend angles and rematching achromatic-
ity and final focus.

DESIGNS AND RESULTS
We use elegant from the APS for lattice design, op-

timization, and particle tracking, including simulation of
short quadrupole end effects as described in the next sec-
tion. Each lattice has three quadrupoles in two symmetric
families between the center dipoles. For a given central
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Table 2: 3π Bunch Compressor Parameters
Parameter Value Units

Final βx,βy 0.005 m
Final αx,αy < 10−8 -
Maximum β ≈ 85.8 m
M56 1.498 m
Floor Dimensions 3× 4 m
Dipole Lengths 0.8,1.0,0.8,1.0 m
Dipole Bend Angles 70,-115,-115,70 ◦

Max Quadrupole Gradient ≈ 9.5 T/m
Quadrupole Length 0.1 m

Figure 1: 3π bunch compressor optics and floor plan.

dipole bend angle (and hence M56),

• The pair of symmetric quadrupoles are tuned to make
the compressor achromatic.

• The center quadrupole is tuned to control vertical
beam size entering the final focus section.

• The final focus is retuned to match collision IP condi-
tions of β∗

x,y = 5mm and α∗
x,y = 0.

In both designs, peak beam sizes are well-controlled, and
chromatic effects of the final focus are minimal, indicating
no need for nonlinear corrections that would otherwise dis-
tort the transverse phase space. Neither design includes
sextupoles to control T566 as of present, though their inclu-
sion should be straightforward at high dispersion locations
in the bunch compressor to control longitudinal distribution
linearity [9].

3π Compressor
The first compressor, denoted ”3π”, has a total disper-

sion phase advance of 3π and a net bending of 90◦, making

Table 3: 4π Bunch Compressor Parameters
Parameter Value Units

Final βx,βy 0.005 m
Final αx,αy < 10−8 -
Maximum β ≈29.5 m
M56 1.4 m
Floor Dimensions 2× 4.3 m
Dipole Lengths 0.35,1.134,1.134,0.35 m
Dipole Bend Angles 40,-175,175,-40 ◦

Max Quadrupole Gradient ≈ 9.15 T/m
Quadrupole Length 0.1 m

Figure 2: 4π bunch compressor optics and floor plan.

it suitable for a compact corner design. Four quadrupoles
are used in the final focus. The floor layout and the trans-
verse optics are shown in Fig. 1, and relevant parameters
are shown in Table 2. The compressor fits in a 3.5 × 4m
area, and in these conditions is tuned for M56 = 1.498m.
Note that for this compressor, the first and fourth dipoles
bend in the same direction to provide the dispersion can-
cellation and overall bend.

4π Compressor

The second compressor, denoted ”4π”, has a total dis-
persion phase advance of 4π and no net bending; it is more
transversely compact than the 3π design. three quadrupoles
are used in the final focus. The floor layout and the trans-
verse optics are shown in Fig. 2 and relevant parameters are
shown in Table 3. The compressor fits in a 2.0 × 4m area,
and in these conditions is tuned for M56 = 1.4m. Addi-
tional quadrupoles may be added in the outside drifts for
extra optics control.
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QUADRUPOLE CONSIDERATIONS
Fringe Fields

Since the quadrupoles in this design are comparatively
short, we investigated the effect of inclusion of fringe fields
on the transport and matching. Considering the fringe field
to be symmetric on both ends, we used the single parameter
Enge function [6] to calculate the required integrals for el-
egant to calculate the final beta functions with effects from
the fringe fields from the quadrupoles. Elegant requires
the normalized quadrupole fringe field k̃(s) to be normal-
ized [7], so using the field profile shown in Fig. 3 we found
the Enge coefficient a1=4.6.

Figure 3: Fit of normalized fringe field for typical com-
pressor quadrupole design.

Design Availability
The quadrupoles in both designs are typically 10 cm long

with an exception of the focusing quartet of 4π compressor,
which are 15 cm long, with a maximum field gradient of
nearly 10 T/m. Some parameters for various quadrupoles
used in these design are shown in Table 4.

With the design beam pipe diameter, these parame-
ters match those of commercially available quadrupoles
such as those from RadiaBeam. The air-cooled diamond
quadrupole BEMQD-01-155-245 [8] is such a magnet
which is close to the required dimensions while having a
max gradient of 12 T/m.

Table 4: Quadrupole Data
Parameter Value(range) Units

Bore 0.04 m
Magnetic Field Gradient 2.5-9.7 T/m
Length 10 cm
Total Current (NI) 434-1684 A
Conductor cross-section 4.3-16.84 cm2

(air-cooled)
Conductor cross-section 0.43-1.684 cm2

(water-cooled)

Table 5: RadiaBeam Diamond Quadrupole
Parameter Value Units

Bore 0.0394 m
Max field gradient 12 T/m
Magnetic length ∼9.74 cm
Total current (NI) 1940.4 A-turns

FUTURE DIRECTIONS
Further optimization work on the bunch compressors

will focus on tunability, chromatic compensation in the
final focus, and T566 nonlinear longitudinal focusing to
correct longitudinal bunch distortion from the linac. T566
should be straightforward to independently control to first
order with the inclusion of sextupoles at high dispersion lo-
cations in the bunch compressor [9]. Beam dynamics will
follow those in [10]. Plans of adding an upstream matching
block between the linac and the compressor are in consid-
eration
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IMPROVEMENT OF DIGITAL FILTER

FOR THE FNAL BOOSTER TRANSVERSE DAMPERS

T. Zolkin∗, The University of Chicago, Department of Physics, Chicago, IL 60637–1434, USA

N. Eddy† , V. Lebedev‡ , FNAL, Batavia, IL 60510–5011, USA

Abstract

Fermilab Booster has two transverse dampers which in-

dependently suppress beam instabilities in the horizontal

and vertical planes. A suppression of the common mode

signal is achieved by digital notch filter which is based on

subtracting beam positions for two consecutive turns. Such

system operates well if the orbit position changes suffi-

ciently slow. Unfortunately it is not the case for FNAL

Booster where the entire accelerating cycle consists of

about 20000 turns, and successful transition crossing re-

quires the orbit drifts up to about 10 µm/turn, resulting in

excessive power, power amplifier saturation and loss of sta-

bility. To suppress this effect we suggest an improvement

of the digital filter which can take into account fast orbit

changes by using bunch positions of a few previous turns.

To take into account the orbit change up toN -th order poly-

nomial in time the system requires (N + 3) turns of “pre-

history”. In the case of sufficiently small gain the damping

rate and the optimal digital filter coefficients are obtained

analytically. Numerical simulations verify analytical the-

ory for the small gain and predict a system performance

with gain increase.

INTRODUCTION

Consider a paraxial transverse motion of the particle

with equilibrium energy in a circular accelerator. For fur-

ther calculations we will be neglecting a coupling between

transverse planes and consider only one of them for sim-

plicity. Neglecting nonlinear effects, in an approxima-

tion of linear optics, the dynamics of a particle can be de-

scribed by the “time” evolution of the betatron state-vector,

ζ̃(s) = [q(s), p(s)]
T
, where the variable s is the path length

along the closed orbit and plays the role of time, q is the

particle deviation in considered transverse direction with

respect to the closed orbit, and p = d q(s)/ds is canoni-

cally conjugated momentum.

The canonical transformation to the so-called normal-

ized coordinates (p, q) → (P , η):

η(s) = q(s)/
√

β(s),

P(s) = p(s)
√

β(s) + q(s)
α(s)
√

β(s)
,

where β(s) is a beta-function and α(s) = − 1
2 dβ(s)/ds,

is performed in order to reduce the motion (from an initial

∗ zolkin@uchicago.edu
† eddy@fnal.gov
‡ val@fnal.gov

position s1 to a final one s2) to the pure rotation of new

normalized vector ζ(s) = [η(s),P(s)]
T
:

[

η(s2)
P(s2)

]

=

[

cosµ12 sinµ12

− sinµ12 cosµ12

] [

η(s1)
P(s1)

]

,

where µ12 = ψ(s2) − ψ(s1) and ψ(s) is a betatron phase

advance

ψ(s) =

s
∫

0

ds

β(s)
.

Damper System

A general transverse damper is an active feedback sys-

tem consisting of pickup station which measures the beam

position, and a kicker which is located downstream and

damps the betatron oscillations of the beam as a whole by

applying an appropriate kick (see Fig. 1).

pickup

kicker

MPK

MKP

ζ n

(K)

ζ n

δ n(+      )p

Figure 1: Schematic plot of the one turn transformation of

the betatron state-vector in a lattice with damper.

For further considerations we will denote as ζn and ζ
(K)
n

the normalized betatron-state vector on the n-th turn at

the locations of the pickup and the kicker respectively,

as MPK(µ1) and MKP(µ2) the transport matrices between

pickup and kicker and between kicker and pickup, where

µ1,2 are phase advances corresponding to those matrices,

and as δpn the change of particle momentum applied at the

n-th turn by kicker. The above determines the betatron tune

µ0 = µ1 + µ2.

Thereby, a one-turn map that recursively defines a new

state-vector at the pickup location can be written as, [1]:

ζn+1 =MKP ζ
(K)
n =MKP

(

MPK ζn +

[

0
δpn

])

. (1)
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x x x x x x

d

K turns used
δp

A A A A

n n+1

K−2 1

n−d−K n−d−(K−1) n−d−1 n−d

K−1 0

for correction
n calculation

turn
n−th

Figure 2: Schematic diagram representing the work of dig-

ital filter. Correction algorithm uses K turns of prehistory

(blue circles) in order to calculate the change in momentum

δpn, which will be applied d turns later (for this diagram

d = 2) after the current turn (n-th turn shown with a black

filled circle).

DAMPING DYNAMICS FOR SMALL GAIN

In most general form the the angle correction algorithm

which is based on K previous measurements is given by:

δpn =
g√
βPβK

K−1
∑

k=0

Ak (qn−d−k + δqn−d−k) ,

where g is the dimensionless gain, δqi is an error of mea-

surement introduced by pickup at i-th turn, Ai are the co-

efficients which define the properties of digital filer, d is

an integer which determine the delay in turns after which

the correction to be applied (typically d = 0, 1, 2 depend-

ing on the system), and, βP,K denote a beta functions at the

pickup and the kicker locations respectively. The schematic

diagram of the algorithm is shown in Fig. 2.

For further simplification one can introduce a complex

normalized variable z = η − iP , which allow to rewrite

matrix Eq. (1) as

zn+1 = eiµ2

×
[

eiµ1zn − ig

K−1
∑

k=0

Ak (ℜ zn−d−k + δηn−d−k)

]

,

where δηi = δqi/
√

βP is the renormalized error, and ℜ z is

a real part of z. Below we will consider the beam dynamics

in a presence of damper for the case of small gain.

Damping Rate

Temporarily omitting the heating term, δηi, and taking

into account that the contribution of the z∗ term is aver-

aged out for the case of small gain, the last equation can

be solved by the use of the first-order perturbation theory.

Looking for the solution in the form zn = z0 e
iµn, where

µ = µ0 + igd and gd is a damping rate presumed to be

small, finally gives

gd = i
g

2
e−i(µ1+µ0d)

K−1
∑

k=0

Ake
−iµ0k. (2)

As one can see, the imaginary part of the damping rate

should vanish in order to have critically damped system,

i.e. ℑ gd = 0. This imposes an additional restriction on

coefficients Ai.

x x x x x xx−d−K −d−(K−1) −d K−2 K−1 K K+1

x xx0 1 2x x x x x−d−K −d−(K−1) −d K K+1

δp

δp

δp

δp

0

1

K−1

K

Figure 3: Schematic diagram representing the work of dig-

ital filter for K turns with single erroneous measurement

((−d)-th turn shown with a red circle).

Emittance Growth

To estimate the emittance growth excited by noise of the

pickup measurements, we will keep only the heating term,

while damping term will be omitted. If only one measure-

ment is erroneous, let say δη0, then summing the effect of

K turns one obtains

zK =
(

z0 − 2 gd δη0 e
iµ0d

)

eiµ0K,

where Eq. (2) was used to find the sum. One can see that

every single error δηi will contribute K turns multiplying

the effect (see Fig. 3). That yields an increase of the emit-

tance due to a single kick

δǫ =
〈δzδz∗〉

2
= 2 δη2

[

(ℜ gd)2 + (ℑ gd)2
]

= 2 |gd|2
δq2

βP

,

where in addition to the averaging over initial phases and

amplitudes (operator 〈. . .〉), we performed averaging over

the kick amplitudes (operator (. . .)), and

(

δq2
)1/2

=
√

βP

(

δη2
)1/2

is the rms error of a single measurement. As one can see

the emittance growth does not depends on the choice of

coefficients Ai.

DESIGN OF THE DIGITAL FILTER

In general the digital filter should not be sensitive to the

equilibrium orbit offset relative to the geometrical center

of pickup. Otherwise, the system attempts to correct this

offset which leads to increased voltage on the plates of the

kicker and inefficiency of the algorithm. It is usually called

a notch filter condition and it gives a constraint on coeffi-

cients Ai:
K−1
∑

k=0

Ak = 0.

However, it is insufficient if the beam orbit is changing

fast. For example, in FNAL Booster, successful transition

crossing with high intensity beam requires fast change of

equilibrium orbit in time. The present digital notch filter

is not able to effectively suppress beam oscillations around

transition.
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1 1 1 · · · (N + 1)0 (N + 2)0

0 1 2 · · · (N + 1)1 (N + 2)1

0 1 4 · · · (N + 1)2 (N + 2)2

...
...

...
. . .

...
...

0 1 2N · · · (N + 1)N (N + 2)N

cos(δµ) cos(µ0 + δµ) cos(2µ0 + δµ) · · · cos [(N + 1)µ0 + δµ] cos [(N + 2)µ0 + δµ]



















. (3)

The filter which would not be sensitive to the orbit

change up toN -th order polynomial (qeq
n ∝ nN ) requires at

least K = (N +2) coefficients. It is easy to show, that they

are related to the binomial coefficients and up to a common

factor

Ak = (−1)kCN+1
k , k = 0, . . . , N + 1.

An additional constraint which optimizes the damping,

ℑ gd = 0, gives

K−1
∑

k=0

Ak cos(µ0k + δµ) = 0,

where δµ = µ1 +µ0d. That increases the required number

of turns to K = (N + 3). If minimum possible number of

coefficients is used, one can write matrix equation

M · [A0, A1, . . . , AN+2]
T = 0

with the solution

Ak = (−1)k
[

CN+1
k sin

(

N + 3

2
µ0 + δµ+N

π

2

)

+ CN+1
k−1 sin

(

N + 1

2
µ0 + δµ+N

π

2

)]

,

where k = 0, . . . , N + 2, and matrix M is determined by

Eq. 3. A common factor, ±1, in front of all Ai must be

added in order to have ℜ gd > 0.

Numerical Example for the FNAL Booster

The parameters of the Booster damper system are listed

in Table 1. A numerical example of design of the digital

filter which suppresses effect of orbit offset, and, its linear

and quadratic changes with time is presented in Fig. 4. The

real and imaginary part of the gain, gd, as a function of

particle frequency, ν, for horizontal and vertical degrees

of freedom is shown in top figure. Optimal values of the

coefficients for the digital filter,Ai, as a function of Booster

betatron frequency, ν0, for horizontal (middle figure) and

vertical (bottom figure) degrees of freedom are presented

as well. All calculations were performed for parameters

listed in Table 1.
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Table 1: Parameters of the FNAL Booster Damper System

Horizontal Vertical

Number of missing turns

d 0 0

Betatron frequency

ν0 6.75 6.83

Fractional part of tune

{µ0} = µ0 − 6× 360◦ 270◦ 298.8◦

Pickup-kicker phase advance

{µ1} = µ1 − 6× 360◦ 67.5◦ 288.5◦

1

−1

0 ν

νx

−1

0

1

ν

νy

A

A

2

2

1

0

−1

ν

ν νx y

A1

A1

A

A

3

3

A0

A4

A0

A4

Re (g  )d x

dIm (g  ) x

Re (g  )d y
Im (g  )d y

0

0

Figure 4: Numerical example of the digital filter design for

FNAL Booster, N = 2. Both scales for ν and ν0 are from

6.5 to 7.0.
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FAST FPGA BASED LOW-TRIGGER-JITTER WAVEFORM GENERATOR
METHOD FOR BARRIER-BUCKET ELECTRONICS AT FAIR∗

E. Bayer† , P. Zipf, University of Kassel, Kassel, Germany
H. Klingbeil, A. Klaus, GSI Helmholtz Centre, Darmstadt, Germany

Abstract
A new method for low trigger-jitter waveform generation

is presented. The targeted application is the time-delayed,
trigger synchronous waveform generation. The method can
be implemented on a single FPGA, which drives an ADC.
The phase-jitter between a trigger signal fed to the FPGA
and the generated single sine waveform is σ= 40 ps and 275
ps peak-to-peak. The response time of the wave form gen-
erator is 50 ns. The amplitude and the offset of each sine
wave can also be manipulated in real time. The waveform
generator was designed for the use in the Barrier-Bucket
system of the SIS100 synchrotron at the new Facility for
Antiproton and Ion Research (FAIR) in Darmstadt, Ger-
many.

INTRODUCTION
The GSI Helmholtz Centre for Heavy Ion Research in

Darmstadt, Germany is an accelerator facility for High En-
ergy Physics (HEP) research. In collaboration with 16
countries and physicists from all over the world, the Fa-
cility for Antiproton and Ion Research (FAIR) will be built
as a major extension of the existing facility and will be one
of the largest accelerator facilities in the world.

The presented waveform generator method is designed
for the use in the pre-compression stage of the new SIS100
synchrotron. The existing SIS18 will be used as booster
and will inject bunches of particles into 8 of 10 SIS100
buckets. After the particles have been accelerated to the
final speed in the SIS100, they have to be compressed to
a single bunch that takes 1/3 of the circumference. The
preferred method to perform this task is called Barrier-
Bucket. In this method, the amplitude of the bucket form-
ing sine waves, which hold the bunches, is decreased adi-
abatically. After a certain time the bunches merge into a
single long particle bunch in between the remaining sine
waves. Now, to compress the beam without the loss of par-
ticles, one wave has to be moved towards the other adiabati-
cally, means in steps less than 1 ns. Both sine waves have to
be generated synchronously to the revolution trigger, com-
ing from the Central Control System, which controls also
the amplitude and the voltage offset of the sine waves. The
BB-method is illustrated in Fig. 1. The constraints for the
waveform generation system, listed in Table 1, are given by
the physics of the accelerator and the desired bunch quality.

The task is therefore to gain control over the phase of the
generated single sine waves in the sub nano-second region
with a low response time. For this purpose a new waveform
generation method was developed and implemented.
∗Work supported by EU, EURONS contract No. 506065.
† e.bayer@gsi.de

Figure 1: The procedure for beam pre-compression with
the Barrier Bucket method (simplified).

Table 1: Specifications for the Barrier-Bucket Low-Level
RF-System

Parameter Value
Barrier Frequency fb 1.5 ± 0.2 MHz
Revolution Period TREV 9.1 to 3.7 µs
(= Trigger Period)
Moving Time TMOV 10 to 200 ms
Moving Step Resolution ∆td(t) ≤ 1ns
BB signal rise/fall time tR and tF ≤ 10ns

We will introduce the new method in the next section. In
the section ”Design” the design structure and operation are
explained. Subsequently, the measured performance of the
system will be presented, followed by a conclusion.

WAVE GENERATION METHOD
In existing asynchronous triggered DDS methods, the in-

coming trigger signal is sampled with the internal system-
clock frequency fsys. As soon as a 0/1 transition is de-
tected, a Digital-Analog-Converter (DAC) is driven by the
system-clock and fed with the grid points of the desired
waveform. The standard deviation of the resulting trigger-
waveform jitter equals then 1/(fsys ·

√
12). To overcome

this limitation, additional effort is necessary on both sides
- on the input processing as well as on the signal synthe-
sis part. The given task can therefore be divided into two
subtasks. First, the relation of the incoming trigger-signal
phase to the system-clock signal phase ∆Φ has to be de-
termined with a higher precision than simply by sampling
the trigger signal and second, the generation of the phase
accurate sine wave using this information. This procedure
is illustrated in Fig. 2. In the following sections, the meth-
ods for a high precision phase measurement and for phase
accurate signal generation are introduced.
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Figure 2: Principle of the phase accurate waveform gener-
ation by modifying the DAC data or, alternative, the DAC
clock.

Phase Measurement
The first step in generating a low trigger-jitter waveform

is the measurement of the phase relation between the trig-
ger signal and the system clock, since the system clock is
then used for the DDS algorithm. This corresponds to a
time interval measurement. The accuracy has to be as good
as possible, because the maximum phase deviation in the
whole method is increased by the maximum deviation of
the phase measurement. Therefore, to reduce the portion of
the measurement inaccuracy, a high-precision FPGA time-
to-digital (TDC) method was used for this purpose, which
ensures a maximum deviation down to ∼30 ps [1]. The
used TDC method is a tapped delay lines (TDL) technique
with enhanced accuracy. The details of this TDC design
can be found in [1].

Phase Accurate Waveform Generation
Generally, there are already methods for the generation

of phase shifted waveforms. For example the CORDIC al-
gorithm can be used to generate waveforms with the de-
sired phase-offset by starting with a certain amplitude off-
set as is shown in Fig. 2. This approach works well for
generation of continuous signals, when the waveform at the
beginning and at the end of the waveform is of no interest.
If a well shaped single sine wave has to be generated, one
has to consider the phase-offset-cut artifacts on the edges
of the waveform due to the variable phase offset, which re-
sults in large phase-jitter on the sine wave edges. A good
alternative avoiding these effects is the shifting of the ADC
driving clock instead of the ADC data as is shown in Fig. 2.

The common method to perform phase-shifts of the sys-
tem clock in FPGA is using the build-in Phase-Locked-
Loop (PLL) or a Delay Locked Loop (DLL). Here a phase-
shift granularity of (1/1024) · Tsys is available [2]. The
disadvantage of this approach is the relatively large recon-
figuration time of the PLL that can take several microsec-
onds [2]. These parameters exceeded the given constraints
of our application. Therefore, a new method for the gener-
ation of a phase-shifted clock signal was implemented on a

Virtex-4 FPGA. The implemented ”phase-shifter” uses the
routing resources of the FPGA as delay elements and pro-
duces delayed versions of the system clock. This is done
by deploying the carry-chain MUX resources to access the
clock signal. As the carry multiplexer are arranged in a
column an evenly delayed signal can be produced in steps
of 100 and 200 ps. The switching is performed within one
clock cycle - means: down to 2 ns response time on the
current FPGA families [3].

DESIGN
Structure

For the implementation of the waveform generator we
take a phase-shifter, a high-precision TDC for phase-
relation measurements, two secondary FPGA-TDC to mea-
sure phase-shifter delays and the DDS building block,
which feeds a 14-bit ADC outside the FPGA. As the shifter
delays measurements can be repeated, the secondary TDCs
have a lower resolution and need less resources. We deploy
the design from [4] for this purpose.

The implemented design makes extensive use of the tem-
perature and voltage dependent gate delays in the FPGA.
Therefore additional effort is needed to ensure a stable op-
eration [4]. For this purpose a calibration and continuous
recalibration functionality has been implemented on-chip
for the phase-shifter delays as well as for the TDCs. The
used calibration methodology can be found in [5]. The
(re)calibration of these elements is scheduled within the
idle phases of each element between the incoming trig-
ger events. Since the trigger frequency may not be suffi-
cient for using the trigger input for calibration, a control-
lable, system clock uncorrelated, internal pulser was im-
plemented, which can be used as calibration signal.

The coarse structure of the system is shown in Figure 3.
Its operation will be described in the next section.

Operation
The first task in the initialization phase of the system is

the calibration of the TDCs. The inputs of the three TDCs
are switched to the internal pulser and the 216 events for
the first calibration are collected. After the shifter TDCs
are calibrated, the resulting delay of each shifter position
is measured. Using this information the SD-LUT is con-
structed, which maps each possible needed delay within
the system clock period (TSY S) to a shifter position. Af-
ter these steps the system is fully operational. Before each
trigger event, the system receives three optical information
streams - two streams containing the amplitude and am-
plitude offset information and one with the current phase-
offset. When a trigger signal arrives, the time interval be-
tween the rising edge of the trigger and the following ris-
ing edge of the system clock is measured with the high-
precision TDC. From this measurement and the current
phase offset the required shifter delay is calculated in the
event-phase-logic. A coarse counter is then loaded with the
coarse portion of the phase-offset, which has a granularity
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Figure 3: The block diagram of the system. The additional
path for the combined mode is marked with (**).

of TSY S and the phase-shifter is switched to the position
corresponding to the fine shift value.

All these steps are done within a constant time window,
which finishes with the release of the back-running coarse
counter. As soon as the counter value reaches zero, the
clock gate at the phase-shifter input is released and a de-
fined number of shifted system clock pulses is generated.
This pulse train is used as clock signal for the DDS part
of the system. There, a finite state machine generates the
DAC clock and the corresponding sine grid points by driv-
ing a CORDIC unit. At this point, the DAC data values can
be manipulated, to adjust the needed sine amplitude and
sine offset.

To further improve the jitter characteristics the combi-
nation of DAC data and DAC clock manipulation can be
applied. For this purpose the difference between the actual
delay of the set shifter position and the measurement value
is sent to the DDS part of the system to adjust a correspond-
ing offset in the DAC data.

MEASUREMENTS
Although the whole system can be implemented in a sin-

gle FPGA connected to a DAC, the current setup is dis-
tributed between two FPGA boards, featuring together the
needed interfaces. The clock pulse train is fed into the
DDS-System by a single ended connection and is there-
fore exposed to the electromagnetic noise. For this rea-
son the achieved performance was characterized by mea-
suring the trigger-jitter of the generated pulse-train, the
sine wave generated by DAC clock manipulation only

and the sine wave generated by the combined method.
The measured trigger-jitter of the pulse-train is σ = 58
ps and 350 ps peak-to-peak. The phase-jitter of the ba-
sic/combined method is σ= 63/35 ps standard deviation
and 500/270 ps peak-to-peak deviation. Hence, the achiev-
able performance for a single FPGA implementation is
σ =

√
352 − (632 − 582) ≈25 ps. The test readings of

the sine wave for the combined method are presented in
Fig. 4.

CONCLUSION
A new method for triggered waveform-generation was

presented. The method of combined manipulation of
the DAC-data and DAC-clock implementable in a single
FPGA over-fulfills the requirements nearly by two orders
of magnitude and outperforms the known instrumentation
in means of trigger-jitter and device costs.

Figure 4: Jitter measurement between the trigger signal and
the generated sine wave.
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STUDY OF MICROPHONICS COMPENSATION FOR SRF CAVITY* 
Z. Zheng#,1,2, S. Zhao1, Z. Liu1, D. Morris1, J. Wei1, Y. Zhang1 

1Facility for Rare Isotope Beams, Michigan State University, East Lansing, Michigan, USA 
2Tsinghua University, Beijing, China 

Abstract 
Microphonics and Lorentz Force detune the resonance 

frequency of a SRF cavity, leading to perturbations of the 
amplitude and phase of its accelerating field. Although 
this disturbance could be compensated by a piezo-electric 
tuner or with additional RF power, these two methods 
have conflicts, which is observed as unstable RF fields in 
a recent experiment. These conflicts could be explained 
by a model. Further experiments on ReA3 [1] cryomodule 
validates a conflict suggested by the model. Overall 
optimization of control algorithm is still needed to 
effectively combine the two methods. 

INTRODUCTION 
Microphonics and Lorentz Force Detuning are major 

disturbances to the accelerating field of an SRF cavity. 
Usually, people can invest more RF power into the cavity 
to compensate these effects. However, RF power is 
expensive, especially for high gradient SRF cavities. An 
economical substitute is piezo-electric tuner, which sense 
and compensate the vibration with a fast feedback system. 
But the compensation is relatively rough, compared with 
the RF power method. It seems natural to combine the 
rough and cheap tuner with fine RF power to get an 
effective and affordable compensation. As we expect a 
stable accelerating field by simultaneously applying both 
tuners, we did observe strong interference between them. 
Section 1 describes these observations. 

To understand the conflict in the combo control, we 
have developed a model in MATLAB. The model reveals 
a conflict that is resulted from a time delay of piezo tuner 
control response. When high frequency modulation is 
induced by RF power modulation, such a time delay 
corresponds to a large phase difference, which could 
amplify the unwanted oscillations rather than suppress 
them. 

We added a low pass filter to verify our speculation. 
The phase fluctuation has been suppressed from ±7° to 
±4°, but not completely eliminated. Although the combo 
control uses two compensation methods simultaneously, 
their control algorithms are in fact separate. Apparently 
we need an overall optimization for the combo control 
algorithm that includes piezo’s time delay into 
consideration.   

In this paper, we also compared performance of ADRC 
algorithm on the piezo tuner with the common PI 
algorithm. Although ADRC appears to be more efficient 
than PI in simulation [2], their experimental performance 
are comparable. Section 2 describes our observation.   

CONFLICTS IN THE COMBO CONTROL 
To compensate microphonics, a piezo tuner was 

installed on the quarter-wave resonator (QWR) in ReA3. 
However, it was only used to suppress helium pressure 
fluctuations (<1 Hz), not microphonics (>1 Hz). A major 
source of the microphonics is the vibration of the QWR, 
with a resonate frequency ~38 Hz. To test the 
 

 
Figure 1: Test setup for a ReA3 cavity. CH1, CH2 and CH3 are three channels on the LLRF board receiving transmit 
(Pt), reflect (Pr) and forward power (Pf). RF power is controlled with ADRC. Piezo tuner is controlled by PI and later 
by ADRC.  
____________________________________________  

*Work supported by the U.S. Department of Energy Office of Science 
under Cooperative Agreement DE-SC0000661. 
#zhengw@frib.msu.edu 
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performance of combo control, we arranged a test as 
shown in Figure 1. Cavity accelerating gradient was set to 
be1.3 MV/m. 

Single Control by Piezo-electric Tuner 
We first would like to observe the performance of 

single control, i.e., RF control is open loop and piezo 
tuner is controlled by PI algorithm. A slow tuner, the step 
motor in Figure 1, is triggered to move when the cavity is 
detuned out of the frequency range of piezo tuner. The PI 
controller has a proportional gain (Kp) of 3 and an integral 
gain (Ki) of 1×10-4. Those parameters were tuned to 
achieve the most stable response. The performance of 
piezo tuner is shown in Fig. 2 with a large microphonics 
and in Fig. 3 with a small microphonics. 

 

 
Figure 2: Performance of a piezo tuner with a large 
microphonics. The tuner was turned on at t=17 s and 
turned off at t=108 s. 

 
Figure 3: Performance of a piezo tuner with a small 
microphonics. Tuner was turned on at t=4 s with Kp=0 
and Ki=1×10-4, Kp was changed to 3 at t=32 s, tuner was 
turned off at t=138 s. 

It shows that a piezo tuner can reduce modulation of the 
cavity’s resonance frequency to within ±2Hz for both 
large and small microphonics.  

Performance of Combo Control 
The motivation to use the combo control is to save the 

cost of RF power for compensation. But it turns out to be 
opposite result. Figure 4 shows the unstable phase of 
accelerating field with the combo control. It reveals 
conflicts between the RF power compensation and piezo 
tuner control, which drives a larger phase fluctuation.  

To better understand the interference, we constructed a 
fundamental model, which should include fundamental 
parameters such as rise time of the piezo electric and basic 
components such as RF cavity, LLRF system, beam 
loading, microphonics and slow/fast tuner as Figure 1.    

 
Figure 4: Unstable cavity phase with combo control. 
Phase fluctuation is up to ±41°. 

Piezo tuner has a capacitance of ~36 uF, and an output 
resistance of 5 Ω. The rise time of charging Trc thus is 
~0.54ms (from 10% to 90%). In addition, piezo tuner also 
has a mechanical rise time. According to the data sheet 
provided by vendor, its mechanical resonant frequency 
(unloaded) is 5.5 kHz. Since the tuner is installed under 
the QWR bottom plate, which is weighed as ~2 kg 
compared with tuner’s weight of 0.2 kg, the resonant 
frequency of the loaded case is  

3 kHz 

The corresponding mechanical rise time is  

Trm = 1/ (3f) = 0.1 ms. 

Since Trm < Trc, we use 0.54 ms in the model as the rise 
time, which is sufficiently fast considering the bandwidth 
of the ReA3 QWR (70 Hz). 

With only rise time specified in the model, the combo 
control works well, as shown in Figure 5. It reduces the 
phase fluctuation to ±0.1˚. But it is not the case we 
observed. 

 
Figure 5: Simulation without piezo’s time delay. RF 
control is on all the time, while piezo tuner is turned on at 
t=2.2 s. 
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We adjust the model by including piezo’s delay. The 
combo control becomes unstable when we add a time 
delay (≥0.16 ms) to the piezo, i.e., piezo tuner responses 
≥0.16 ms later after receiving control signal. That delay 
could actually happen due to: 1) hysteresis and backlash 
of the piezo; 2) transport of mechanical wave; 3) loop 
delay of the electronic circuits, where hysteresis could be 
the most important contribution to the 0.16 ms delay. 

Experiment Validation and Suppression 
Delay of piezo tuner could cause an additional phase 

shift between tuner control and RF control. This phase 
shift is much larger for high frequency signal than low 
frequency, which enhances the high frequency fluctuation 
brought by RF compensation. To validate this concept of 
interference, we add a low pass filter before the tuner 
control. In simulation, it eliminates the unstable 
fluctuation when the delay is set to be 0.16 ms.  

Experimentally, the low pass filter is added in the DSP 
code of the tuner control. The original microphonics is 
measured as ±7°.  

To use the combo control, we closed the RF phase 
control loop and tuner control loop, while kept RF 
amplitude control loop open. When the low pass filter is 
bypassed, phase of the cavity acceleration field became 
unstable (±41°) as in Figure 4. After we applied the low 
pass filter as in the simulation, the phase fluctuation is 
reduced to ±4°, as shown in Figure 6. 

 
Figure 6: With low pass filter added before piezo tuner 
control, the phase fluctuation is reduced to ±4° for combo 
control. 

Comparing with the background microphonics, the 
combo control reduces the phase fluctuations from ±7° to 
±4°. The combo control works to some extent, but not as 
well as signal control. It did validate the conflict in the 
model, although a low pass filter cannot thoroughly 
mitigated the interference in the combo control. Since the 
cavity operated at a low gradient (1.3 MV/m) during 
experiment, no obvious reduction of RF power was 
observed in this experiment. 

To optimize the performance of combo control, multi 
parameter optimization is needed for its control algorithm. 
There is no easy solution to use single parameter 
optimization approach in the combo control. 

ADRC BASED PIEZO ELECTRIC TUNER 
Besides the combo control test, we also applied ADRC 

algorithm on the piezo tuner to compare with PI 
controller. Different from what we expected in the 
simulation [2], the performance of ADRC (Fig. 7) is 
comparable with PI (Fig. 3), no obvious improvement. 
Both PI and ADRC performances are likely to be 
compromised by the hysteresis of the piezo tuner.  

 
Figure 7: The performance of ADRC based piezo electric 
tuner. This is single control by piezo electric tuner. Tuner 
was turned on at t=22 s. 

CONCLUSION 
We did a series of experiments to benchmark the 

proposed combo control for microphonics compensation. 
It reveals that hysteresis induced time delay creates 
conflicts between piezo tuner and RF power control. A 
low pass filter before the piezo tuner control could 
suppress some interferences but not all of them. To 
achieve a good performance of combo control, a multi 
parameter control algorithm is needed. 

We also compared ADRC and PI algorithms for the 
piezo tuner control, but found little difference.  
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NEXT GENERATION CW REFERENCE CLOCK TRANSFER SYSTEM 

WITH FEMTOSECOND STABILITY  

P. Orel, S. Zorzut, P. Lemut, R. Hrovatin, Instrumentation Technologies, Solkan, Slovenia  

S.G. Hunziker, V. Schlott, Paul Scherrer Institute, Villigen, Switzerland

Abstract 
Present and future fourth generation light sources, such 

as the Swiss FEL, are placing strict requirements on 

current CW reference clock transfer systems. Both the 

added jitter and the long-term stability criteria need to be 

in the range of a few femtoseconds. In order to meet these 

requirements, the existing Libera Sync CW transfer 

system has been redesigned. All of the aspects of the 

system design have been revised and improved, from new 

measuring methods and better evaluation of components 

to careful pre-design testing and simulation. New fiber 

link topology, new approaches in thermal stabilization, 

improved power supply distribution and interconnection 

of carefully selected electrical and state-of-the-art optical 

components has led to a significant reduction in added 

jitter and excellent long-term stability of the system. 

Measurements repeatedly show the jitter performance to 

be below 6 fsrms, integrated over the frequency range of 

10 Hz to 10 MHz. Preliminary measurements of the long-

term stability place the system in the range of a few tens 

of femtoseconds peak-to-peak of drift per day. 

INTRODUCTION 

Free Electron Lasers (FEL) require high performance 

synchronization throughout the entire machine; otherwise, 

its performance may be degraded or even fail. Typically, 

this high performance synchronization system is 

composed of two key subsystems. One is the source 

where a Reference Master Oscillator (RMO) is used. Its 

frequency range spans from a few 100 MHz to a few 

GHz. It has high close-in spectral purity and extremely 

stable frequency. The other extremely important element 

is the reference clock transfer system. Its goal is to deliver 

the reference signal to the users in either the optical or 

electrical domains while preserving initial reference clock 

signal purity and stability.  

Typical requirements in terms of added jitter and long-

term phase stability are below 10 fs for jitter and below 

40 fs for phase stability per day [1]. For distances greater 

that 100m, the use of optical fibers as a transmission 

media is recommended since they exhibit low insertion 

loss, are insusceptible to EM interference and are 

reasonably inexpensive. Within the optical domain, two 

approaches are available.  

The first is a pulsed-based system that uses the 

Michelson interferometer to detect optical path changes. 

The benefit of this approach is excellent long-term 

stability. 

The other approach is based on a continuous wave 

(CW) modulation of an optical carrier in which phase 

detection and stabilization are done in the radio frequency 

(RF) domain. It offers the advantage of a system restart 

without re-tuning, high reliability and lower cost [2].  

The Libera Sync 3 transfer system presented in this 

article is based on the CW modulation scheme.    

THEORY OF OPERATION 

 

Figure 1: Block diagram of the system. 

The figure above is a block diagram of the system that 

shows the basic principle of operation. The system is 

composed of a transmitter and a receiver units connected 

by two optical fiber links. The transmitter input signal is 

the CW RF reference clock signal coming from the RMO. 

This signal modulates the 1550 nm optical carrier through 

an electro-optical modulator. The optical signal is then 

split and fed into two separate paths. One of the signals 

along with the on-board control circuitry is used for link 

phase drift compensation and is partly reflected back at 

the receiver side. The other path is used for transfer of the 

low-added jitter signal. In the receiver, both incident 

optical signals are demodulated back into the RF domain.  

In the transmitter unit, the fiber drift compensation is 

done by comparing the demodulated reflected signal 

phase with the phase of the input reference signal. The 

optical path compensation is provided using two 

principles. The slow changes are compensated by cooling 

or heating a fiber spool. The temperature of the fibers on 

the spool is changed in the opposite direction from the 

temperature change on the optical path between the 

transmitter and the receiver. Faster changes are 

compensated by changing the laser source temperature 

and thus the optical carrier wavelength. In this manner, 

the optical path is artificially extended or shrunk by 

taking advantage of the chromatic dispersion in the 

interconnection fiber. 

To overcome optical limitations, two fibers are used, the 

first one for the transfer of a low-noise signal and the 

second one for the transfer of a low-drift reference signal. 
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This combination yields ultra-low added jitter and low 

drift.  

Design Approach and Implementation 
In order to meet the tight performance requirements, a 

new development approach has been followed. 

Theoretical knowledge with simulations has been 

combined with prototyping and measurements of the 

individual components. Based on those results, a careful 

selection process has been commenced for both electrical 

and optical components. 

Vital subsystems, such as the power supply distribution 

network, control system, temperature stabilization, 

mechanical layout and optics, have all been subject to 

prototyping, testing and tuning before being integrated 

into the final design. 

The power supply subsystem proved to be as vital, and 

it has been specially developed to provide a low noise 

power rail for the RF circuitry especially the RF 

amplifiers. 

The environmental conditions inside the box must be 

kept as constant as possible. In this context, a new 

temperature stabilization subsystem has been devised in 

which the temperature is kept stable to within 0.001°C. 

The mechanical layout has been specifically designed to 

facilitate the environmental stabilization system inside the 

unit while simultaneously ensuring ease of 

manufacturing. 

The RF amplifiers were tested and tuned in order to 

achieve low noise and low phase noise, respectively. 

The layout of the fiber interconnections within the 

system is as symmetric as possible (temperature/humidity 

drift compensation). Using one single instead of two 

different fibers for drift stabilization guarantees 

independence from dispersion tolerances, as the laser’s 

emission wavelength is varied to correct the link group 

delay. Rayleigh backscattering noise [3] increases the 

low-frequency phase noise as well as the phase noise 

floor in this bi-directional transmission. By reducing the 

coherence of the reflected light, the first effect can be 

minimized. To dispense with the added noise floor, a 

second uni-directional “low-noise” link, that is phase-

locked to the first “low-drift” link and “cleaned”, 

transmits the same signal but without backscattering 

noise. The stability of the “low-drift” link is further 

increased by operating photodiodes (out-of loop) in low 

AM-to-PM conversion operating points and by stabilizing 

the optical power. Furthermore, the optical power has 

been chosen to be sufficiently large so that the resulting 

shot noise limit enables achieving the envisaged phase 

noise floor. 

Following that, all of the electronics have been 

integrated onto a single printed circuit board (PCB), thus 

allowing for better manageability and greater 

reproducibility. 

Finally, the hardware platform is complemented with a 

software control system that monitors over 120 different 

parameters, from environmental data (temperature, 

humidity and pressure) to electronics and optics (phase 

detectors outputs, RF power levels, photodiode currents, 

laser temperature, etc.). 

RESULTS 

Jitter frequencies below 10 Hz are classified as wander 

and frequencies at or above 10 Hz as jitter [4]. Measuring 

these two parameters with a resolution of a few 

femtoseconds proved to be a challenge. Special 

measurement techniques along with specially developed 

equipment have been used. 

Jitter Performance 
In our case, the added jitter has been measured at offset 

frequencies ranging from 10 Hz to 10 MHz. The figure 

below shows the added jitter measurement of the Libera 

Sync 3 prototype. 

 

Figure 2: Integrated added jitter.  

The majority of the jitter is concentrated in the lower 

frequency region between 10 Hz and 110 Hz. This has 

been attributed to mechanical vibrations and the coupling 

of the 50 Hz frequency component present in the 

environment at the time of the measurements. The total 

integrated jitter is slightly over 3.5 fs. This is a 

preliminary measurement and can be subject to change in 

the final implementation of the system. However, we do 

not expect a significant degradation. 

Long-Term Phase Stability 

 

Figure 3: Phase drift. 
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Phase drift, like jitter, is the undesired variation of the 

phase of an otherwise periodic signal. However, these 

variations happen at much lower frequencies and are 

regarded as a time variable phase offset in relation to an 

initial arbitrary phase. In our case, the measurement was 

done over a period of 12 days. The following figure 

shows phase drift stability of the Libera Sync 3 prototype 

in relation to a phase stable reference. 

The maximum peak-to-peak phase drift has been 

measured at 88.7 fs while the average day-to-day phase 

drift has been calculated to be around 30 fs with a 

standard deviation of 8.9 fs. 

Measurement Techniques 
In order to measure added jitter in the femtosecond 

range, a differential technique (saturated mixer) has been 

used. In this case, the reference signal is split into two 

branches. One is used as the reference signal while the 

other contains the device under test (DUT). If the two 

signals are driven in a quadrature phase relation at the 

mixer input ports, the resulting baseband output 

difference signal is 0 V plus a small phase modulation of 

the carrier, which is regarded as the residual phase noise 

of the DUT. This residual phase noise is sampled and 

digitized by a signal source analyzer (SSA). The jitter is 

calculated by integrating the digitized phase noise 

spectrum over the offset frequency range and is 

normalized to the original carrier frequency. Despite 

limitations induced by non-symmetries and non-linearities 

of the mixer, the resolution of the measurement can be 

estimated to be on the order of 0.1 fs [5]. 

Phase drift measurements have been performed by using 

a phase detector unit specifically designed for this 

application. The detector unit has been built by following 

the same design steps and implementing the same 

technology that has been used for the Libera Sync 3 

system itself. The phase drift measurement is based on the 

AD8302 integrated circuit (IC). When thermally 

stabilized and driven with proper RF power levels, this IC 

exhibits minimal phase drift. Combined with thermally 

stabilized splitters and special RF cables, the setup can 

reach an accuracy of about 10 fs of phase drift per day. 

DISCUSSION 

 

Figure 4: Example of use an accelerator environment

Figure 4 shows an example of how the Libera Sync 3 

transfer system can be integrated into an accelerator 

environment. The interconnecting RF cables from and to 

the transmitter and receiver units respectively as well as 

the fiber cables between them are also vital parts of this 

system, which require careful consideration.  

The use of temperature-compensated RF cables with 

low temperature coefficients in the range of a few fs/mK 

is mandatory [6]. 

Phase drift in the optical fiber depends on link length, 

temperature and relative humidity variations, mechanical 

stress etc. Deviations of a few degrees in temperature and 

some tens of a percentage in relative humidity can 

contribute high phase drifts in the fiber link. The current 

Libera Sync 3 prototype provides a phase compensation 

range of approximately 360 ps. Therefore, if long distance 

operation is to be achieved, special care in selecting the 

fiber cable needs to be taken. Only loose type cabling 

preserves the temperature coefficient of the silica glass 

optical fiber in the range of 40 ps/kmK. In cases in which 

the estimated phase drift of the optical path exceeds the 

phase compensation range of the Libera Sync 3, the use of 

phase stable optical fibers is mandatory [7]. 

Finally, the Libera Sync 3 provides a user interface that 

can be operated manually or remotely. Manual operation 

is done by accessing the front panel controls along with 

the display, which is ideal for data examination and link 

tuning. Remote operation is done using SCPI commands 

over a standard 10/100 Mbit Ethernet connection, which 

is ideal for integration into the control system. 

The current prototype works on a fixed frequency of 

approximately 3GHz. Future upgrades include extended 

operation range and support for other frequencies (6 

GHz). 

CONCLUSION 

The new Libera Sync 3 transfer system integrates a 

novel approach with state-of-the-art technologies, 

ultimately providing outstanding performance, high 

reliability and reproducibility as well as ease of use. 
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ENERGY DEPOSITION IN THE SECTOR 37 SCRAPER OF THE
ADVANCED PHOTON SOURCE STORAGE RING∗

J. C. Dooling† , M. Borland, Y. C. Chae, and R. Lindberg, ANL, Argonne, IL 60439, USA

Abstract
The horizontal scraper in the sector 37 straight section

of the Advanced Photon Source storage ring serves as a
diagnostic to probe both the edge of the beam as well as
the physical aperture when the store is lost. Initially, the
scraper was meant only to be a diagnostic; high-density,
short-radiation-length material used in the device was in-
tended to stop halo, not the full beam. Damage to this de-
vice was recently discovered, and as a result, we began an
effort to model and improve the scraper. Modeling with
elegant provides loss distributions for several scenarios
such as muting one or both rf systems in combination with
firing injection kickers. The loss distributions are used as
input to a MARS model of the scraper. Beam dumps from
100 mA dissipate a total of 2600 J. Most of this energy is
not deposited locally; however, depending on the geome-
try and physical make-up, sufficient power density exists to
damage the device on beam-facing surfaces. Testing is cur-
rently planned to examine the suitability of different beam-
facing materials. Because of non-local energy deposition,
we are evaluating the secondary role for this scraper as a
spoiler rather than a beam dump.

INITIAL DAMAGE AND TESTING
During the Spring 2011 APS shutdown, damage to the

sector 37 (S37) scraper was observed, and the device was
removed from the storage ring (SR). A photograph of the
damaged region is presented in Figure 1; the view is look-
ing downstream. The thickness of the W is 2.54 cm. The

Figure 1: S37 scraper after removal from the SR in April
2011. View is looking downstream.

S37 scraper shown in Fig. 1 had been in use for seven years.
The scraper was rebuilt using the same geometery and ma-
terials with the intention of employing the device only for

∗Work supported by the U.S. Department of Energy, Office of Science,
under contract number DE-AC02-06CH11357.

† jcdooling@anl.gov

diagnostics and collimation while a new design was consid-
ered. The rebuilt scaper was reinstalled in the SR in Jan-
uary 2012. Because of installation issues, the device was
not used until the final day of the Spring 2012 run when
beam dump studies were carried out. After shutdown the
device was removed from the SR. During the study, beam
was purposely dumped on the scraper using both 24-bunch
and hybrid fill patterns. An image of the tungsten region
damaged by 24-bunch beam dumps is presented in Fig-
ure 2.

Figure 2: Tungsten region of the rebuilt S37 scraper after
removal from the SR in May 2012. Beam motion: left to
right.

SIMULATIONS
The particle-matter interaction program MARS [1] is

used to estimate energy deposition within the scraper em-
ploying loss distributions generated with elegant [2]. The
scraper components included in the MARS model that di-
rectly interact with the beam are shown in Figure 3; the
beam travels from left to right. The tapered upstream por-
tion is water-cooled copper. The downstream part is com-
posed of scintered tungsten and is not directly water cooled.

(a) y-z view, x=-1.1 cm (b) x-z view, y=0 cm

Figure 3: Sector 37 baseline scraper geometry modeled in
MARS; a) an elevation view at the edge of the scraper (x=-
1.1 cm) and b) a plan view at beam elevation (y=0).

The loss distribution is generated by elegant for a hy-
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brid fill pattern; the distribution includes beam loading ef-
fects and quantum fluctuations [3]. These simulations al-
low us to test different beam loss scenarios, such as muting
one or both rf systems or firing injection kickers after beam
dump conditions have been detected. Phase-space loss dis-
tribution histograms are presented in Figure 4. The distri-
bution represents the complete loss of 368 nC of circulating
SR charge (100 mA) and is simulated with 105-106 trajec-
tories.

(a) horizontal phase-space, x-x’ (b) vertical phase-space, y-y’

Figure 4: Phase-space loss distributions on the S37 scraper gen-
erated by elegant. The pixel sizes are 10 µm and 1 µrad.

Electron/positron fluence distributions are shown in Fig-
ure 5 for the geometry presented in Fig. 3. To determine the

(a) y-z view, x=-1.1 cm (b) x-z view, y=0 cm

Figure 5: Electron/positron fluence in the Sector 37 base-
line scraper geometry modeled in MARS. The two distri-
butions overlay the geometry presented in Fig. 3.

stress on scraper material struck by the lost beam, we need
to know the local energy deposition. For MARS simula-
tions, the upstream copper portion of the scraper is divided
into five equal-depth regions (Δz=0.357 cm). The tungsten
is divided into seven regions, the first six with the same Δz
and seventh with 1.1 mm added to make the total W-depth
2.54 cm. Peak dose and resultant temperature rise calcula-
tions are presented in Figure 6 assuming 100 mA (368 nC)
are circulating in the SR in a hybrid-mode fill pattern. In
Fig. 6, the change in temperature is calculated using Eq.( 1)
assuming all deposited energy appears instantaneously; this
assumption ignores diffusion, which will be discussed be-
low. Also, Fig. 6 shows the effect of firing one of the SR
injection kickers after a dump has been detected. While fir-
ing kickers reduces the temperature increase significantly,
it would not be sufficient to prevent melting.

(a) total deposited dose (PDT) (b) instantaneous temperature rise

Figure 6: Absorbed dose and instantaneous temperature ex-
cursions.

ANALYSIS
Energy deposition is provided by MARS dose distribu-

tions. The instantaneous temperature rise in a given volume
element can be calculated from MARS dose distributions,
assuming that no heat transfer occurs over the period of en-
ergy deposition. Temperature rise due to an absorbed dose
Dab is

ΔT =
DabAw

Cv
, (1)

where Aw is the atomic weight, and Cv is the molar heat
capacity. According to the Law of Dulong and Petit,
Cv = ∂

∂T (3kBTNA) = 3kBNA = 24.94 J K−1mole−1,
where kB is Boltzmann’s constant; most metals differ only
slightly from this value. The actual values of Cv for Cu and
W are 24.44 J K−1 mole−1 and 24.27 J K−1 mole−1.

The temperature rise given by Eq.( 1) assumes that the
energy deposition given by MARS occurs at a single instant
in time. In a real loss event, however, electrons are lost
over several turns, and diffusive/dissipative mechanisms
may play a role in reducing the temperature change ΔT .
We have analytically estimated the effect of heat diffusion
using the axially symmetric Green function solution to the
diffusion equation. While this simplified model neglects
other factors affecting heat transport, our primary goal was
to determine if diffusion might dramatically change the
temperature rise predicted in Fig. 6(b). According to our
calculations, simple diffusion can reduce the temperature
by 40%-60% in 24-bunch mode and between 60% and 80%
in hybrid mode. Hence, while diffusion is not neglible,
it does not appear to provide significant temperature re-
ductions. Interestingly, scraper damage was more promi-
nant for the 24-bunch-mode beam loss, which qualititively
agrees with the diffusion mode predictions.

MATERIAL ASSESSMENT
Our purpose is to safely dump the circulating charge in

the SR in case of a machine protection system (MPS) trip
or some other sudden beam loss event. Presently, the pre-
ferred method is to passively absorb the beam in a scraper
that also acts as a beam dump.

We address the choice of appropriate scraper material by
considering the ratio of thermal stress to yield stress for a
given heat load [4]. At the same time, we recognize that the
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heat load for a given irradiation also depends on the mate-
rial chosen. Material properties affect heat loading because
bremsstrahlung is the primary energy loss mechanism for
high-energy electrons. The generation of bremsstrahlung
radiation is roughly proportional to ρZ2, where ρ and Z
are the density and atomic number of the exposed material,
respectively. In addition, our design must live within an
allowable footprint in the existing SR.

Thermal stress may be expressed as

σT = EY αΔT, (2)

where EY is Young’s Modulus of Elasticity, α is the ther-
mal coefficient of expansion, and ΔT is the temperature
rise defined in Eq.( 1). We define the thermal stress param-
eter g as

g =
EY αΔT

σy
, (3)

where σy is the yield stress. The stress parameter can be
written as

g =
EY αETAw

σyCmolρV

=
EY αAw

σyCmol
kBSpc

Ne

πr2b
, (4)

where ET is the total deposited energy, ρ is the density,
V is the volume, kB is Boltzmann’s constant, Spc is the
collisional stopping power [5], and rb is the radius of the
beam. We assume the lost charge is uniformly distributed
within rb. In Eq.( 4) we used the thin target approxima-
tion [6] ET ≈ Spc

Spr
NeWo

ρ
Xo

Δz; also, Spr = Wo

Xo
, and

V = πr2bΔz. Spr is the radiative stopping power, Wo is
the electron energy, and Xo is the radiation length.

In Eq. ( 4), we have separated the material-related terms
from the beam terms. Spc is a function of both but varies
slowly with atomic weight at 7 GeV. In Table 1, the g-ratio
is calculated for several materials assuming Ne = 2.3 ×
1012 and rb = 0.1 mm.

Table 1: Material Properties and Thermal-to-Yield Stress
Ratio. PG and PB represent pyrolytic graphite and poly-
butene 1300; both are assumed to be composed entirely of
carbon.

Mat. EY α× 106 Cmol σy g
(GPa) (K−1)

(
J

mole-K

)
(MPa)

Be 248 12.4 16.44 345 11.6
PG 20.7 0.5 8.28 82.7 0.48
PB 6.9 4 10.08 37.9 2.30
Al 69 25 24.20 310 15.8
Ti 116 8.5 25.06 951 4.72
Cu 110 16.5 24.44 220 49.6
W 345 14.4 24.27 1510 49.6

Table 1 indicates only pyrolytic graphite exhibits a g-
ratio less than 1; whereas, copper and tungsten show the

largest g. The g-ratio for titanium, though relatively high, is
still an order of magnitude lower than for copper. We note
that based on the results in Table 1, one might conclude that
copper and tungsten should suffer roughly equal damage;
however, from direct observations, we know this not the
case. In the actual scraper, the damage to the W block was
much more severe than to the Cu one due in large part to the
shorter radiation length and higher density in the W. Part of
this difference may also be due to a horizontal offset in the
tungsten that had its outboard surface 0.8 mm closer to the
beam than that of the copper surface.

DISCUSSION
In the case of a 24-bunch beam dump, peak power den-

sities are on the order of 1015Wcm−2. Fast beam loss
diagnostics [7] indicate that shorter dumps usually found
with 24-bunch fill patterns are more destructive. Using
higher-melting-temperature, lower-Z materials while mov-
ing the beam with a kicker should increase the scraper
damage threshold. Work is now underway to build a new
scraper that will reduce both impedance and the generation
of higher-order cavity modes. Of the 2600 J stored in the
beam, only 760 J are deposited in the scraper after 1.24
Xo and 7.26 Xo of Cu and W, respectively. Reducing the
scraper length in terms of Xo means the device will absorb
even less energy and act more as a spoiler. Simulations of
this approach show promise both in terms of survival of the
spoiler and protection of downstream insertion devices.
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ANDROID APPLICATION FOR ACCELERATOR PHYSICS AND

ENGINEERING CALCULATIONS

M. Borland ∗

Abstract

Smartphones and tablets are increasingly capable com-

putational devices, with fast processors and high-resolution

displays. They are also nearly ubiquitous, suggesting that

they can support the need of physicists and engineers to

perform quick calculations in situations where using a full-

blown simulation is not necessary or expedient. In this pa-

per, we report on the design, features, and capabilities of

an Android application inspired by these ideas. The ap-

plication is called “TAPAs,” which stands for Toolkit for

Accelerator Physics on Androids. As the name—meant in-

voke the popular snacks of Spanish cuisine— suggests, the

application provides a varied selection of calculations for

electron storage rings, electron linear accelerators, electron

guns, free-electron lasers, undulator design, synchrotron

radiation, and engineering. The calculations are organized

into separate sub-applications, which share input values to

allow performing related calculations without re-entering

data. The application is free of advertising and is available

free of charge on the Google Play store.

INTRODUCTION

Physicists and engineers have long needed the ability to

perform quick “back of the envelope” calculations. This

need arises during discussions, meetings, and conferences,

when running a simulation code is not possible or would

take too long. It also arises in day-to-day work as one ex-

plores ideas at one’s desk. The ability to perform a quick,

reasonably accurate calculation can sometimes make all the

difference between being productive and pursing a dead-

end idea.

Such calculations may be performed mentally, with a

pad and pencil, or with a hand-held calculator. Depending

on one’s ability to remember the appropriate equations, one

might use a published handbook, memorized equations, or

a “cheat sheet.” In the not-to-distant past, it was not un-

common to have a programmable calculator that facilitated

common calculations. At present, one is more likely to

have a smartphone or tablet close by than a programmable

calculator. Hence, it makes sense to develop smartphone or

tablet “apps” to address the need for quick calculations.

Inspired by these ideas, we developed an Android appli-

cation that performs a number of useful calculations of the

sort that commonly come up in day-to-day work. The An-

droid platform was chosen for its open-source nature and

the low cost of entry for devices and development. Unlike

other smartphone platforms, the Android Software Devel-

opment Kit (SDK) is free and available for essentially all

∗michael.d.borland@gmail.com

platforms, which allowed using Linux for development.

We used the Eclipse Integrated Development Environ-

ment (IDE), which is advantageous in that it helps one

quickly learn both the Java language and the specific meth-

ods provided by Android. The web contains many re-

sources, such as Android tutorials and user forums (e.g.,

StackExchange).

The application is called TAPAs, which stands for

“Toolkit for Accelerator Physics for Androids” and also is

meant to bring to mind the popular snacks of Spanish cui-

sine. The application is free of advertising and is available

free of charge on the Google Play store.

SOFTWARE DESIGN

Those who are uninterested in software design may wish

to skip this section, as it has little to do with how the appli-

cation is used or what it can do. This section also assumes

some familiarity with Android development.

The root activity of the application, MainActivity, is an

extension of the ListActivity class, which presents a set of

choices as a simple vertical list. In addition, MainActiv-

ity provides pop-up dialog using AlertDialog that acquaints

users with recent changes. The SharedPreferences facility

is used to remember the major and minor version of the

last invocation, so that the pop-up dialog appears only on

the first invocation of a new version. Finally, MainActiv-

ity loads a set of name/value pairs into a hash table, which

provides default values for entries in the various calcula-

tions. As calculations are used, the values in the table are

updated so that other applications have access to the new

data. The hash table is part of a class that is implemented

as a “static singleton,” which means that there is only one

instance of the class and it is shared by all methods that

attempt to instantiate the class.

Below the main list are a series of sublists that are also

instances of ListActivity. The activities in each sublist

are implemented using an ActivityWithMenu class derived

from the Activity class. As the name suggests, this new

class provides an activity class with a predefined menu.

This menu is used to control some basic settings of the ap-

plication. The settings are saved between invocations and

shared among activities using the SharedPreferences class.

The widgets for each activity are embedded in a vertically-

scrolled list, which helps in accommodating various screen

sizes.

Individual calculation activities typically consist of a list

of numerical entry and output widgets, in some cases ac-

companied by graphics. The numerical entry widgets use

the EditNumber class, which extends EditText. This class

provides two entry methods, one being a simple numerical
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keypad and the other being a scientific calculator keypad.

The latter provides the ability to perform calculations on

quantities in the entry widgets, which can then be submit-

ted as the new value for the entry widget used to invoke the

calculator. EditNumber also includes a facility to limit the

range of entries in order to prevent invalid calculations, as

well as methods for setting, retrieving, and formatting nu-

merical quantities. Values are stored to full precision even

if they are displayed to partial precision, which helps pre-

serve the consistency of displayed values, something that is

not possible with the basic EditText class.

Calculation outputs are displayed using the Num-

berView class, which extends TextView. Like EditNumber,

it provides storage, retrieval, and formatting of numerical

values. The font size for the EditNumber and NumberView

classes is under user control, which helps to accommodate

screens of varying sizes and resolutions. We also extended

the TextView and Button classes to make a ScaledTextView

and ScaledButton classes, to provide the same control.

The structure of the code is such that it is straightfor-

ward to add new menus and calculations. The most time-

consuming part is coding the XML file that specifies the

graphical appearance of the screen.

FEATURES AND CAPABILITIES

Upon starting TAPAs, one is greeted by a simple list of

topics. Clicking on one of these topics brings up a list of re-

lated calculations that are available for that topic. Often the

calculations within a topic will share certain input values

(e.g., the beam energy), so that changing it one calculation

will change it in the others. In addition, computed values

from one calculation are often shared with other calcula-

tions. This allows using the calculations in a coordinated

fashion, which is why we used the word “toolkit” in the

name.

Space does not permit a full account of the capabilities

of TAPAs, which as of version 1.42 supports 40 different

calculations. Instead, we will list the available calculations

and highlight a few to give a flavor of what’s available. In

addition, space does not permit showing the equations used

in the calculations or citing all of the original sources; we

hope to do this in a future publication. Many of the calcu-

lations are based on formulae found in popular references

[1, 2, 3, 4].

The Electron Storage Rings menu provides scaling of

electron storage rings with size and energy; longitudinal

dynamics, e.g., rf bucket parameters; harmonic number op-

timization; short-pulse x-rays with paired [5], or single crab

cavities; tune resonance diagrams; top-up and swap-out

calculations; gas scattering lifetime; and quantum lifetime.

The Undulators menu provides calculations of photon

energy or wavelength from undulator parameters, and vice-

versa; maximum field or K as a function of gap and period

for hybrid permanent magnet and superconducting undula-

tors; undulator optical effects; and undulator orbit effects.

The Synchrotron Radiation menu provides energy, wave-

length, power, and flux calculations for bending magnets,

wigglers, and undulators.

The Electron Linac menu provides calculations of mag-

netic bunch compression; coherent synchrotron radiation

effects in bending magnets [6, 7]; alpha magnets [8, 9];

charge, current, and beam power; and beam energy and rf

power for SLAC-type linacs. The Electron Guns menu

provides calculations of Richardson’s Law, Child’s Law,

thermal emittance [10], and photocathode intrinsic emit-

tance [11]. The Free Electron Laser (FEL) menu provides

FEL calculations based on the one-dimensional equations

[12] and Ming Xie’s parametrization [13].

The Electromagnetism menu provides calculations of

skin depth for nonmagnetic materials; cutoff frequency and

attenuation for rectangular waveguide; and frequencies of

pillbox cavity modes. The Engineering menu provides

calculations for iron dominated magnet design; properties

of dipole magnets and trajectories in dipoles; analysis of

one-dimensional static heat flow; and estimates of temper-

ature rise in cooling water.

The Particle Passage Through Matter menu provides

calculations of radiation length, multiple Coulomb scat-

tering, and brehmsstrahlung for electrons and protons in

naturally-occurring elements [14].

The APS-Specific Calculations menu provides two cal-

culations that are specific to the Advanced Photon Source

(APS), namely, the single-bunch accumulation limit based

on the impedance model [15] and the bunch length as a

function of current based on a fit to measured data.

As a detailed example, Figure 1 shows the screen for one

of the most-used calculations, namely, scaling of electron

storage rings. This applies mostly well-known (e.g., [16])

scaling rules to allow quickly estimating equilibrium emit-

tance, energy spread, energy loss per turn, etc., as a given

light source storage ring design is scaled in number of cells

and beam energy. One can use this application to quickly

determine that scaling the 20-sector MAX-IV storage ring

[17] ring to 40 sectors would give a ring size of APS which,

at 7 GeV, would have an emittance of 222 pm. While most

of the calculations are, as in this example, straightforward

lists of inputs and outputs, some are more colorful, such as

the resonance diagram shown in Figure 2.

Often the user may wish to perform additional calcula-

tions prior to entering a value, perhaps based on other val-

ues present in the interface. This is supported by an RPN-

calculator-based entry dialog, shown in Figure 3. In many

instances this dialog includes a menu that allows the push-

ing quantities from the interface onto the stack. Upon ex-

iting the calculator interface, the top of the stack is placed

into the entry box in question. To prevent invalid calcu-

lations, the calculator interface is sensitive to the valid re-

turn values for the quantity being entered, and will refuse

to close if an invalid value (e.g., a non-positive value for

the beam energy) is given.

CONCLUSIONS

The cost- and ad-free TAPAs application for Android de-

vices provides a number of quick, convenient calculations
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Figure 1: Electron storage ring scaling calculation.

Figure 2: One of TAPAs’ more colorful displays.

for use in back-of-the-envelope estimates and for analysis

that would typically be performed with a handbook and

calculator. The author hopes that it will prove useful and

encourages users to send comments, suggestions, and bug

reports to michael.d.borland@gmail.com.

Figure 3: RPN-calculator based entry dialog.

Figure 4: QR code for obtaining TAPAs from the Google

Play store.
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CRYOMODULE PERFORMANCE OF THE MAIN LINAC PROTOTYPE
CAVITY FOR CORNELL’S ENERGY RECOVERY LINAC∗

N. Valles† , R. Eichhorn, F. Furuta, M. Gi, D. Gonnella, D. Hall, Y. He, V. Ho, G. Hoffstaetter,
M. Liepe, T. O’Connell, S. Posen, P. Quigley, J. Sears and V. Veshcherevich

Cornell University, CLASSE, Ithaca, NY 14853, USA

Abstract
Energy Recovery Linacs (ERLs) require strong damping

of higher-order modes in main linac cavities to avoid beam
loss from beam break-up effects. In addition, the cavities
need to have very high intrinsic quality factors to minimize
the size of cryogenic plants in CW cavity operation. We
present world record results for a fully equipped multicell
cavity in a cryomodule, reaching intrinsic quality factors at
operating accelerating field of Q0(E =16.2 MV/m, 1.8 K)
> 6.0×1010 and Q0(E =16.2 MV/m, 1.6 K) = 1.0×1011,
corresponding to a residual surface resistance of 1.1 nΩ,
which is more than three times better than the Q0 design
specification.

INTRODUCTION
Cornell University is developing a 5 GeV energy re-

covery linac (ERL). The SRF main linac of this ERL is
designed to support high current beams, each at 100 mA
with 77 pC bunch charge (one beam is accelerated and
the returning beam is decelerated in the main linac), with
small emittance.[1] These demanding beam requirements
set tight constraints for electromagnetic and higher-order
mode properties of the 1.3 GHz main-linac cavities.[2, 3]
In addition to these RF properties of the cavity, the feasi-
bility of operating a 5 GeV SRF linac in continuous wave
mode requires the main-linac cavities to have 1.8 K quality
factors of at least 2 × 1010 at Eacc=16.2 MV/m.[1]

Eventually, six 7-cell cavities along with other instru-
mentation will be commissioned within a prototype main
linac cryomodule (MLC).[4] The precursor to the MLC is
the horizontal test cryomodule (HTC) which can contain
a single 7-cell cavity, two higher-order mode (HOM) ab-
sorbers and other experimental instrumentation.

The first prototype cavity has been fabricated,[5] and is
being qualified in the HTC through several stages of hard-
ware implementation. By performing measurements at var-
ious stages of implementation, the effects on the quality
factor and higher-order mode spectrum can be character-
ized systematically, leading to tight control of the perfor-
mance of the structure. In total, there are three verification
stages, which have been discussed elsewhere.[6] The in-
strumentation effecting fundamental mode performance is
summarized in Table 1.

∗Work supported by NSF Grants NSF DMR-0807731 and NSF PHY-
1002467
† nrv5@cornell.edu

Table 1: Key Elements Affecting the 7-cell’s HOM Spec-
trum Incorporated in Each Iteration of the Horizontal Test
Cryomodule Experiments. The fundamental mode couples
to the on-axis input coupler with Qext = 9 × 1010 and the
high-power coupler with Qext = 5 × 107.

Stage RF input method HOM absorbers

HTC-1 On-axis coupler none
HTC-2 High-power input coupler none
HTC-3 High-power input coupler 2 SiC absorbers

Meeting gradient and quality factor specifications in
each of these tests demonstrates the feasibility of the all
the main systems needed for the MLC.

This paper details the final results of the three HTC ex-
perimental runs, focusing on the fundamental mode prop-
erties. Investigations of the higher-order mode spectrum
are presented elsewhere.[7] We present quality factor mea-
surements for all three tests and demonstrate that the cavity
fabricated at Cornell exceeds design specifications.

METHODS
Cavity Preparation and Cryomodule Assembly

The construction[8] and preparation of the prototype
main-linac 7-cell cavity, ERL 7.1, for HTC-1 has been de-
scribed elsewhere.[5] An overview is presented here.

Following fabrication, ERL 7.1 received a 10 µm BCP,
a 16 hour high-pressure rinse (HPR), was then cleanly as-
sembled and baked at 120◦C for 48 hours. The cavity was
vertically tested, and found to exceed quality factor and
gradient specifications. The cavity’s Q vs E curve only
showed mild medium field Q slope and reached 26 MV/m,
limited by available RF power.

Following the successful vertical test, while maintain-
ing a clean RF surface, the cavity was outfitted with a
helium jacket, and installed in a horizontal test cryomod-
ule for HTC-1. An axial RF coupler, (fundamental mode
Qext = 9 × 1010) similar to the one used in the vertical
test, was installed on the end of the cavity.

At the next stage of the tests, HTC-2, a high-power side
mounted RF input coupler was added to the HTC-1 assem-
bly. This antenna couples to the fundamental mode with
Qext = 4.5 × 107, so is strongly over coupled.

The final stage of the HTC tests, HTC-3, added beam-
line higher-order mode absorbers at each end of the cavity.

Proceedings of PAC2013, Pasadena, CA USA THPMA07

06 Accelerator Systems

T27 - RF Controls 1367 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



To install these absorbers, HTC-2 had to be disassembled to
allow removal of the axial coupler. After HTC-2, the cavity
was reprocessed with a 5 µm BCP, 120◦C bake, and an HF
rinse to mitigate field emission in the HTC-2 experiment.
HOM absorbers and the high-power RF coupler were in-
stalled and the cryomodule tested in its final configuration.

Experimental Procedure
The HTC cavity tests had three main goals: to measure

the quality factor vs accelerating field (Q0 vs E) of the cav-
ity, to determine the quench field of the cavity, and to qual-
ify each major stage of the assembly.

For each HTC experiment, the cavity was slowly cooled
from 300 K to 1.8 K while maintaining a small tempera-
ture gradient (< 0.3 K) across the cavity in an attempt
to prevent thermal-electric currents from trapping flux and
degrading the quality factor of the cavity.[6] In HTC-1
the Q0 vs E points were measured through standard RF
methods–utilizing two RF probe ports[9]–and cryogeni-
cally by using the helium boil-off rate to determine the
power dissipated from the cavity. Quality factor measure-
ments in HTC-2 and HTC-3 required cryogenic methods
to determine the performance of the structure, since the
strongly over coupled high-power input coupler would not
yield accurate Q0 measurements.[5]

After measuring the cavity’s quality factor at 1.6, 1.8
and 2.0 K, the quench field was determined and a Q0 vs E
curve was remeasured to determine whether quenching had
a deleterious effect on the quality factor. Subsequently, to
return the cavity to its original superconducting state, the
cavity temperature was cycled to above its critical temper-
ature, Tc, and the quality factor remeasured.

The BCS losses of the superconductor can be calculated
with SRIMP, a code by J. Halbritter, which in turn can be
used to determine material properties of the cavity from the
temperature dependence of the quality factor.

RESULTS
HTC-1
Q0 vs E measurements were performed after several

thermal cycles.[6] RF and cryogenic measurements of Q0

were in agreement. The quench field was 17.3 MV/m, and
prior to quenching the cavity produced radiation at about
1 R/hr. After the 100 K cycle, the residual resistance of the
cavity was ∼5.8 nΩ.[5] Thermally cycling the structure led
to a 50% increase in Q0 at the operating temperature, and
was maintained even after an intentionally fast cooldown.

After thermally cycling, the cavity exceeded the design
specification ofQ(16.2 MV/m, 1.8 K) = 2×1010 by 50%.
The cavity set a world record for quality factor of a multi-
cell cavity installed in a horizontal test cryomodule reach-
ing Q(5.0 MV/m, 1.6 K) = 6 × 1010, as shown in Fig. 1.

HTC-2
In HTC-2, the quality factor was again measured over

several rounds of thermal cycling, described in [6]. Af-

Figure 1: Q0 vs Eacc measurement of ERL 7.1 in HTC-1.

ter the first 15 K thermal cycle the mid-field Q0 improved
∼50% at both 1.6 K and 1.8 K.[6] Administrative limits
prevented quench field determination.

Thermal cycles to 8.9 K and to room temperature did not
increase Q0 in HTC-2. This suggests that the most benefit
for thermal cycles is obtained from peak temperatures in
the region between 9.0 and 100 K.

In HTC-2, ERL 7.1’s met the design specifications, but
was limited by field emission coming from the end cell far
from the high power coupler. The final Q0 vs E plot is
shown in Fig. 2

Figure 2: Q0 vs Eacc measurement of ERL 7.1 in HTC-2.

HTC-3
The final stage of the HTC experiments included all the

components and instrumentation that would be used in a
full 6 cavity cryomodule for Cornell’s Energy Recovery
Linac. Initial measurements of cavity’s quality factor were
performed at 1.6, 1.8 and 2.0 K. Q0 vs E measurements af-
ter the first cooldown exceeded the design specification,[6]
but a thermal cycle was performed to determine whether
or not additional improvement in Q0 was possible. Fig. 3
shows the Q0 vs E measurements post 10 K thermal cycle.

The prototype cavity ERL 7.1 was measured to have
Q0(1.8 K) = 3.6 × 1010, Q0(1.8 K) = 6.1 × 1010 and
Q0(1.6 K) = 1.0 × 1011 at the operational gradient of
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16.2 MV/m, setting the world record Q0 for a multicell
cavity operating in a horizontal cryomodule.

Figure 3: Final Q0 vs Eacc measurement of ERL 7.1 in
HTC-3. At the operating accelerating gradient and tem-
perature, the cavity’s Q0 exceeds design specification by a
factor of three, reaching 6 × 1010. Accelerating gradients
of 21 MV/m were achieved.

Finally, the superconducting parameters were character-
ized using SRIMP, finding that the residual resistance after
thermal cycling was reduced from ∼3 nΩ to a very low
value of just ∼1 nΩ.[6]

CONCLUSIONS
The main linac cavity exceeded design specifications in

all three HTC experiments. Temperature cycling helped to
improve the quality factor of the cavity by about 50%, with
the most benefit being realized after thermally cycling to
low temperatures above Tc.

Measurements of the prototype cavity outfitted with a
high power coupler and two beamline HOM absorbers
shows exceptional quality factor results at gradients up to
21 MV/m. At 1.8 K, the quality factor specification was
exceeded by a factor of three. In addition, ERL 7.1 reached
Q0(16.2 MV/M, 1.6 K)=1.0× 1011 in a fully outfitted cry-
omodule in HTC-3, breaking the world record that was
set in HTC-1,[10] and demonstrating that very high Q0 is
achievable in horizontal cryomodules.

The HTC experiments demonstrate that extremely high
quality factors can be preserved in a fully equipped cry-
omodule, and Q0 does not necessarily have to degrade
between vertical and horizontal testing.[6] This is clearly
demonstrated by Fig. 4, which shows higher quality factors
in the HTC-1 experiment than the vertical test, even though
no surface treatment was performed between the tests.

Very high values of Q0 in the HTC experiments are at-
tributed to three factors: First, there are two layers of mag-
netic shielding in the cryomodule, compared with a single
layer in the vertical dewar reducing the ambient magnetic
flux in the cryomodule, which leads to a smaller residual
resistance. Second, the tightly controlled cooling process
of the cavity in the cryomodule minimizes both spatial and
temporal gradients across the cavity, reducing flux pinning

Figure 4: Comparison of Q0 vs E measurements at 1.8 K
of ERL 7.1 in the vertical test and HTC-1. HTC-1 exhibits
much higherQ0 than in the vertical case, though no surface
processing was done between the two measurements.

in the superconductor. Third, the combination of HF rinse
and a very uniform 120◦C bake in a large furnace leads to
surfaces having low BCS resistance.

Future work with this cavity will include beam tests in
Cornell’s Injector Cryomodule in the Fall of 2013. These
measurements will use beam to measure the Q0, R/Q and
frequencies of higher-order modes in the HTC.
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FERMILAB MUCOOL TEST AREA CAVITY CONDITIONING CONTROL 
USING LABVIEW 

D.W. Peterson, Fermi National Accelerator Laboratory*, Batavia, IL 60510, USA 
Y. Torun, Illinois Institute of Technology, Chicago, IL 60616, USA

Abstract 
Automated RF cavity conditioning controls have been 

implemented in the Fermilab MuCool Test Area using 
National Instruments LabVIEW. Display of RF 
parameters, cavity gradient and diagnostic signals are 
provided for real-time monitoring. Oscilloscope traces 
and operating parameters are logged automatically. 
Gradient ramping and cavity breakdown detection allow 
unattended operation. Key parameters are made available 
to the Fermilab ACNET system for viewing by users. 

SYSTEM OVERVIEW 
The MuCool Test Area (MTA) consists of a beamline 

stub and experimental hall off of the 400 MeV H- section 
of the Fermilab LINAC [1]. The hall contains power 
supplies and cryogenics for a 5T superconducting 
solenoid as well as RF feeds for high power 201 MHz and 
805 MHz. Cavity conditioning is currently performed at 
805 MHz at up to 13 MW of RF power [2][3][4].  

The computer test system consists of a Dell GX620 
computer running National Instruments (NI) LabVIEW 
2012[5]. Waveforms are acquired with the NI PCI-5105 
60 MS/s, 12-Bit, 8-Channel Digitizer/Oscilloscope card. 
A GPIB bus communicates with the HP E4400B RF 
Signal Generator, LeCroy 625Zi oscilloscope, and 
Tektronix DPO7104 oscilloscope.  

Triggering of acquisitions is by the RF gate TTL signal 
from a master timing distribution module. Additional 
signals into the PCI digitizer card are a diode detected 
sample of the cavity RF probe signal, a sample of the 
waveguide reflected power, and an optional signal from a 
cavity photo detector. 

SOFTWARE DESIGN 
The MuCool Cavity Test software has evolved over 

more than six years of activity [6][7]. LabVIEW has been 
used throughout the process. This latest version has 
implemented some important new features: 
• A simplified user interface with multiple floating 

front panel windows. 
• Cavity waveform analysis during each pulse, 

including cavity breakdown detection. 
• A new cavity tuning algorithm. 
• Gradient ramping and breakdown recovery. 
• Verbose log files. 
• Cavity waveforms are periodically saved to disk and 

can be viewed later. 
 

• Breakdown events are recorded along with data from 
preceding and following pulses. 

• A few key parameters are available on the ACNET 
control system. 

User Interface 
LabVIEW routines are called virtual instruments (VIs). 

Each VI has a front panel for user interaction and a block 
diagram that defines the program execution. In the cavity 
conditioning system the main front panel provides a 
general view of the cavity signals and pulse status. It also 
provides a launch point for the cavity conditioning control 
VIs, such as tuner control and cavity waveform analysis. 
Figure 1 shows the general flow of the program. Figure 2 
shows the layering of various VI front panels. During any 
given user interaction, the panel of interest can be brought 
to the foreground or minimized as needed. Additional VIs 
are available for the user to set the data logging interval 
and to enter comments into the log file. 

 

 
Figure 1: Simplified block diagram of the cavity 
conditioning program. 

 

 
Figure 2: Screen capture of the overall user interface 
showing the layering of multiple VI front panels.  ____________________________________________  

* Operated by Fermi Research Alliance, LLC, under Contract No. 
DE-AC02-07CH11359 with the United States Department of 
Energy 
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Cavity Waveform Analysis 
As the waveforms are acquired by the digitizer card 

they are passed to Cavity Waveform Analysis VI for all 
of the measurements, breakdown detection and triggering 
of the breakdown logging routines. 

Measurements on the cavity probe waveform include 
peak voltage, rise time, fall time, exponential fits of 
filling time constant and decay time constant, and 
integrated values of cavity and reflected signals both 
inside and outside the RF gate time. Figure 2 shows the 
user waveform display of a normal cavity pulse with the 
RF gate signal and reflected power signal. 

 

 
Figure 3: Typical main display showing cavity waveform, 
RF gate and reflected signal. 

Cavity Breakdown Detection 
The best way to detect cavity breakdown is to insert a 

fiber optic cable into the cavity and detect the flash of 
light when a spark occurs. Figure 4 shows the large light 
signal during a cavity breakdown event. Unfortunately, 
not all cavities have been outfitted with optics. 

 

 
Figure 4: Auxiliary display showing pronounced light 
signal during a cavity breakdown event. 

 
A reliable alternate method involves measuring the 

90% to 10% fall time of the cavity probe waveform and 
triggering the breakdown capture VIs for any fall time 
shorter than a user settable trip value. Figure 5 shows a 

cavity breakdown event with the extremely steep cavity 
waveform falling edge. The reflected power spikes 
momentarily until an external high speed circuit detects 
the event and turns off the RF drive signal before the end 
of the RF gate. A typical 90% to 10% fall time in recent 
tests is approximately 12 µs for normal operation and less 
than 1 µs during breakdown. 

 

 
Figure 5: An example of a cavity breakdown event with 
the accompanying spike in the reflected power. 

Cavity Tuning Algorithm 
During normal cavity conditioning, enough power is 

dissipated in the walls of the cavity to raise the 
temperature and change the resonant frequency. Since the 
present test cavities do not have any means of 
compensating for this effect, the RF drive frequency must 
change to follow the cavity resonance. Previous versions 
of the software have used a gradient search to determine 
where the peak resonance occurs. Measurement noise 
when far off resonance often resulted in the algorithm 
taking many steps to converge or occasionally failing to 
converge. 

The improved algorithm uses a sequence of n steps to 
move a predetermined distance, ∆f, each side of the 
present center frequency while also recording either the 
cavity amplitude response or the ratio of integrated cavity 
probe signal vs. reflected signal inside the RF gate. The 
probe/reflected ratio has proven to be a very effective 
measurement of cavity performance. For efficiency, the 
step sequence takes the odd numbered steps going down 
in frequency and even numbers steps going up in 
frequency. For example, a complete step sequence using 5 
steps each side of the center frequency, f0, would be:  

f0-∆f/n, f0-3∆f/n, f0-5∆f/n, f0-4∆f/n, f0-2∆f/n, f0, 
f0+2∆f/n, f0+4∆f/n, f0+5∆f/n, f0+3∆f/n, f0+∆f/n, f0.  

After the steps are complete the signal vs. frequency 
array is passed to a Gaussian peak fitting routine which 
returns the least square fit to the measurements. The 
algorithm then moves the signal generator frequency by 
steps of 2∆f/n to the new calculated center frequency and 
the tuning cycle is complete. Typical search values in 
recent cavity testing have been ∆f = 10 kHz and n=10. 
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Gradient Ramping and Breakdown Recovery 
An important part of cavity conditioning is the ability 

to push the cavity gradient to high field yet not cause 
serious damage to the cavity surface. The Amplitude 
Control routine has user settable parameters for amplitude 
increment step, step interval, and amplitude decrement if 
breakdown occurs. Amplitude increment occurs at the 
step interval except when cavity tuning is active. 
Amplitude decrement occurs immediately upon detection 
of a cavity breakdown event. Typical settings are an 
amplitude increment of 0.04 dB, a step interval of 10 
seconds, and an amplitude decrement of 3.0 dB if a 
breakdown occurs. 

Recording to Disk 
When the LabVIEW program is started at the 

beginning of each cavity conditioning “Run”, it 
increments the official run number and creates a file 
folder with the current date if one is not already present. 
A text log file is created with the date and run number in 
the file name. Digitizer waveforms are also stored in a file 
in the same folder. Due to the possibility of multiple runs 
in one day or one run spanning multiple days, it was 
decided to keep the log and waveform file sizes 
manageable by automatically creating a new folder at 
00:00:00 each day of running and opening new files with 
the appropriate run number.  

The log file includes time stamped data such as user 
comments, manual and automatic amplitude setting 
changes, periodic captures of cavity waveform 
parameters, and cavity waveform parameters during 
breakdown events. 

Cavity waveform files are recorded periodically and at 
each breakdown event. A utility program has been written 
which provides quick viewing of waveforms in a movie 
format. The user has the option to single step though 
capture frames and to send the frame image to a graphic 
file in .png format or send the waveform data to a comma 
separated spreadsheet file. 

The oscilloscopes trigger on every pulse and can also 
be commanded to write trace information to their internal 
hard drives periodically and at each breakdown event. 

An additional background utility is constantly 
recording the digitizer waveform data in a circular buffer 
of 9 elements. When a breakdown event occurs, the buffer 
continues for 4 more pulses and then the entire buffer is 
written to a waveform file. This allows the user to view 
cavity waveforms surrounding the breakdown event.  

Writing to ACNET 
A background VI uses XML-RPC to write total cavity 

pulses, number of breakdown events, RF signal generator 
frequency and amplitude, cavity peak voltage and other 
parameters out to the Fermilab ACNET control system at 
a 1 Hz rate [8]. ACNET parameters are easily viewed on 
the internet and utilities are in place for automatic 
notification if values go out of user defined tolerances. 

SUMMARY AND PLANS 
The continued use of LabVIEW has enabled a rapid 

and efficient upgrade to the MuCool 805 MHz cavity 
conditioning controls. New measurement and control 
routines with automatic recording of cavity performance 
have permitted long conditioning runs over multiple days 
and will facilitate testing of other cavity designs [9].  

Components are being installed to provide similar 
cavity conditioning capabilities in the 201 MHz RF 
systems. In addition to the features implemented in the 
805 MHz system, the 201 MHz cavity conditioning 
system will have active resonance tuning control [10]. 
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SSR1 CRYOMODULE DESIGN FOR PXIE* 
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P. Bhattacharyya, Variable Energy Cyclotron Centre, Kolkata, India

Abstract 
Project X is a proposed proton accelerator complex 

intended to support Fermilab’s role in intensity frontier 
research over the next several decades. It will replace the 
existing 40-year-old injector complex and add powerful 
new capabilities to support a large number of experiments 
in the energy range from 1 to 120 GeV. 

Fermilab is planning a program of research and 
development aimed at testing of critical components. This 
program, known as the Project X Injector Experiment 
(PXIE), is being undertaken as a major element of the 
ongoing Project X R&D program. 

PXIE contains two superconducting cavity 
cryomodules, one utilizing half-wave resonators (HWR), 
and the other, single spoke resonators (SSR). The first 
SSR cryomodule, known as SSR1 contains eight cavities 
and four solenoids in the following order: C–S–C–C–S–
C–C–S–C–C–S–C, as well as active steering elements. 

This paper describes the design of the SSR1 
cryomodule and includes discussions of the system 
interfaces, vacuum vessel, magnetic and thermal shields, 
insulating and support systems, cavities, tuners, input 
couplers, focusing elements, and current leads. 

INTRODUCTION 
The SSR1 cryomodule will operate with continuous 

wave (CW) RF power and support peak currents of 5 mA 
chopped with varying patterns to yield an average beam 
current of 1 mA. The RF power per cavity at 1 mA 
average current and 2.2 MV accelerating voltage ( =0.22) 
should not exceed 4 KW with an overhead reserved for 
microphonics control. 

The current beam optics design for Project X requires 
that the SSR1 cryomodule contains eight cavities and four 
solenoids in the following order: C–S–C–C–S–C–C–S–
C–C–S–C. Horizontal and vertical dipole correctors are 
located inside each solenoid. A four-electrode beam 
position monitor (BPM) is located at each solenoid. 

The intent is that this cryomodule has all external 
connections to the cryogenic, RF, and instrumentation 
systems made at removable junctions at the cryomodule 
itself. The only connection to the beamline is the beam 
pipe itself which will be terminated by “particle free” 
valves at both ends. Minimizing mean time between 
failure and repair and in-situ repair of some internal 
systems are important design considerations in the 
cryomodule design. 

Figure 1 shows the linac layout including the location 
of the SSR1 cryomodule. 

 

 
Figure 1: PXIE layout. 

CRYOMODULE DESIGN 
Eventually, Project X will require several different 

cryomodule designs for cavities operating at 162.5, 325, 
650, and 1300 MHz. The SSR1 for PXIE is the first of 
these being developed at Fermilab. Details of individual 
cryomodule components are described below. 

Cryogenic Systems and Vacuum Interfaces 
There are two ways that cryogenic and vacuum systems 

are distributed to individual modules in superconducting 
magnets or cavity strings. Coarse segmentation refers to 
systems in which the cryogenic circuits and insulating 
vacuum inside individual cryostats are more or less 
continuous for long lengths, at least over the length of 
several cryomodules. Fine segmentation, refers to systems 
in which the insulating vacuum and the cryogenic circuits 
are confined to an individual cryomodule, the only 
connection between modules being the at beam tube. Fine 
segmentation is the configuration choice for Project X 
and PXIE cryomodules. Each individual vacuum vessel 
will be closed at both ends and the cryogenic circuits will 
be fed through bayonet connections at each cryomodule. 
Each cryomodule will have its own connection to the 
insulating vacuum pumping system. Also, each 
cryomodule will have its own 2 K heat exchanger and 
pressure relief line exiting near the middle of the module. 
This configuration provides flexibility in terms of 
cryomodule replacement and cooldown and warm-up 
times at the expense of requiring more individual 
cryogenic connections, cold-to-warm transitions at each 
end of each cryomodule, and extra space at each 
interconnect to close the beam tube. 

Vacuum Vessel 
The vacuum vessel serves to house all the cryomodule 

components in their as-installed positions, to provide a 
secure anchor to the tunnel floor, to insulate all cryogenic 
components in order to minimize heat load to 80 K, 4.5 
K, and 2 K, as well as maintain the insulating vacuum. It 
is 1.219 m (48 inches) in diameter. 

Magnetic Shield 
Just inside the vacuum vessel, nearly in contact with 

the inner wall, is a magnetic shield to shield the cavities 
from the earth’s field. Preliminary tests show that a 1.5 
mm-thick mu-metal shield at room temperature reduces 

 ___________________________________________  

* Supported by FRA under DOE Contract DE-AC02-07CH11359 
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the residual field inside the cryostat to less than 10 T. It 
is likely that separate magnetic shields will be installed 
around individual magnetic elements to further reduce 
trapped fields in the superconducting cavities. 

Thermal Shield and Multi-Layer Insulation 
Each cryomodule will have a single thermal shield 

cooled with helium gas, nominally at 45-80 K. It is 
currently envisioned to be aluminum with cooling 
channels on both sides. Two 15-layer blankets of multi-
layer insulation, between the vacuum vessel and thermal 
shield will reduce the radiation heat load from the room 
temperature vacuum vessel to approximately 1.5 W/m2. A 
5 K circuit will be available to intercept heat on the input 
couplers and current leads, but there is no plan to install a 
full 5 K thermal shield. 

Support System 
All of the cavities and solenoids will be mounted on 

individual support posts which are in turn mounted to a 
full-length strongback located between the vacuum vessel 
and thermal shield. This enables the entire cavity string to 
be assembled and aligned as a unit then inserted into the 
vacuum vessel during final assembly. Presently, the 
strongback is aluminum, but stainless steel is an option. 
Maintaining the strongback at room temperature helps 
minimize axial movement of the cold elements during 
cooldown, reducing displacement of couplers, current 
leads, and many other internal piping components. 

 
Figure 2: Strongback assembly. 

 
The support posts are similar to supports utilized in 

SSC collider dipole magnets and ILC and XFEL 1.3 GHz 
cavity cryomodules. The main structural element is a 
glass and epoxy composite tube. The tube ends and the 
intermediate thermal intercepts are all assembled using a 
shrink-fit technique in which the composite tube is 
sandwiched between an outer metal ring and inner metal 
disk [1]. The strongback and support posts are shown in 
Fig. 2. All the cavities and solenoids are mounted to the 
support posts using adjustable positioning mechanisms. 

Cavity and Tuner 
The cryomodule contains eight single spoke, =0.22, 

325 MHz cavities operating in CW mode at 2 K in 
stainless steel helium vessels. Each has integral coarse 
and fine tuners that operate through a lever system and 
push on the cavity end wall. For ease of maintenance, 
tuner access covers are incorporated into the helium 

vessel design. The cavity and tuner system is shown in 
Fig. 3 and described more completely in [2]. 

 

 
Figure 3: Dressed cavity and tuner. 

Input Coupler 
The input coupler is a 105-ohm coaxial design that 

supplies approximately 2 kW CW to each cavity in PXIE 
and ultimately up to 18 kW CW in Project X. The coupler 
contains a single warm ceramic window. During 
cryomodule fabrication, the cold section is installed on 
the cavity in the cleanroom prior to assembly of the 
string. The warm section is installed from outside the 
vacuum vessel during final assembly. The inner 
conductor is solid copper with copper plated bellows to 
accommodate motion due to misalignment and thermal 
contraction. The cold end of the outer conductor is 316L-
stainless steel. The warm end is copper with copper plated 
bellows. Heat load estimates don’t suggest a significant 
penalty for not copper plating the outer conductor. A 
forced-air cooling tube is inserted into the inner conductor 
after assembly that supplies air to cool the coupler tip. 
Fig. 4 shows the current coupler design. The input coupler 
design is described more thoroughly in [3]. 

 
Figure 4: Input coupler assembly. 

Current Leads 
Each solenoid package contains three magnet coils, the 

main solenoid, operating nominally at 100 A and two 
steering correctors each operating nominally at 50 A. A 
conduction cooled current lead design modeled after 
similar leads installed in the LHC at CERN is being 
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developed for use in PXIE [4]. Fig. 5 illustrates the 
conceptual design for the lead assembly. Thermal 
intercepts at 45-80 K and 5 K  reduce the heat load to 2 K, 
nonetheless, these current leads represent a significant 
source of heat at the low temperature end. There will be 
one lead assembly for each magnetic element. 

 
Figure 5: Conduction cooled current lead assembly. 

Solenoid and Beam Position Monitor 
The four magnet packages in the cryomodule each 

contain a focusing solenoid and two dipole correctors all 
operating in a helium bath at 2 K. The Project X lattice 
provides little room along the beamline for diagnostics 
either inside individual cryomodules or between adjacent 
modules. To conserve axial space along the beamline a 
button-type BPM has been chosen for installation in the 
SSR1 cryomodules. A total of four will be installed in the 
cryomodule and tested in PXIE, one at each solenoid. 
These devices are compact and lend themselves well to 
incorporation into the solenoid magnet package as shown 
below in Fig. 6. The bellows at either end of the beam 
tube allow independent adjustment of each magnet. 

 

 
Figure 6: Focusing solenoid and BPM. 

Final Assembly 
The final assembly of the SSR1 cryomodule for PXIE 

is shown in Fig. 7. 

 
Figure 7: Final assembly. 

HEAT LOAD ESTIMATE 
Table 1 summarizes the estimated static and dynamic 

heat loads to each temperature level in the cryomodule 
assembly from the primary sources. 

 
Table 1: Heat Load Summary for PXIE Cryomodule (W)  

SSR1 (8 cav, 4 sol) 70 K 4.5 K 2 K 
Input coupler static 42.88 22.56 4.00 
Input coupler dynamic 0.00 0.00 2.00 
Cavity dynamic load 0.00 0.00 14.24 
Support post 33.12 4.32 0.60 
Conduction lead assy 85.60 43.60 5.92 
MLI (total 70 K + 2 K) 30.54 0.00 1.42 
Cold to-warm transition 1.44 0.16 0.02 
Total 193.6 70.6 28.2 

SUMMARY 
The design and modeling of the SSR1 cryomodule for 

PXIE is nearly complete and detailed drawings for the 
strongback, supports, and vacuum vessel are ready for 
procurement. In the coming months further details will be 
completed with the goal of beginning production of this 
first 325 MHz SSR1 cryomodule in FY14 [5]

REFERENCES 
[1] T.H. Nicol, R.C. Niemann, and J.D. Gonczy, “Design and 

Analysis of the SSC Dipole Magnet Suspension System”, 
Supercollider 1, p. 637 (1989). 

[2] L. Ristori, et al, “Design of Single Spoke Resonators for 
PXIE”, presented at IPAC 2012, paper ID: 2689-
WEPPC057. 

[3] S. Kazakov, et al, “Main Couplers Design for Project X”, 
presented at IPAC 2012, paper ID: 2523-WEPPC050. 

[4] A. Ballarino, “Conduction-Cooled 60 A Resistive Current 
Leads for LHC Dipole Correctors”, LHC Project Report 
691 (2004). 

[5] S. Nagaitsev (ed.), “PXIE Design Handbook”, Fermilab, 
January 2013. 

. 

Proceedings of PAC2013, Pasadena, CA USA THPMA09

06 Accelerator Systems

T13 - Cryogenics 1375 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s
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Abstract
In the Neutrino Factory and Muon Collider muons are

produced by firing high energy protons onto a target to pro-
duce pions. The pions decay to muons which are then ac-
celerated. This method of pion production results in signif-
icant background from protons and electrons, which may
result in heat deposition on superconducting materials and
activation of the machine preventing manual handling. In
this paper we discuss the design of a secondary particle
handling system. The system comprises a solenoidal chi-
cane that filters high momentum particles, followed by a
proton absorber that reduces the energy of all particles,
resulting in the rejection of low energy protons that pass
through the solenoid chicane. We detail the design and op-
timization of the system and energy deposition and shield-
ing analysis in MARS15(2012).

INTRODUCTION
The baseline target concept for a Muon Collider or a

Neutrino Factory [1] is a free jet of mercury impacted by
a 4-MW, 8-GeV proton beam at 50 Hz within a 20-T mag-
netic field [2]. The magnetic field is produced by a coaxial
array of cryogenically cooled superconducting (SC) coils
and water-cooled resistive magnets. The superconducting
coils are protected from secondary radiation from the target
by internal shielding of He-gas-cooled tungsten beads.

The design proton beam energy and power will be ap-
proached in stages [2], beginning with a 1-MW, 3-GeV pro-
ton beam. A solid carbon target can be used in the initial
stage, and replaced with a mercury target module at a later
stage when higher beam power is utilized.

The 20-T field on the target is reduced to 1.5 T in a ta-
pering field profile over ≈ 5 m, beyond which is an ≈
60-m-long, 1.5-T solenoidal Decay Channel where sec-
ondary pions decay to form the muon beam. Roughly
10% of the proton beam power is transported into the De-
cay Channel [3, 4], mainly via soft protons from breakup
of target nuclei, and energetic protons scattered from the
beam. These protons would be transported by the Decay
Channel into subsequent components of the Muon Col-

∗Work supported by the US DOE Contract No. DE-AC02-
98CHI10886.

† psnopok@iit.edu

lider/Neutrino Factory Front End [5], the Buncher, Phase
Rotator, and Ionization Cooling sections. To minimize ra-
diation damage to these components, and to keep their ac-
tivation low enough that hands-on maintenance is feasible,
the secondary protons should be removed from the Decay
Channel. This is to be accomplished via a bent-solenoid
chicane [6], sketched in Fig.1, in which most proton of en-
ergy above 500 MeV are deflected out of the Decay Chan-
nel, and by a 10-cm-thick Be absorber which removes most
protons of lower energy.

Figure 1: Sketch of the pion-production and Decay Chan-
nel, including a chicane to suppress energetic protons and
an absorber for soft protons.

ENERGY DEPOSITION STUDIES
The higher-energy particles (mostly protons) which

leave the beam in the chicane would pass through the coils
of the bent solenoids unless the latter have adequate in-
ternal shielding. As for the superconducting coils of the
target-system upstream of the chicane, we desire that the
maximum energy deposition in the coils be less that 0.1
mW/g to permit an operational lifetime greater than 10
years of 107 s. This criterion is taken from studies [7] con-
ducted for the ITER project.

To evaluate the amount of shielding required for the
magnets of the Decay Channel chicane, we used a
MARS15(2012) [8] simulation with field maps generated
by G4beamline [9]. A preliminary version of these studies
was reported in [10].

Given the complicated geometry of the chicane, adding
tungsten shielding was not straightforward using only
MARS extended geometry. However, a recently devel-
oped ROOT-based geometry framework [11] for MARS
has made the task manageable with a wide variety of ba-
sic volumes provided by the ROOT TGeo module. The
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TGeoCtub elementary volume (cut tubes with arbitrary en-
trance and exit angles) proved to be the most important for
seamless shielding. The fact that the volume of each shield-
ing or coil segment can be calculated precisely in ROOT
removes the uncertainty intrinsic to MARS Monte-Carlo
based volume calculation. Parts of the chicane as defined
using ROOT are shown in Fig. 2.

Figure 2: Chicane geometry as defined using ROOT. Red:
shield, bend in; blue: shield, bend out; green: solenoidal
coils of the bend-in.

In a straight solenoid with uniform field, particles move
in helices about the (straight) trajectory of their “guiding
center.” The magnetic field of a bent solenoid, as in each
half of the chicane, is toroidal, and the guiding center un-
dergoes “curvature drift” perpendicular to the plane of the
toroidal field [12]. For the 1.5-T field of the decay channel,
whose beampipe has 30 cm radius, the curvature drift de-
forms the shape of the beam into an ellipse with semimajor
axis of length 42 cm at the center of the chicane.

In a first study of possible shielding configuration for the
chicane, the beampipe was assumed to have radius 42 cm,
and the thickness of the tungsten-bead shielding was 35 cm.
Figure 3 shows a “horizontal” section of the model of the
chicane, together with contours of energy deposition as
simulated by MARS15(2012).

The average power deposition in the superconducting
coils of the chicane, averaged over azimuth, for the model
of Fig. 3 is shown as the blue curve in Fig.4 as a function of
position along the chicane, and is everywhere less than the
“ITER” limit of 0.1 mW/g. To estimate the peak energy
deposition in the coils, the MARS model was segmented
azimuthally, leading to the results shown in the blue curve
of Fig. 5, where the deposition in a few regions remains
above the “ITER” limit.

In a second iteration of the study, only the central 4 m
of the chicane was modeled with a beampipe of 40 cm ra-
dius, with the outer segments having a beampipe of 30 cm
radius, as shown in Fig. 6. The thickness of the shield-
ing in the central portion of the chicane was taken to have
40 cm thickness, while the thickness of the shielding was
only 30 cm in the outer portions of the chicane. Contours of
energy deposition in the midplane of the chicane are shown
in Fig. 6, with the azimuthally averaged energy deposition,
and the peak energy deposition, shown in red in Figs. 4 and
5, respectively. The thickness of the shielding downstream
of the chicane was only 5 cm, which is not quite adequate,
as shown in Fig. 5.

Figure 3: MARS15(2012) simulation of energy deposition
in a model of the chicane with beampipe of 42 cm radius,
surrounded by 35-cm-thick tungsten-bead shielding.

Figure 4: Simulated energy deposition in the superconduct-
ing coils of the chicane, average over azimuth.

SUMMARY
The models of shielding of the superconducting coils of

the chicane investigated to date (based on MARS15(2012)
simulations in the Default mode) appear to be close to pro-
viding sufficient protection against radiation damage for an
operational lifetime in excess of 10 years. Simulations us-
ing MARS15 with MCNP data tables will be performed to
evaluate better the energy deposition by low-energy neu-
trons, which may have been underestimated in the stud-
ies to date. Next steps in the studies are to introduce a
beampipe which changes its cross section from circular
to elliptical and back to circular along the chicane, along
with shielding whose inner surface matches the beampipe
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Figure 5: Simulated peak energy deposition in the super-
conducting coils of the chicane, based on an azimuthally
segmented model.

Figure 6: MARS15(2012) simulation of energy deposition
in a model of the chicane with non-uniform beampipe of
42 cm radius around the central part of the chicane and
30 cm elsewhere, surrounded by 40 cm of tungsten-bead
shielding around the central part of the chicane and 30 cm
elsewhere.

and whose outer surface is circular, and with thickness that
varies along the chicane.
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Abstract 

A first stage of a Neutrino Factory based on muon 

beams might use a pulsed 3-GeV proton beam with 1-

MW average power.  We report on optimization of 

particle production by a carbon target inside a solenoid 

magnet for this scenario. 

INTRODUCTION 

The ultimate option for the final stage of a Neutrino 

Factory (NF) in the Muon Accelerator Program [1] is to 

use a 8-GeV (or more) proton beam of 4-MW average 

power interacting with a free-flowing mercury jet to 

create copious amounts of pions that are captured in a 

high-field solenoid magnet system.  Two capture systems, 

referred to as IDS120h and IDS120j, as sketched in Fig. 1 

have been used for the present study.  Figure 2 shows that 

the axial magnetic field for both the IDS120h tapers 

adiabatically from 20 T and the IDS120j tapers from 15 T 

around the target to 1.5 T at the end of the target system.  

The inner radius of superconducting coils (SC) in the 

region surrounding the mercury jet target region is 120 

cm to permit sufficient internal tungsten shielding for a 

10-year operational lifetime of the SC coils against 

radiation damage [2].      

 
Figure 1: Lower half of the IDS120h (top) and IDS120j 

(bottom) target system. 

A key feature in the staging scenarios [1] for a Neutrino 

Factory is initial operation of the proton driver at 3-GeV 

beam energy and 1-MW average beam power.  As was 

noted in previous study, a radiation-cooled graphite target 

is a viable option for a 1-MW proton beam [3]. 

The particle production at the target depends on the 

target geometry as shown in Fig. 3, which illustrates the 

length and radius of the target, the radius of the proton 

beam, the orientation of the proton beam relative to the 

magnetic field, and the angle of the beam and target 

relative to each other (both of which lie in a vertical 

plane).  

 
Figure 2: Longitudinal magnetic field along the solenoid axis of 

SC coils in the IDS120h (dashed line) and IDS120j (solid line) 

front-end channel.  

 
Figure 3: The carbon-target geometry.  The proton beam and 

carbon target cross at z = -37.5 cm.  The proton beam is 

launched at z = -100 cm. 

In this paper, we report on the optimization of particle 

production (pion and muon yields) by a carbon target 

inside a solenoid magnet of IDS120h or IDS120j 

configuration.  The pions and muons of interest for a 

Neutrino Factory are those with kinetic energies between 

40 and 180 MeV, and we report rates of these at the 

transverse planes z = 0 m (downstream end of the 

beam/target interaction region) and z = 50 m.  

We used four modes of the MARS15(2012) code [4] 

(denoted MARS15 below), as well as the FLUKA code 

[5]. The MARS15 modes used in this study were 

____________________________________________  
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Mode 1: MARS15 default mode (without either 

LAQGSM or the MCNP tables); 

Mode 2: MARS15 with MCNPDATA (with the 

MCNP tables but without the LAQGSM mode); 

Mode 3: MARS15 in LAQGSM mode (with the 

LAQGSM mode but without the MCNP tables); 

Mode 4: MARS15 in LAQGSM mode with 

MCNPDATA (with both the LAQGSM mode and the 

MCNP tables). 

OPTIMIZED TARGET PARAMETERS 

AND PARTICLE PRODUCTION OF 

IDS120H CONFIGURATION 

Using the MARS15 default mode (Mode 1), our 

optimization started with a 3-GeV proton beam impinging 

on a carbon target with IDS120h configuration.  The 

initial target radius was chosen as 0.75 cm and the target 

angle as 50 mrad to the solenoid axis of the SC coils [3].  

The target and beam were tilted by the same angle with 

respect to the solenoid axis, while the beam radius (RMS 

spot size) was fixed to be either , 1/3.5 or 1/2.5 of the 

target radius.  Several runs were performed during each 

optimization cycle.  In run 1 we varied the target length 

while keeping initial target radius, target angle fixed; in 

run 2 we varied the target radius using the new target 

length while keeping the target angle fixed; and in run 3 

we varied the target angle with the new target radius.  We 

repeated the above until convergence was achieved.  

Figure 4 depicts the particle production as a function of 

target length, which shows that the target length 

corresponding to the peak of production is at 72 cm. 

 
Figure 4:  Particle production yields as a function of target 

length (TR/BR =  target radius / beam radius). 

Figure 5 shows the variation of particle production with 

target radius. The production is maximized when the 

target has a radius of 0.346 cm for a beam radius equal to 

1/4 of this. 

Figure 6 shows the particle production as a function of 

beam angle, with a peak around 42 mrad, when the beam 

radius is 0.0865 cm and the target has a length and radius 

of 72 cm and 0.346 cm, respectively. In comparison with 

the results of our initial setting in Fig. 4, the optimization 

has given a 15% increase in the peak of particle 

production (from 0.0228 to 0.0262 per proton per GeV).   

 
Figure 5:  Particle production yields as a function of target 

radius. 

 
Figure 6:  Particle production yields as a function of beam 

angle. 

PARTICLE PRODUCTION AND ENERGY 

SPECTRA OF IDS120J CONFIGURATION 

The above optimization of the carbon target in the 

IDS120h configuration for a 3 GeV proton beam was 

used as a starting point for studying particle production 

and energy spectra for the IDS120h configuration. Table 

1 shows the particle production results using 10
5
 

incoming 3-GeV protons.  The results using MARS 15 

Modes 1 and 2 are similar, as are also those of Modes 3 

and 4, which indicates that use of the optional MCNP 

mode in MARS15 does not play an important role in the 

particle production study.   

Figures 7 and 8 show secondary-particle energy spectra 

from MARS15 Modes 1 and 4, respectively, and their 
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comparison with FLUKA. A strange shape with both a 

peak and shoulder of soft pions at z = 0 m was observed 

using MARS15 Mode 1.  However, this was not present 

when MARS15 was used in the LAQGSM mode, for 

which the results were more compatible with those from 

FLUKA. 

Table 1: Particle Production Yields for the IDS120j Confi-
guration using MARS15 and FLUKA 

Running  
Yield/proton/GeV 

z = 0 m 

Yield/proton/GeV 

z = 50 m 

MARS15 

Mode 1  

     0.0341  0.0261 

MARS15 

Mode 2 

     0.0335 0.0254 

MARS15 
Mode 3  

     0.0299 0.0279 

MARS15 

Mode 4 

    0.0296 0.0273 

FLUKA     0.0334 0.0298 

 
Figure 7:  Energy spectra of all positive and negative pions and 

muons for 3 GeV protons at z = 0 m and z = 50 m for a carbon 

target from MARS15 Mode 1 and FLUKA.  

CONCLUSIONS 

With optimization of the geometric parameters for a 

carbon target impinged by a 3 GeV proton beam, particle 

production is around 0.0262 per proton per GeV when the 

target length is set at 72 cm, target radius at 0.346 cm, 

beam radius at 0.0865 cm and beam angle at 42 mrad for 

the IDS120h configuration.  With these target parameters, 

we also studied four running modes of MARS15 for the 

IDS120j configuration and found energy spectra are 

comparable with those of FLUKA when the 

MARS15(2102) in LAQGSM mode with MCNPDATA 

was used.   Production of negative pions from a carbon 

target with a 3-GeV proton beam is only about half that 

for positives in the energy range useful for a Neutrino 

Factory, which implies that there would be twice as many 

 ( ) as ( ) from a Neutrino Factory with these 

parameters. 

 
Figure 8:  Energy spectra of all positive and negative pions and 

muons for 3 GeV protons at z = 0 m and z = 50 m for a carbon 

target from both MARS15 Mode 4 and FLUKA.  Energy spectra 

of positive or negative pions and muons at z = 50 m from 

MARS15 Mode 4 are also shown.      
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A BUNCH LENGTH MONITOR FOR JLAB 12 GeV UPGRADE∗

M. M. Ali, A. Freyberger, G. Krafft, J. Gubeli
Jefferson Lab, Newport News,VA 23606, USA

Abstract
A continuous non-invasive bunch length monitor for the

12 GeV upgrade of Jefferson Lab will be used to deter-
mine the bunch length of the beam. The measurement will
be done at the fourth dipole of the injector chicane at 123
MeV using the coherent synchrotron light emitted from the
dipole. The estimated bunch length is 333 fs. A vacuum
chamber will be fabricated and a Radiabeam real time in-
terferometer will be used. In this paper, background, the
estimated calculations and the construction of the chamber
will be discussed

INTRODUCTION
In recent days, many accelerators use short electron

bunches. Measuring bunch length is important for operat-
ing and characterizing the accelerator. Bunch length mea-
surement can be classified as invasive techniques such as
zero-phasing [1] and deflecting cavity [2] or non-invasive
techniques such as electro-optical sampling [3] and inter-
ferometers [4],[5]. In Jefferson Laboratory (JLab), we are
going to measure the bunch length for the 12 Gev upgrade
using the radiabeam Real time interferometer (RTI) [6].
The RTI is a solid state, compact and non-destructive. The
experiment will be based on the Synchorotron light which
will be emitted from the last bending magnet of the injec-
tor chicane. When the bunch length of the electron beam is
shorter than the radiation wavelength, the electrons radiate
in phase and the radiation power becomes proportional to
the square of number of electrons per bunch (N2) [7].

Ptotal(λ) = P (λ)[N +N(N − 1)f(λ)] (1)

where P (λ) is the power radiated by single electron and
f(λ) is the form factor given by

f(λ) = |
∫
S(z)exp(

−2πiz

λ
)dz|2 (2)

where S(z) is the normalized longitudinal distribution func-
tion, z is the longitudinal position of the electrons and λ
is the radiation wavelength. The form factor equals zero
when the radiation is incoherent & equals one when the
radiation is coherent.

COMPRESSION CALCULATION
In accelerator beam optics, the equation for an ellipse is

normalized so ε the area of ellipse divided by π is on the
right hand side. The general equation is given by

γ(∆φ)2 + 2α(∆φ)(∆E) + β(∆E)2 = ε (3)
∗Work supported by the U.S. Department of energy under U.S. DOE

Contract No. DE-AC05-06OR23177

By compression, we desire to convert a horizontal upright
ellipse to a tilted ellipse. The transformation array is given
by [

∆φ′

∆E′

]
=

[
M11 M12

M12 M22

] [
∆φ
∆E

]
(4)

Equation(4) can be written as[
∆φ
∆E

]
=

[
(M−1)11 (M−1)12
(M−1)12 (M−1)22

] [
∆φ′

∆E′

]
(5)

Substituting by the values of it from eq.(5) into equation(3)
and adding the terms of (∆φ′)2, (∆E′)2 and ∆φ′∆E′,
then the tilted ellipse twiss parameters will be

γ1 = (M−111 )2γ0 + 2(M−111 )(M−121 )α0 + (M−121 )2β0 (6)

α1 = (M−111 )(M−112 )γ0

+
[
(M−111 )(M−122 ) + (M−112 )(M−121 )

]
α0

+ (M−121 )(M−122 )β0 (7)

β1 = (M−112 )2γ0 + 2(M−112 )(M−122 )α0 + (M−122 )2β0 (8)

Assume that the longitudinal phase space distribution is
a horizontal upright ellipse before compression with σφ0
and σE0 as initial values for the bunch length and energy
respectively. After the compression it will be σφ,opt and
σE,opt as shown in figure(1). let M be the magnification
factor, so the bunch length will be compressed by a factor
1
M and to achieve the maximum minimum energy spread
after compression, M must equal σφ0

σφ,opt
.

Figure 1: Phase space before & after compression.
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When there is a chirp, the horizontal upright ellipse will
transform into a tilted ellipse and the transformation equa-
tion is given by[

∆φ1
∆E1

]
=

[
1 0
−s 1

] [
∆φ0
∆E0

]
(9)

Where s = V sinφ, V is the cavity offset voltage from the
crest and φ is the offset phase from the crest in radians.
Using the same technique as discussed before in equations
[6,7 & 8] and notice that α0 = 0 when the ellipse was
horizontal upright, then the new twiss parameters are

γ1 = γ0 + s2β0 (10)

α1 = sβ0 (11)

β1 = β0 (12)

Since the amplification factor M is defined as ”the new ver-
tical distance divide by the old vertical distance” or ”old
horizontal distance divide by new horizontal distance”, so
M =

√
γ1ε
γ0ε

.

Since ε = σφ0σE0 σφ0 =
√
β0ε σE0 =

√
γ0ε

β0 =
σφ0
σE0

(13)

γ0 =
σE0

σφ0
(14)

Square M and substitute by the previous values of γ1, γ0
and β0

M2 = 1 + s2
β0
γ0

= 1 + s2
σ2
φ0

σ2
E0

(15)

The linear transfer matrix for the chicane is given by[
∆φ2
∆E2

]
=

[
1 2πM56

λEinj

0 1

] [
∆φ1
∆E1

]
(16)

Where λ is the RF wavelength and Einj is the energy at
which the compression is done. Again using the same pro-
cedure as mentioned before, the final twiss parameters will
be

γ2 = γ1 (17)

α2 = −Kγ1 + α1 (18)

β2 = K2γ1 − 2Kα1 + β1 (19)

Where K = 2πM56

λEinj
. Since the ellipse transforms into a

vertical upright ellipse, so α2 = 0, and from eq.(18) the
maximum compression condition becomes

K =
α1

γ1
=

sβ0

γ0(1 +
s2σ2

φ0

σ2
E0

)
(20)

M56 =
λEinj

2π
×

sσ2
φ0

σ2
E0(1 +

s2σ2
φ0

σ2
E0

)
(21)

From equation(15) M2 − 1 =
s2σφ0
σ2
E0

and finally

M56 =
λEinj
2πs

M2 − 1

M2
(22)

CALCULATIONS
The Jlab injector chicane consists of nine quads and four

dipole magnets with bending radius 3.125 m, the magnetic
field is 1.3128 kG, the length of magnet is 30 cm and the
bending angle is 5.50 as shown in figure(2). One would like

Figure 2: The Chicane.

to compare the bunch length at the third and fourth dipoles
of the chicane in order to decide which place is better to
do the experiment. Since the value of λ is 20 cm, Einj is
67 × 106 keV and ε is 98.25 eV.rad then the bunch length
will be calculated as follows.

For the fourth dipole, substituting with M56 = 24 cm in
equation (21) and solving for s, one would find two values
for s either 0.635 × 106 eV/rad or 8.256 × 106 eV/rad.
Substituting from equations (10, 11 & 12) into equation
(19), then

β2 = K2(α0 + s2β0)− 2Ksβ0 + β0 (23)

Substituting with s values, γ0, β0 and K value for M56 =
24 cm in equation (23), then β2 is 0.031 × 10−6 rad/eV.
Doing the same for M56 = 12 cm, then β2 is 0.133 ×
10−6 rad/eV. Substituting with the those values in

√
εβ2,

the bunch length is 1.745 × 10−3 rad for (M56 = 24) and
3.6× 10−3 rad for (M56 = 12). From these result, one can
conclude that the bunch length will almost compress to its
half value after the 3rd dipole and compress fully after the
4th dipole, then the best place to do the experiment is after
the 4th dipole.

A plane mirror will be used to deflect the synchorotron
radiation to the RTI and it will confront a 3.25 degrees out
of 5.5 degrees of the synchrotron radiation fan. The total
energy per unit angular frequency emitted by a single elec-
tron moving on a circular orbit is given by [8]

dE

dω
=

9
√

3

8πωc

e2γ4

3ρε0
y

∫ ∞
y

K5/3(x)dx (24)

where e is the electronic charge, γ is the relativistic factor, ρ
is the bending radius, ε0 is the free space permittivity,K5/3

is the modified Bessel function and y = ω
ωc

, where ωc =
3
2γ

3 c
ρ is the critical angular frequency. Since the radiation

will be collected by a mirror at an angle ∆θ = 3.25 then
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the energy between two angular frequencies ω1 and ω2 is

E =
3.25

360

9
√

3

8π

e2γ4

3ρε0

∫ y2

y1

y

∫ ∞
y

K5/3(x)dxdy (25)

Since the repetition rate in JLAB is 500 MHz, power can
be estimated by assuming the form factor is a Gaussian dis-
tribution, multiplying eq.(24) by 3.25

360 and using equations
(1), (2) then the estimated calculations for the power dis-
tribution as a function of wavelength for different bunch
lengths is shown in fig (3).

Figure 3: Power spectrum for different bunch lengths.

CONSTRUCTION OF THE CHAMBER
The old chamber and its component is shown in fig(4a)

while the new one is shown in fig(4b). The new chamber
is built with four additional ports, two of them are for the
laser alignment assembly and the Synchorotron light (SL)
assembly, while the other two is for the insertable mirror as-
sembly. The difference between the new and old line is that
the spool section is removed. The new chamber is made
from 316 stainless steal with the same thickness as the old

Figure 4: Old and new chamber.

one so, it will have the same magnetic permeability. The
chamber elastic limit is measured under vacuum and found
to be 70 MPa which is much less than the elastic limit of
the stainless steel.

The four assemblies are mounted on a rotatable flange
with jacking screws to provide small angular correction as
shown in fig(5). The alignment laser assembly has a cage

Figure 5: Chamber with laser & SL assembly.

system with a laser diode to help in the alignment. The in-
sertable mirror assembly has a mirror in each one, one to
help in the laser alignment while the other is to receive the
synchorotron light and reflected upward to the RTI. Both
assemblies are attached to stroke air cylinder which is a
spring loaded to fail out in case losing air or electrical sig-
nals. Also, the chamber has a view port to make sure that
the initial laser alignment is on the right spot.

CONCLUSION
The chamber will be installed by the end of the year

and as the upgrade finishes, the RTI will be installed. The
measurements will be taken in the second phase of the up-
grade as JLAB will be operated for one cycle and the results
will be compared to the zero-phasing technique used in the
north linac.
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A HIGH-INTENSITY NEUTRON PRODUCTION SOURCE BASED ON 
ROTARY VALVING* 

B. Rusnak, P. Fitsos, J. M. Hall, R. Souza, P. Peaslee, LLNL, Livermore, CA 94550 

 
Abstract 

As part of the effort to develop a fast neutron imaging 
capability at LLNL, a novel windowless deuterium gas 
target was developed for use with high-intensity pulse 
deuteron beams to generate neutrons via the D(d,n)3He 
reaction. The system was designed to create high-
velocity, cross-flowing gas to minimize rarefaction due to 
beam heating in the target gas. The system also employs a 
unique gas beam stop to minimize knock-on neutrons 
from implanted deuterons over time. A prototype system 
employing rotary valving to generate and modulate gas 
flow, and a rotating aperture to minimize gas back 
streaming into the beamline vacuum system, was 
designed and built. Design details and supporting 
analyses of the gas dynamics of the system are presented. 

INTRODUCTION 
Investigating low-density features and materials that 

are heavily shielded within high-density materials is a 
challenge for x-ray techniques due to the attenuation of 
the x rays in the high-Z outer materials. Using the high 
penetrability of fast neutrons to create radiographic 
images is an alternative technique demonstrated to be 
very effective at creating cubic-millimeter-scale 
resolution images in heavily shielded low-Z test objects 
[1]. Technology development in the pursuit of creating a 
fast neutron imaging capability as a complimentary non-
destructive evaluation (NDE) diagnostic to x rays has 
been on going at LLNL for the last decade [2].  

Neutron Source Requirements 
To achieve high penetrability in a variety of potential 

high Z materials, a 10-MeV neutron energy was chosen. 
In addition, this energy would not create short-lived 
activation products in air due to the 16O(n,p)16N reaction, 
which has a threshold above 10 MeV. The rapid decay of 
16N produces a background of high-energy gammas that 
are not only a radiological hazard but can degrade image 
resolution. To minimize image degradation due to an 
excess of scattered lower energy neutrons, the source 
neutrons also needed to be quasi-monoenergetic. For this 
application, having the energy width be approximately 
10% was acceptable. To achieve nominal cubic-
millimeter resolution, the source spot size needed to be at 
most 1.5 mm in diameter. These requirements placed 
significant constraints on the system and have strongly 
influenced the technology development path.  

Production Target Resolution Requirements 
Production of quasi-monoenergetic high-energy 

neutrons can be readily achieved by impinging a deuteron 
ion beam onto a fixed length of high-pressure deuterium 
gas via the D(d,n)3He reaction. The maximum final 
neutron energy is determined by the incoming beam 
kinetic energy plus the Q value of the fusion reaction of 
3.3 MeV, and the energy width of the neutron beam is 
directly related to the ion beam energy loss as the beam 
subtends the length gas cell. For this application, the 
deuterium gas cell is nominally 1.5 mm in diameter and 
40 mm long. A deuteron beam of 7 MeV will be used to 
create ~10 MeV neutrons with a nominal 1 MeV energy 
width with 90% of the beam being in a forward directed. 

Production Target Intensity Requirements 
The neutron source intensity desired is 1011 n/sec/st at 

zero degrees. This was set by the goal of realizing a full 
256-image computed tomographic (CT) reconstruction of 
a heavily shielded object in a nominal work shift. To 
achieve this intensity, 300 uA of average beam current 
will need to interact with nominally 3-bar deuterium gas 
at ambient temperature in the gas cell volume. 

The small source spot size required for high-resolution 
imaging will create very high deposited power densities 
on any materials the beam interacts with, including any 
solid-material window typically used for making 
deuterium-gas neutron targets. This is due to the high 
energy loss of ion beams in solids at these low energies. 
Operating such a windowed source lends itself to DC 
accelerators as these provide the lowest possible average 
power for a given spot size in the window compared to 
pulsed beam structures. A great deal of experimentation 
over the years has shown that most windowed gas cells 
with millimeter-scale focal spots only achieve ~20–30 uA 
of average current before failure [3]. Given the factor of 
10 higher beam currents needed to make the intensity 
requirements, an alternate approach to windowed gas 
cells was needed. 

Another significant challenge due to the small spot size 
was stopping and disposing of the unreacted beam after 
the gas cell. For any solid high-Z stop, since the beam 
loses only 10% of its energy and does not appreciably 
enlarge when interacting with the deuterium gas, the 
beam stop needs to absorb 90% of the beam power over a 
stopping range of tens of microns. While grazing incident 
and rotating stop ideas were considered to prevent 
melting, there was concern that the density variations 
produced for the neutron beam would result in unwanted 
shadows on the radiographs, that the solid material would 
be damaged over time due to the pulsed nature of the 

 ___________________________________________  

*This work performed under the auspices of the U. S. Department of 
Energy by Lawrence Livermore National Laboratory under contract 
DE-AC52-07NA27344. 
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beam and subsequent cyclic heating and cooling, and that 
the build-up of implanted deuterium over time would lead 
to “knock-on” neutrons that broaden and soften the 
desired fast-neutron spectrum and degrade the resolution; 
therefore, such a solid stop was not pursued. 

The team evaluated the option of placing quadrupoles 
and dipoles downstream of the gas cell to defocus and 
then divert the expanded beam to a solid beam stop 
further down stream and out of the imaging flight line. 
This approach was rejected due to the need to have 
massive steel electromagnets in a high-neutron-flux 
region for extended periods where they would become 
activated and produce unwanted scattered neutrons that 
degrade resolution. Permanent magnets were not seen as 
viable due to a large bore needed downstream of the gas 
cell to capture the beam (at least 3–4” diameter) and 
concerns over their sensitivity to high fluxes of neutron 
radiation and the longer lived activation products that 
would be produced. 

In response to these issues, an argon gas beam stop was 
developed to use in conjunction with the deuterium gas 
cell. Stopping the beam in a high-pressure gas will 
remove the three main issues related to solid stops.  

The array of target challenges due to the small source 
spot size and beam current needed also precluded using 
the 14-MeV neutrons from the D(t,n)4He reaction. DT 
tubes are easily capable of achieving some combination 
of small-source spot sizes, high intensity, and long 
lifetimes but not simultaneously and reliably as is needed 
for neutron imaging. 

WINDOWLESS APERTURE 
As an alternative to a physical window separating the 

deuterium gas cell from the beamline vacuum, a rotating 
aperture system was studied that would allow passage of a 
low-duty-factor, pulsed beam into the cell but would then 
restrict gas flow back up the beamline. The rotating 
aperture approach exploits the pulsed nature of 
commercial accelerators that operate at ~1–2% duty 
factor and can reduce the gas load and the associated 
differential pumping system size and cost significantly 
[4]. The effectiveness of the technology is maximized by 
achieving precision tolerances of less than 0.001-0.002” 
in the gaps between sealing surfaces when closed. 

To achieve accurate timing of the rotating aperture with 
the ion beam, a series of vignetting equations were 
created that modeled the aperture opening behavior as a 
function of overall diameter, rotational speed, hole size, 
and beam diameter [5]. These equations allowed 
designing the system to accommodate the operational 
range of the pulsed accelerator system. 

Hydrodynamic modeling done as part of the analysis 
effort that looked at gas flow into the vacuum with and 
without the beam interaction showed that the large peak 
powers in the beam macrobunch (~110 kW) would 
significant rarefy the gas in the cell due to rapid heating. 
The team concluded that the gas in the gas cell could not 
remain static, as that would lead to a roll-off of neutron 
intensity for peak currents above  ~1 mA. Cross-flowing 

deuterium gas moving at a minimum of 400 m/s in front 
of the beam was effective at maintaining the required gas 
density [6].  To achieve such high cross-flow velocities, 
various concepts were explored using either venturis or 
pulsed valves opening against a large pressure 
differential. The approach pursued was to extend the 
rotating aperture technique to be a rotating valve as well. 
By using a valve to modulate the gas, a smaller gas 
compressor could be used to circulate gas in the system 
than would be needed for a simple venturi.  

The rarefaction predicted in the deuterium section of 
the gas cell will be even greater in the argon beam stop 
section, as 90% of the beam power is deposited there, and 
the energy deposition of the beam in the stopping gas per 
unit length is a factor of 9.1 greater. Calculations show 
that achieving high cross-flow velocities with argon will 
be more difficult than deuterium due to the lower sound 
speed in the heavier gas. The goal is to realize flow 
velocities in the 300 m/s range. 

ROTARY VALVING APPROACH 
Straightforward modifications were made to the 

rotating aperture vignetting equations to adapt them for 
rotary valving. These equations were then used to 
calculate the effective opening areas of the rotating 
aperture and the rotary valve, which can be compared to 
the beam pulse, as shown in Figure 1. 

 

Figure 1: The plot shows the interrelation of the effective  
opening and the closing  areas of the rotary valve gas inlet 
(purple), the aperture hole opening (light blue), the beam 
diameter opening (green), and representations of the gas 
pulse (purple dashed) and the deuteron beam (red).  

Just as close tolerances were needed to reduce gas flow 
to the beamline when the aperture was closed, precision 
tolerances were also needed on the rotating valve portion 
of the assembly. The need to hold gap tolerances of less 
than 0.002” over the rotor length of nominally 14” drove 
many of the design choices. A system drawing is shown in 
Figure 2 and a finished system photo in Figure 3. 
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Figure 2: Cutaway of rotary valve system showing the ion 
beam (dashed) the cross-flowing deuterium gas (red), and 
the cross-flowing argon stopping gas (blue).  

 

 

Figure 3: Photo of rotary valve being assembled, showing 
the central rotor inside the valve manifold (silver 
aluminium), and the outer aluminium case (blue 
anodized). 

As the gas cell will ultimately need to operate in an 
intense neutron radiation field, design choices were made 
to improve reliability and ease disposal, including: 

 Moving the motor ~12” away from the deuterium 
interaction point and being able to put in shielding 

 Making as much of the assembly as possible out of 
7075 aluminium to minimize longer lived activation 
products while maintaining good working strength 
and hardness 

 Being able to use all metal seals on the assembly 

GAS FLOW ANALYSIS 
Extensive modeling allowed evaluation of the fluid 

flow of the gases in the cells. To simplify the studies and 
to better relate them to experiments, helium gas was used 
as a surrogate to deuterium, as it has comparable 
thermodynamic properties without the flammability 
hazard. Studies included: 

 Helium (deuterium) cross-flow velocity and leakage 
with no beam 

 Helium (deuterium) heating and density with beam 
energy present, shown in Figure 4 

 Argon cross-flow velocity and leakage with no beam 

 Argon heating and density with beam energy present 
 Helium (deuterium) and argon intermixing with and 

without beam energy present 
 Helium (deuterium) leakage down the beam line 

 

 

Figure 4: Temperature difference in Kelvin in the 
deuterium (left) and argon (right) streams due to 
variations in density and energy deposition with beam 
power present and the gases moving across the beam 
channel. 

DESIGN DETAILS AND MACHINING 
To sustain the tight tolerances needed to better seal the 

rotary aperture and valve sections, large-diameter bearing 
doublets were used successfully. To avoid the use of any 
type of rotary feed-through, which would be problematic 
at the 3600-rpm rotational speeds and the high radiation 
environment, a DC motor was installed in the chamber 
and attached to an aluminium heat sink. To reduce the risk 
of galling in the event the close-tolerance rotating 
surfaces contacted, those parts were coated with Ni-Lube, 
a nickel Teflon composite layer that significantly reduces 
friction.  
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ION-IRRADIATION RESPONSE OF GAFCHROMIC FILMS AND       
THEIR APPLICATION TO THE MEASUREMENT OF THE TRANSVERSE 

BEAM INTENSITY DISTRIBUTION 
Yosuke Yuri, Tomohisa Ishizaka, Takahiro Yuyama, Ikuo Ishibori, and Susumu Okumura, 

Takasaki Advanced Radiation Research Institute, Japan Atomic Energy Agency, 
1233 Watanuki-machi, Takasaki, Gunma, Japan

Abstract 
The response of radiochromic films, Gafchromic HD-

810 and EBT2, was investigated using MeV/u-class 
proton and heavy-ion beams to apply the films to a 
measurement technique of the transverse beam intensity 
distribution at an azimuthally-varying-field cyclotron of 
Japan Atomic Energy Agency. The optical density of the 
irradiated films increased linearly with the particle 
fluence of the beam in a low-fluence region. The linear-
response range of the fluence strongly depended on ion 
species as well as on the film type. By analyzing the film 
response to absorbed dose, it was found that the 
sensitivity of the film decreased for a beam with higher 
linear energy transfer. Based on the linear response of the 
Gafchromic film, we measured the relative intensity 
distribution of a large-area ion beam focused with 
multipole magnets. It was demonstrated that the present 
technique was useful for evaluation of the size and 
uniformity of the ion beam. 

INTRODUCTION 
Precise, handy evaluation of the transverse intensity 

distribution of a large-area ion beam with various ion 
species is required for materials and biological researches 
at the accelerator facility TIARA of Japan Atomic Energy 
Agency (JAEA). Radiochromic films, Gafchromic HD-
810 and EBT2 (Ashland Inc.) [1], were, therefore, 
adopted as a possible measurement technique of the 
transverse beam intensity distribution. Various properties 
of the film, such as high spatial resolution (below 1 mm), 
large size (over 100 cm2), thinness (for the penetration of 
a low-energy ion beam), and easy handling, are 
advantageous to the present purpose.  

A beam irradiation experiment was carried out 
systematically in order to determine the applicability of 
Gafchromic films to various ion beams at the 
azimuthally-varying-field (AVF) cyclotron in TIARA [2]. 
Their response characteristics were investigated in a wide 
fluence range. Furthermore, the optical-density response 
of the films was analyzed in terms of linear energy 
transfer (LET) and dose [3]. Based on the linear-response 
characteristics of the films, we measured the relative 
intensity distribution of a large-area beam focused with 
multipole magnets [4] and evaluated the size and 
uniformity of the beam.  

FLUENCE RESPONSE 
HD-810 and EBT2 films were irradiated uniformly 

with 10-MeV 1H, 13-MeV/u 40Ar, and 3.5-MeV/u 129Xe 

beams from the AVF cyclotron. The irradiated films were 
read at a resolution of 127 dpi with a general-purpose flat-
bed scanner, LiDE50 (Canon Inc.), to digitize them into 
TIFF-formatted images with 16-bit RGB color intensity 
values. The film scanning was performed in more than 
one day after irradiation to prevent short-term color 
variation after irradiation. The optical density dX in each 
color channel X (red, green, or blue) was determined from 
the equation: dX = log10((216-1)/IX), where IX is the 16-bit 
intensity value. 

The response of HD-810 films irradiated with the ion 
beams is shown as a function of the fluence in Fig. 1. The 
increment of the optical density depends on the color 
channels for each ion species. The optical density 
obtained from the red channel is the largest at a given 
fluence in the linear-response region, while that from the 
blue channel is the least sensitive. This reflects that the 
film absorption sensitivity is higher in the longer 
wavelength region. Thus, the intensity distribution of the 
beam can be measured in a wide fluence range with a 
moderate signal-to-noise ratio by choosing an appropriate 
color channel of the scanned image. The range of the 
response curves shifted drastically toward a lower-fluence 
region for heavier-ion beams, as clearly seen in Fig. 1. 

For EBT2, the optical density only of the green channel 
exhibited the linear response in a low-fluence range. The 
linear-response range is one order of magnitude lower 
than that of HD-810.  

DOSE RESPONSE 
The strong dependence of the film response on ion 

species, as shown in Fig. 1, is probably due to the 
difference of the LET in the active layer of the film. To 
see this, the particle fluence F is transformed into the dose 
D using the following relation: D = c (LET/ρ) F, where ρ 
is the density of the active layer of the film and c is a 
constant. The LETs of the beams at each layer of the films 
can be determined using SRIM code [5]. For example, the 
average LETs in the active layer (ρ = 1.08 g/cm3) of HD-
810 are 5.0 100, 1.2 103, and 1.1 104 keV/ m for the H, 
Ar, and Xe ion beams in the present case, respectively. 

The response curves of the three ion species are 
replotted as a function of the average dose in the active 
layer of HD-810 in Fig. 2. For the proton beam, the linear 
response in Fig. 2(a) is similar to those observed in 
previous studies in spite of the differences in proton 
energy and scanners [6-8]. Although the linear-response 
dose range has been partially overlapped with the 
manufacturer’s specifications (10~400 Gy) of the film in  
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Figure 1: Response curves of the Gafchromic film HD-
810 for three different ion beams as a function of the 
particle fluence. 

all three ion species, the dose-response curves shift 
slightly to the right for heavier-ion beams and the film 
response seems still dependent on ion species. Therefore, 
the sensitivity of the film, defined here as a gradient of 
the linear-response region with respect to the dose, is 
evaluated for the three ion species and summarized as a 
function of LET in Fig. 3. The sensitivities of the EBT2 
green channel for H and Ar beams are also plotted in Fig. 
3. (The EBT2 film is not applicable to the 3.5-MeV/u Xe 
beam because the kinetic energy is too low for the beam 
to reach the active layer of the film.) It is clearly 
reconfirmed that the sensitivity is lower for heavier-ion 
beams and higher for EBT2. The sensitivity reduction for 
heavier-ion beams is probably because, for a heavy ion 
with a higher LET, the local dose along the ion’s 
trajectory is very high and the coloration in the 
microscopic region becomes saturated: a large part of the 
deposited dose does not contribute to the film coloration. 
This tendency agrees well with previous studies [6, 9]. 
Similar sensitivity reduction of radiochromic films in a 
Bragg peak (where LET is large) is known as a quenching 
effect [10]. 

 
Figure 2: Response curves of the Gafchromic film HD-
810 for three different ion beams as a function of the dose 
in the active layer of the film. The experimental data is 
the same as in Fig. 1. 

 

 
Figure 3: Sensitivity of the HD-810 and EBT2 films as a 
function of LET. For HD-810, the sensitivities of the red, 
green, and blue channels are fitted by power functions of 
(LET)-0.26, (LET)-0.24, and (LET)-0.21 in the present case, 
respectively. For EBT2, the sensitivity of the green 
channel where the response is linear is plotted. 
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Figure 4: Relative transverse intensity distribution 
obtained from the optical density distribution of an HD-
810 film. The film was irradiated with a 13-MeV/u Ar 
beam of 0.1 μA for 0.5 s, and scanned with the LiDE50 at 
a spatial resolution of 127 dpi. The 2D cross-sectional 
distribution is shown in the upper panel. In the lower 
panel, the 1D distribution is shown along the horizontal 
axis. The peaks appearing at both ends in the lower panel 
correspond to marks put on the film for indicating the 
central axial position. 

INTENSITY DISTRIBUTION 
MEASUREMENT USING THE FILMS 

As can be seen from Figs. 1 and 2, the response of the 
film is always linear in a low-fluence (low-dose) region 
where the optical density is well below unity. It is, thus, 
not always necessary to obtain the response curve in 
every experiment. This feature gives us a handy technique 
to measure the relative intensity distribution of the beam 
directly from the optical density. The relative distribution 
suffices for the evaluation of the size and uniformity. 

Figure 4 shows the measurement result of the relative 
intensity distribution of a large-area ion beam, obtained 
from the optical density distribution of HD-810. As can 
be seen in the figure, the uniform intensity region is 
formed in the inner part of the profile. Such a beam was 
formed as follows: The ion beam from the cyclotron was 
first multiply-scattered with a thin foil to smooth the 
initial distribution into a Gaussian-like distribution and 
then focused by octupole magnets so that the intensity 
distribution could be made uniform on the target [11]. In 
this uniform-beam formation method, the intensity in the 
peripheral part of the beam can be very high due to 
overshooting the tail of the Gaussian-like beam focused 
by octupole magnets and thus the optical density of the 
high-intensity region may go beyond the available linear-
response range of the Gafchromic film. Even in such a 

situation, the uniformity of the inner central region can be 
evaluated if the optical density in the uniform region is 
well below unity. In Fig. 4, the root-mean-square 
uniformity is evaluated as 7% in the 120-cm2 flat-top 
region surrounded by a high-intensity peak. The 
uniformity is better (4%) in the inner 9-cm-square central 
region around the beam center, as predicted theoretically 
[4].  

It is worthwhile to note that the beam uniformity, 
determined from the optical density of the Gafchromic 
film, is equal to that of the track-pore density distribution 
observed more microscopically through a track-etching 
technique [2, 12]. 

SUMMARY 
The applicability of Gafchromic films HD-810 and 

EBT2 to proton and heavy-ion beams was investigated for 
the measurement and evaluation of large-area beam 
intensity distributions at the JAEA AVF cyclotron. The 
available fluence range was strongly dependent on ion 
species as well as on the film type. The sensitivity of the 
film was lower for a beam with higher LET.  

 Paying attention to the linear response of Gafchromic 
films, we developed a handy technique for obtaining the 
relative transverse intensity distribution of the beam. 
Using the technique, we confirmed that an ion beam with 
a uniform intensity distribution was formed by multipole 
magnets, and the size and uniformity of the beam was 
evaluated. Large-area proton and heavy-ion beams over 
100 cm2 can be realized at a uniformity of less than 10% 
and are applied to experiments for space [13] and 
materials science at TIARA. 
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SIMULATION OF X-BAND LINAC NEUTRON SOURCE 
K. Tagi#, K. Dobashi, T. Fujiwara, and M. Uesaka, University of Tokyo, Tokyo, Japan 

M. Yamamoto, Accuthera Inc., Kawasaki, Japan

Abstract 
In Tokyo University, there is a plan of development of 

electron linac neutron source because the research reactor 
“Yayoi” was decommissioned and a new neutron source 
is required. This linac will be introduced in the core of the 
reactor, so measurement of nuclear fuel materials can be 
expected. The application of this research is to measure 
more accurate nuclear data of some atomic fuel materials. 
It is necessary for analysing debris in Fukushima 1st nu-
clear power plant. 

30 MeV X-band linac is used and neutrons are generat-
ed by interactions between bremsstrahlung x-rays and 
materials. In this research, the thermal electron gun, the 
buncher and the target for the linac are optimized for gen-
erating as many neutrons as possible. Uranium can be 
used as target materials, so high neutron flux was gained 
from the calculation. 

INTRODUCTION 
Nuclear data, neutron cross section, is important be-

cause it can be applied to development of new reactor and 
analysis of debris in Fukushima 1st nuclear power plant. 
However, this data, especially the data of nuclear fuel 
materials, such as U, Pu, and Am, is not so correct. Figure 
1 shows experimental data of total cross section of Pu-239 
[1]. You can understand the accuracy of the peak at 1 eV 
is low. In addition, measurement of this data hasn’t been 
done recently. 

 

Figure 1: Experimental data of total cross section of Pu-
239 [1]. 

Energy resolution is very important for the measure-
ment of debris. The relation between time and energy is 
given by the equations 

 
T
T

E
E

E
LT 




 ,
[eV]

[m]3.72s][ . (1) 

For measuring data in 1% energy resolution, 1 μs is 
necessary when length of  beam line is 5 m and beam 
energy is 10 eV, and 100 ns is necessary when length of  
beam line is 40 m and beam energy is 100 keV. So short 
pulse width is necessary for high energy resolution meas-
urement. Pulse width of electron linac is much shorter 
than that of proton accelerator, so electron linac is suitable 
for our research.  

PURPOSE 
The purpose of my research is the development of elec-

tron linac driven neutron source for nuclear data meas-
urement. Linac will be installed into the core of the “Yay-
oi” reactor which is now under decommissioning because 
in Yayoi, handling nuclear fuel materials are permitted. 
The reason why X-band linac is used for our neutron 
source is it enables us to set the accelerator in the core. 
But the klystron will be set out of the core. 

COMPTON SCATTERING X-RAY 
SOURCE 

For preliminary test of neutron source installation, 30 
MeV X-band Linac has been tested. The Linac was origi-
nally designed for Compton scattering monochromatic X-
ray source [2], shown in Figure 2. It is consisted of 3 
MeV RF gun, alpha magnet, 30 MeV accelerator tube, 
and laser.  

 

Figure 2: Compton scattering x-ray source. 

In December 2012, the experiment of the RF electron 
gun was done. Figure 3 shows the current of it.  The RF 
gun has is emittance, low current, and stability problem, 
so it is not suitable for neutron source. 

Some part of this system, the RF source, the accelerator 
tube and the cooling system, will be used in the new neu-
tron source. However, as I explained, RF gun is not suita-
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ble, so thermal DC gun and buncher is designed and will 
be installed. And neutron target is also designed. 

 

Figure 3: Current of thermal RF gun of Compton scatter-
ing x-ray source. 

THERMAL ELECTRON GUN AND 
BUNCHER 

Thermal Electron Gun 
Stable current is expected to the thermal electron gun 

so it is suitable for our research. Electric field calculation 
by POISSON and beam transportation calculation by GPT 
was done [3-4]. The voltage of the gun was 20 kV. Figure 
4 shows the result and Table 1 shows the gained parame-
ters.  

 

Figure 4: Simulation result of thermal electron gun. 

Table 1: Parameters of Thermal Electron Gun 

Parameter Our Thermal Gun 

Voltage 20 kV 

Cathode Radius 1.5 mm 

Beam size (σ) at z = 20 cm 0.224 mm 

Emittance at z = 20 cm 0.674 mm-mrad 

Buncher 
The energy of thermal electron gun is 20 keV, so a 

buncher is necessary for smooth acceleration. The fre-
quency is 11.424 GHz, the same as the accelerator tube of 
Compton scattering X-ray source and traveling wave 
mode is used. Electromagnetic field calculation by SU-

PERFISH and Beam transportation calculation by GPT 
was done.  

Figure 5 shows the relation between the beam position 
and the internal diameter of the cavity to keep stable elec-
tric field. Figure 6 shows the relation between the electric 
field and the diameter at the gate of the cavity when the 
RF power was 5 MW. From this, we decided that the 
length of the buncher is 20 cm and accelerated energy is 
4 MeV. 

And from the electron gun and the buncher, the pa-
rameter shown in Table 2 can be expected. 

 

Figure 5: Relation between the beam position and the 
internal diameter of the cavity. 

 

Figure 6: Relation between the electric field and the di-
ameter at the gate of the cavity. 

 

Parameter Our Incident System 

Energy 30 MeV 

Max current 250 mA 

Max pulse width 1 μsec 

Intensity 50 pps 

Max beam power 0.375 kW 

NETURON TARGET 
Electron linac neutron source has advantage of short 

pulse, but because of this, power of electron linac is lower 
than other neutron sources. Therefore, a high efficiency 
target should be developed for generating neutrons with 
high flux. Uranium target was simulated because it has 
photo fission effect and high flux can be expected [5]. 

Table 2: Parameters of Electron Beam of Incident System
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Linac will be set in the core of the plant, so nuclear fuel 
material can be used as the target. Figure 7 shows the 
neutron flux from various targets, calculated by PHITS, 
which was developed in JAEA [6]. The electron beam 
energy was 30 MeV.  This shows that uranium target 
brings about twice as much flux as other target. And when 
beam energy was 30 MeV, beam power is 0.375 kW and 
uranium target was used, neutron flux of 3×1011 n/s was 
gained. However, way to treat fission product is important 
task. 

 
 

 

Figure 7: Comparison of neutron flux among several tar-
get materials. 

CONCULUSION 
Neutron source with 30 MeV X-band linac has been 

developed for measurement of neutron cross section. 
Thermal neutron gun and buncher were newly designed to 
combine with the existing accelerator tube. Various neu-
tron target (including Uranium) was designed and neutron 
flux from target was calculated.In next years, electron 
beam and neutron beam is going to be measured. 
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DIRECT DIAGNOSTIC TECHNIQUE FOR A HIGH INTENSITY LASER
BASED ON LASER COMPTON SCATTERING∗

R. Sato† , Y. Yoshida, K. Nonomura, K. Sakaue, A. Endo, M. Washio
Waseda University, Tokyo, Japan

Abstract

In laser produced plasma (LPP) EUV source, high inten-
sity pulse CO2 laser is essential for plasma generation. To
achieve high conversion efficiency and stable EUV power,
we would like to measure laser profile in collision point
and make feedback system. There is no way to directly
measure a high intensity laser profile at the focus point.
Therefore, we have been developing laser profiler based on
laser Compton scattering. Laser profile can be measured by
scanning focused electron beam while measuring Comp-
ton scattering signal. We use compact electron accelerator
based on Cs-Te photocathode RF gun at Waseda university.
Electron beam is focused by solenoid lens. We simulated
beam size using GPT, obtained beam size of 10 μm rms.
We measured beam size by Gafchromic film HD-810. We
have succeeded in observing minimum beam size of about
20 μm rms. In this conference, we will report result of sim-
ulation, beam size measurements, and the present progress.

INTORODUCTION

Extreme ultraviolet lithography (EUVL) is the next gen-
eration lithography for integrated circuit fabrication at
22nm half pitch mode [1]. In EUVL, several 100W EUV
light is based on Sn plasma produced by CO2 laser. CO2

laser is required more than 100 kHz repetition rate, 200 mJ,
100 μm spot size and 10 ns pulse duration. To achieve high
conversion efficiency and stable EUV power, we would like
to measure laser profile in collision point and make feed-
back system. However, there is no way to directly measure
such high power laser profile.

We have been developing laser profiler based on laser
Compton scattering (LCS). Laser profile can be mea-
sured by scanning focused electron beam while measuring
Compton scattering signal. If both laser and electron beam
have a gaussian distribution, the observed profile of Comp-
ton signal as a function of electron position is a gaussian
distribution. Observed rms width can be written down as;

σ =
√
σ2
laser + σ2

electron (1)

where σlaser is the laser beam size, σelectron is the electron
beam size. If the electron beam size is much smaller than
that of laser, the observed profile would be equivalent to the
laser profile. To scan electron beam from various direction
and reconstruct image used CT technique, we can obtain
2D laser profile.

∗Work supported by NEDO(New Energy and Industrial Technology
Development Organization).

† wase-nishicab61@akane.waseda.jp

Focused electron beam is a key issue of this method. The
more electron beam is focused, the higher resolution laser
profile we can obtain. To achieve small beam spot, we
use low emittance electron accelerator and special design
solenoid lens. In this paper, we discuss GPT simulation
and results of beam size measurement by Gafchromic film.

ACCELERATOR SYSTEMS
A photocathode rf gun is one of the most high quality

electron source. Because of high gradient electric field
on the cathode, it can generate small emittance beam. At
Waseda university, we have been performed the high qual-
ity electron beam generation and applied research experi-
ments, such as laser Compton soft-Xray generation [2] and
pulse radiolysis [3].

The cavity structure is based on the design of the BNL
Type IV, which have 1.6 cell structure. The rf frequency
is 2856 MHz. The cavity is able to produce low emittance
beam with 5 MeV beam energy. We use Cs-Te photocath-
ode which have a high quantum efficiency and achieve 1
nC / bunch. The seed laser is Nd:YLF mode lock oscillator
with 119 MHz frequency. We use LN intensity modulator
to pick pulse train, it chooses the number of pulses from
1 pulse to 100 pulses. The pulse trains are amplified by
Yb fiber amplifier and LD pumped amplifier 4 pass sys-
tem. After two amplifications, IR pulses are converted to
UV pulses by two nonlinear doubling crystals.

The experiment set up is shown in Fig. 1. There are beam
diagnostic instruments. A current transfer measure beam
charge and pulse train stability. Alumina fluorescent plate
(Demarquest Co.) beam profile monitor is located behind
solenoid magnets. 45 degree bending magnet is used for
energy measurement. Our accelerator system is character-
ized it’s small structure, the total length is less than 3 m.

For this experiment, we designed new solenoid lens. The

CT

Bending mag.

U
V

 la
se

r 
sy

s.

Solenoid2

Solenoid1

RF gun

distance from cathode(m)

0.14 1.20 1.315

Figure 1: Schematic design of Waseda beam line.

THPSM03 Proceedings of PAC2013, Pasadena, CA USA

1394C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

09 Industrial Accelerators and Applications

A08 - Linear Accelerators



lens shape and magnetic field was studied POISSON sim-
ulation code. The magnetic field calculated by POISSON
and measured is shown in Fig. 2. Position is axis of beam
traveling direction. To focus 5 MeV electron beam, we
designed to achieve that a maximum magnetic strength is
0.6 T.
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Figure 2: Magnetic field of Solenoid 2.

BEAM TRACKING BY GPT
We calculated focused electron beam by General Parti-

cle Tracer (GPT) [4]. The field of rf cavity and solenoid
magnets were calculated by SUPERFISH and POISSON.
Parameters of GPT are shown in Table 1. Number of par-
ticles seems very little, but there are no significant defer-
ence in results of beam size and emittance. Therefore, we
used results of 1k data to optimize beam parameters and
solenoid lens strength.

Figure 3 show beam size as a function of distance from
cathode. The rf cavity accelerate the beam, and the emit-
tance growth is controlled by Solenoid 1. The new solenoid
lens, Solenoid 2, is placed 1.2 m downstream. It strongly
focus the beam, Fig. 3 show the beam was focused to 15
μm at the position of 1.314 m.

Table 1: Parameters of GPT Simulation
Number of particles 1000
Space Charge 3D
Charge 50pC
Electric filed at cathode 100MV/m
Initial laser spot size 0.3 mm
Solenoid 1 strength 0.13 T
Solenoid 2 strength 0.5 T

Figure 4 show beam size at the focus point as a function
of Solenoid 2 strength. The smaller beam spot is achieved
as strong magnetic strength. On the other hand, a strong
focusing make short focus distance and short focus spot.
These characterization are obstacle to focus on the collision
point.

Beam size and emittance versus beam charge is shown
in Fig. 5. Smaller beam spot is also available by lower

charge. 10 μm beam spot was achieved with 50 pC beam
charge. In LCS, Compton signal flux depends on electron
beam charge and laser intensity. Smaller beam spot and
higher beam current are need, it is a contradictory demand.
We plan to operate 50 ∼ 100 pC beam charge at LCS ex-
periment. In this situation, calculated photon number is
8 × 104 photons / pulse, which is large enough for detect-
ing LCS signal.
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Figure 3: Beam size as a function of distance from cathode.
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Figure 4: Beam size as a function of Solenoid 2 strength.
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Figure 5: Beam size (left) and normalized eimttance (right)
as a function of beam charge.
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BEAM SIZE MEASUREMENT

Gafchromic Film

Gafchromic radiochromic film [5] is used for measur-
ing a beam intensity distribution. The film is discolored by
ionizing beam irradiation. We choosed HD-810, this film
is commonly used for the measurement of absorbed dose
of high energy photons. First, we calculated divergence of
electron beam in HD-810 by Monte Carlo simulation code
EGS5. The results show the beam was’t expanded in active
layer (6.5 μm thickness).

Optical density (OD) of HD-810 was measured by a cold
CCD camera. For the dose calibration, we irradiated elec-
tron beam with various irradiation time. Figure 6 show
the result, and we used this calibration curve for beam size
measurements.

Figure 6: Calibration curve of HD-810 film.

Beam Size Measurement

We measured focused beam size by HD-810. The beam
profile measured by HD-810 is shown in Fig. 7, focused
beam size as a function of Solenoid 2 strength is shown in
Fig. 8. The plots of Fig. 8 show average size of 3 measure-
ments. In this experiment, the beam was 50 pC, 3.5 MeV
and the irradiation time was 1 s. We achieved about 20 μm
spot size. This results show our accelerator system fulfills
the demand for high intensity laser profiler.

Figure 7: Beam profile measured by HD-810 film.
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Figure 8: Beam size as a function of Solenoid 2 strength.

CONCLUSION
At Waseda university, we have been developing laser

profiler based on LCS. Laser profile can be measured by
scanning electron beam while measuring Compton scatter-
ing signal. Focused electron beam is a key issue of this
method, so we designed new solenoid lens and measured
beam size using HD-810. We achieved beam size of 20
μm, this is satisfactory beam size for laser profiler.

To produce small beam size, we have to operate with low
beam charge. Therefore, we plan a multi bunch generation
to 1 pulse of CO2 laser. Our seed laser repetition rate is
not satisfied this concept, so we will use optical delay line
to change repetition rate. The UV pulse separate by PBS,
and the pulse which is leaded to optical delay line return
the initial line with 350 ps (2856 MHz) delay time.

We are preparing high repetition system, pulse CO2 laser
and the spectroscope to detect Compton scattering signal.
In this winter, LCS experiments will be held to obtain CO2

laser profile.
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CONCEPTUAL PHYSICS DESIGN FOR THE CHINA-ADS LINAC 
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Sun, F. Yan, C. Zhang, Z. Yang, IHEP, CAS, Beijing 100049, China 
Y. He, Y. Yang, IMP, CAS, Lanzhou 730000, China 

 
Abstract 

The China-ADS project was launched in 2011 to 
pursue the R&D on key technologies towards a final 
demonstration facility on ADS with the capability of 
more than 1000 MW thermal power. The driver linac is 
defined to be 1.5 GeV in energy, 10 mA in current and in 
CW operation mode. It employs the superconducting 
structures except the RFQs. To meet the extremely high 
reliability and availability, the linac is designed with 
much installed margin and fault tolerance, including hot-
spare injectors and local compensation method for key 
element failures. The accelerator complex consists of two 
parallel 10-MeV injectors, a joint medium-energy beam 
transport line, a main linac and a high-energy beam 
transport line. The conceptual physics design including 
beam dynamics studies with multiparticle simulations is 
presented here. 

INTRODUCTION 
The C-ADS (or China-ADS) project is a strategic plan 

to solve the nuclear waste problem and the resource 
problem for nuclear power plants in China. With its long-
term planning, the project will be conducted in three or 
four major phases with the final goal to build a demo 
transmutation facility by 2032. 

The C-ADS accelerator complex is a large CW proton 
linac consisting of several sections and uses 
superconducting (SC) acceleration structures except the 
RFQs, which is under developing in collaboration at 
IHEP and IMP. The main design specifications for the 
proton beam at the ultimate stage are shown in Table 1.  

 
Table 1: Specifications for the C-ADS Linac 

Particle Proton Unit  

Energy 1.5 GeV 
Current 10  mA 
Beam power 15 MW 
RF frequency (162.5)/325/650 MHz 
Duty factor 100 % 
Beam Loss <1 W/m 
Beam 
trips/year[1] 
 

<25000 
<2500 
<25 

1s<t<10s 
10s<t<5m 

t>5m 
 

DESIGN CONSIDERATIONS 
The C-ADS linac is designed to have very high beam 

power and very high reliability, which surpasses those of 
the existing proton linacs by far. However, several 
proposed CW proton/deuteron linac projects such as 
Project-X [1-2], EFIT or MYRRHA [3], IFMIF [4] and 
EURISOL [5], etc. are good models for the physics 
design and technical design of the accelerator. In addition, 
some pulsed high power proton linacs and some CW 
heavy ion linacs using SC cavities also serve as good 
reference examples. Although most of the design 
philosophy for the linac has been addressed by previous 
literatures, we still list the main principles here: 1) the 
whole linac consists of SC cavities except the RFQ which 
is room-temperature; 2) installed redundancy for all the 
parts of the accelerator will be applied; 3) as low as 
possible beam losses along the linac, with an upper limit 
of 1 W/m in warm sections and even lower in cold 
sections; 4) the acceleration efficiency and the number of 
cavity types will be balanced; 5) different transverse 
focusing structures are used to follow the acceleration 
structures and beam properties in different acceleration 
sections; 6) tune depression will be controlled to stay in 
the emittance dominated regime preferably; 7) the 
growths in both the rms emittance and halo emittance 
should be controlled strictly, and the ratio of acceptance 
and rms emittance should be kept large to avoid severe 
beam beams; 8) the phase advance per period is 
controlled below 90  to avoid parametric resonances.  

DIFFERENT ACCELERATION SECTIONS 
The linac consists of two injectors, a special medium-

energy beam transfer line (MEBT2), and the main linac, 
as shown in Figure 1. Two identical injectors will be 
operated in the mode of one as the hot-spare of the other 
to provide quick switch in case of failure of the one in 
delivering beam to the main linac, which is considered 
crucial to achieve very high reliability of the whole 
accelerator. MEBT2 is to transport and match the beam 
from either of the two injectors to the main linac. 
However, in the early developing phase two different 
approaches of injector will be developed in parallel by 
two different teams. At a later phase, a decision based on 
the R&D development will be made about which injector 
scheme will be used in the future phase. The main linac 
section that consists of different acceleration sections will 
be developed in phases. 

 
  ____________________________________________  
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Figure 1: Layout of the C-ADS linac. 

 
Figure 2: Schematic for MEBT2. 

 
Figure 3: Lattice for the four sections in the main linac. 

Injector 
For the Injector-I scheme, a 325-MHz, 3.2-MeV, 4-

Vane RFQ has been designed and a test stand is under 
fabrication. The inter-vane voltage is 55 kV, much smaller 
than the popular design, aiming to decrease the power 
density to a safe level. The injection energy of 35 kV is 
helpful in obtaining a relatively smaller output 
longitudinal emittance (0.16 mm.mrad in normalized 
rms), which is about 0.8 times the transverse one. The 
small longitudinal emittance is found very useful in 
designing the downstream SC sections. Then the MEBT1 
[6] is to match the beam between the RFQ and the SC 
section of the injector. It is mainly composed of two 
bunchers, six quadrupoles and beam instrument devices.  

The SC section of the injector has one long cryomodule 
(CM) of 8.5 m with twelve single spoke cavities [7] and 
eleven solenoids inside; it will accelerate the beam to 10 
MeV. The geometry beta of the cavity is only 0.12 which 

is considered very small, and it increases the difficulty of 
developing the cavity. The compact lattice with short 
solenoid (150 mm) and larger absolute synchronous phase 
(-46 ~ -30 ) is applied to improve the longitudinal beam 
dynamics. 

MEBT2 
It is a real challenge to design a merging beam line to 

connect the two injectors to the main linac, as this is a 
high-intensity beam requiring very strict control over 
beam loss and emittance growth. It is found difficult to 
control the emittance growths when a bending section is 
present, especially with the bunchers within the section. 
MEBT2 is also supposed to have a good collimation 
system to scrape the beam halo and non-trapped particles. 
The beam will be directed to a beam dump through an 
auxiliary beam line with a much reduced beam power 
when the injector is working in the hot-spare mode. The 

THPSM04 Proceedings of PAC2013, Pasadena, CA USA

1398C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

09 Industrial Accelerators and Applications

U04 - Transmutation and Energy Production



dump line is also used for the commissioning or beam 
setup of the injector.  

As shown in Figure 2 [8], each of the mainstream lines 
of the MEBT2 consists of eight quadrupoles, two 20 -
bending magnets and four 325-MHz single-gap normal 
conducting re-entrant type bunchers. In the common part, 
three quadrupoles, two Spoke012 cavities and two 
solenoids are used for the matching, while another two 
Spoke012 cavities serve as the back-ups.  

Main Linac 
To meet the strict requirement on stability and 

reliability, over-design, redundancy and fault tolerance 
strategies are implemented in the basic design. The fault 
tolerant design in the main linac is guaranteed by means 
of the local compensation and rematch method [9-10]. To 
cover the whole energy range from 10 MeV to 1.5 GeV in 
the main linac, at least four types of SC cavities are 
needed. We have chosen two single-spoke cavities 
working at 325 MHz with geometry  of 0.21 and 0.40, 
respectively, and two 5-cell elliptical cavities working at 
650 MHz with geometry  of 0.63 and 0.82, respectively. 
For the nominal design, only 3/4 of the maximum 
available cavity voltage is used, whereas another 1/4 is 
reserved for the local compensation, and this redundancy 
is also beneficial to the cavity reliability. 

There are four sections each consisting of one type of 
cavity, Spoke021 and Spoke040 for the lower energy part 
and Ellip063 and Ellip082 for the higher energy part. The 
lattice structures for each section are shown in Figure 3. 
The matching between two neighbouring sections is 
guaranteed by varying the parameters of the adjacent 
cavities and transverse focusing elements. With warm 
transitions between CMs, the replacement of failed CMs 
can be easily carried out; in addition, beam diagnostics 
and collimators can be arranged in the warm sections. 

In total, thirty-eight Spoke021 cavities in seven CMs, 
sixty-four Spoke040 cavities in eight CMs, forty-two 
Ellip063 cavities in fourteen CMs and one hundred 
Ellip082 cavities in twenty CMs are used in the main 
linac. All the CMs have modest length of 5-10 m. 

SOME SIMULATION RESULTS  
End-to-end beam dynamics simulations are performed 

from the input of the RFQ to the end of the linac to verify 
the general beam dynamics and the matching between 
each part. The initial particle distribution at the entrance 
of the RFQ is assumed as 4D water-bag distribution with 
transverse rms emittance of 0.2 mm mrad and the total 
particle numbers are 100000, and the optimized 
distributions at the RFQ exit are applied as the initial 
particle distributions for TraceWin.  

The evolutions for both the rms emittances and halo 
emittance with different fractions are studied (see Figure 
4). MEBT2 contributes to very important growth of the 
100% emittance, almost 5 times in the transverse planes. 
It is expected that some halo particles can be collimated 
in MEBT2 with proper collimation schemes. 
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Figure 4: Halo development along the linac for different 
beam fractions. 
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THZ BAND HORN ANTENNAS DESIGN 

T.V. Bondarenko, S.M. Polozov, A.Yu. Smirnov, 
National Research Nuclear University MEPhI, Moscow, Russia

Abstract 
The report is concerned with the development of the 

irradiating antennas for THz radiation source. The THz 
radiation is irradiated by relativistic high brightness 
electron bunch traveling through the Cherenkov 
decelerating capillary channel [1]. Irradiation systems are 
built as horn antennas type with circular and rectangular 
cross-sections. Irradiating antennas are constructed 
directly to the open end of the capillary channel and are 
used for the THz radiation directivity enhancement after 
passing through the capillary output. The investigation of 
the horns directivities were performed using the far-field 
analysis of the emerging radiation. The antennas were 
also investigated to perform low values of the reflected 
power. 

INTRODUCTION 
High-power THz radiation source based on 

photoinjector and decelerating capillary channel is now 
one of the most discussable compact facilities providing 
monochromatic THz radiation of power high enough to 
be used for cargo introscopy [2]. 

Facility is based on two main parts: accelerating 
structure and decelerating radiating channel. Capillary is 
placed right after the accelerating structures and is made 
of copper with either dielectric coated inner surface or 
corrugated surface. 

For effective irradiation of THz radiation from the 
capillary structure the high values of capillary RF 
matching with the open space and high directivity values 
are out to be fulfilled. Capillary that irradiates in the free 
space with its open end doesn’t provide enough directivity 
that can be seen from the angular pattern shown in the 
Fig. 1. To enhance the directivity of the radiation the open 
end of the capillary must be attached to the irradiating 
antenna. As the capillary has a circular cross-section the 
optimal geometry of the horn is based on the horn antenna 
that is directly fitted to the metal parts of the capillary and 
is fabricated with it as a whole entity. 

Main parameters of the antenna are the directivity, 
angle between the longitudinal axis and main lobe, main 
lobe angular width and horn power reflection coefficient. 
Angular width of the main lobe is the parameter defining 
the distance between two directions of the lobe with 3dB 
power decay between them. Important parameter is also 
bandwidth of the horn that is defined as frequency 
difference between horn working frequency (resonant 
frequency of the capillary) and the frequency of horn        
-20dB power reflection level. 

There are several different types of horn designs. This 
article is concerned with the modelling of the horns with 
circular and rectangular cross sections. All antennas are 
discussed for the metal Cherenkov irradiating capillary 

with 300 μm aperture and 31 μm polytetrafluoroethylene 
coating on the metal surface. Resonant frequency of this 
type of capillary is 0.96 THz. Work band on the level of       
-3 dB of the maximal power transmission is 3.2%. 

CIRCULAR HORN ANTENNA 
Circular antenna is the most conventional type of 

antenna for such devices (Fig. 2). The model of the horn 
was built and calculated using the CST Microwave Studio 
[3]. To define the maximum effective horn parameters the 
electrodynamics characteristics were studied while 
varying the horn geometrical parameters. The opening 
angle was varied while the horn length was kept L=1 mm 
(fig. 3). After that with the angle equal 14.5 degrees (that 
corresponds to maximal directivity of the horn) length of 
the horn was varied (Fig. 3). The investigations were held 
in the frequency band of 0.7-1.1 THz. 

The graphs in the Fig. 3 show that the increase of the 
horn opening angle decreases its directivity and 
bandwidth. Main lobe width is increased at the same time. 
Variation of the horn length leads to the enhancement of 
the directivity at the 4.8 mm length and then results in its 
reduction with higher values of the parameter. Inverse 
relationships are specific for main lobe direction and 
angular width. 

Minimum of the reflection coefficient is defined at the 
1 THz region for all discussed geometries. Opening angle 
enhancement leads to growth of the reflection on the 
resonant frequency value and bandwidth of the horn 
decreases. The frequency dependent values of the power 
reflection coefficients for varying geometrical sizes are 
depicted in the Fig. 4. 

For more clearance the visualization of the horn 
directivity the directional diagrams are depicted in the 
Fig. 5. The diagrams are shown for the maximal 
directivity case of the horn antenna (length of the horn is 
4.8 mm and 14.5 degrees opening angle). For maximal 
values of the mail lobe angular width the same graphs are 
shown in the Fig. 6. Antenna has corresponding 
parameters: 4.8 mm length and 57 degrees opening angle. 

Characters of all dependences confirm the convention 
model of horn antennas modeling for lower frequency 
ranges. 

 
Figure 1: Directivity diagram of the open capillary end. 
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Figure 2: Circular horn antenna and the capillary. 

 
Figure 3: Dependences of electrodynamics characteristics 
vs. circular horn geometrical sizes. 
 

 
Figure 4: Reflection coefficients of the horn for different 
geometrical sizes of the horn. 
 

At one definite point of horn opening it has maximal 
directivity and minimal value of main lobe angular width, 

minimal reflection coefficient and maximal bandwidth. 
Increasing of reducing of the angles leads to 
characteristics dramatic changing. Reduction of angular 
opening leads to unoptimized parameters levels and 
increasing – to enhanced values of phase distortions in its 
opening [3]. 

RECTANGULAR HORN ANTENNA 
The second type of considered horns is the horn with 

variable cross-section (transition from circular to 
rectangular). The horn is attached directly to the coated 
capillary. The transition from circular to rectangular 
cross-section is done directly inside the opening (Fig. 7). 
To investigate the horn parameters the electrodynamics 
characteristics were tracked while changing the horn 
geometry. 

The outstanding feature of this type horn vs. the 
circular horn is possibility to acquire the straightforward 
main lobe of the radiation. Dependences reveal the 
increase of horn directivity while opening angles 
reduction in both directions (Fig. 8). Increase of the 
openings in one of the planes leads to dramatic increase 
of the main lobe in this plane and a little less increase in 
another plane. Power reflecting coefficient of the horn 
increases if one of the opening angles equals zero. At 
even more increase of the parameter doesn’t change. Horn 
bandwidth increases with opening increase and reaches 
the borders of investigated frequency region with the 
vertical opening angle equal 7.5 degrees [4]. 

For the case of maximal directivity of the horn (15 
degrees opening angles in both planes) the length 
variation was held. The results of investigation consist in 
maximal directivity equal 22.5 dB with the horn length 2 
mm. In whole band of 0.7-1.1 THz the reflection 
coefficient doesn’t increased of -20 dB. 

 
Figure 5: Circular pattern and 3D diagram for maximal 
directivity of circular antenna. 
 

 
Figure 6: Circular pattern and 3D diagram for maximal 
main lobe angular width of circular antenna. 
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For the horn with maximal directivity (2.71 mm length, 
opening angles 15 degrees) the circular patterns of the 
horizontal and vertical directions and 3D directivity 
diagram were acquired. The side lobes are practically 
absent and the main lobe is directed straight forward 
(Fig. 9). For the case of maximal main lobe angular width 
(7 mm length, 15 degrees vertical opening angle and 60 
degrees horizontal one) the diagrams are represented in 
the Fig. 10. 

 

 
Figure 7: Horn antenna with circular to rectangular cross 
section transition and the capillary. 

 

 
Figure 8: Dependences of electrodynamics characteristics 
vs. rectangular horn geometrical sizes. 

CONCLUSION 
By the means of the investigation results it turns out 

that to acquire high directivity of the THz radiation from 
the Cherenkov channel irradiating horn antenna can be 
effectively exploited. For the case when there is no need 
to irradiate the object placed directly on the axis of the 
channel the circular cross-section horn can be applied. If 
there is a demand for irradiation of the axis-aligned 
objects the rectangular cross section antenna can be used. 
Herein both types of the horns can be well-directed (~20 
dB main lobe) after optimization and provide low levels 
of power reflection rates (<20 dB). Parameters and 
directivity diagrams of the both types of horns are 
declared for the cases of maximal directivity and for 
maximal main lobe angular widths. 

a)  

b)  

Figure 9: Circular pattern in horizontal plane (a - left), in 
vertical plane (a - right) and 3D directivity diagram for 
maximal directivity of rectangular antenna. 
 

a)  

b)  
Figure 10: Circular pattern in horizontal plane (a - left), in 
vertical plane (a - right) and 3D directivity diagram for 
maximal main lobe angular width of rectangular antenna. 
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ANALYSIS OF PROPAGATED EFFECTS IN PROTON DEPTH-DOSE 
DISTRIBUTION CURVES DUE TO INITIAL BEAM ENERGY SPREAD 

S. Zalel*, J.F. Piech, UROP students, Imperial College London 
M. Aslaninejad, P. A. Posocco#, Imperial College London

Abstract 
Proton therapy treatment planning uses depth-dose 

distribution curves of single initial beam energies to 
create Spread spread Out Bragg Peaks (SOBP). These are 
used to target specific regions in the body. However, the 
initial energy spread of the beams leads to an uncertainty 
in beam energy, affecting the dose distribution. In this 
paper, previous work (M. Aslaninejad et al., 2011: 189–
196) on the depth-dose distribution of proton beams using 
inelastic-collision cross sections of liquid water is 
extended into use with chromatic beams. The effect of the 
initial energy spread on depth-dose distribution curves, 
the distal dose and the SOBP are discussed. Limits on 
beam energy spread are suggested. 

INTRODUCTION 
Proton therapy is advantageous over conventional 

radiation therapy as particles lose most of their energy at 
a particular location, depending on their initial energy. 
This effect is usually represented by means of depth-dose 
distribution curves. These are characterised by the Bragg 
Peak (BP) where the relative dose reaches a sharp 
maximum. As the range and shape of the BP depends on 
initial beam energy, the energy spread of protons within a 
beam distorts the theoretical BP and potentially 
compromises the effectiveness of the treatment. In this 
paper we extend previous work to account for the energy 
spread within a therapeutic proton beam.  

Depth-dose distribution curves are a useful tool 
indicating which region will be most affected by 
incoming radiation. In the code developed in [1] depth-
dose distribution curves in water are created by modelling 
proton beams using a combination of semi-empirical 
models and the Bethe-Bloch theory. At energies below 
1 MeV the cross section is defined by a combination of 
semi-empirical models, such as the model of ionization 
processes by Rudd et al.. The stopping cross section gives 
information on the energy transferred per unit length as a 
function of particle energy. The total stopping cross 
section is the sum of the stopping cross sections of all 
interactions contributing to energy. Nuclear processes are 
disregarded. 

The Bethe-Bloch formula is a good approximation for 
calculating energy lost per distance travelled for fast 
charged particles (i.e. with energies higher than 1MeV). 
Equation 1 shows the Bethe-Bloch formula according to 
Groom and Klein [2]: 

 = Kz [ ln − β − ], (1) 

where z it the charge of the incident particle, Z and A 
are the atomic number and the atomic mass of the 
absorber, respectively. I is the mean excitation energy, 

 is the density effect correction to ionisation energy 
loss and  and c are the usual relativistic factors. Tmax is 
the maximum kinetic energy which can be imparted to a 
free electron in a single collision. 

Other considerations that were taken into account in the 
code are: 
 Straggling model: range travelled by individual 

protons is governed by a Gaussian distribution. 
 Fragmentation: effectively reduced fluence attributed 

to proton decay. 
These lead to the broad-beam depth-dose curve 

characterised by increased peak width and reduced peak 
height. Multiple scattering was also considered; this 
changes the shape of the depth-distribution by changing 
the ratio of peak to entrance dose. 

EXTENSION TO CHROMATIC BEAMS 
In the discussion above proton beams of single defined 

energies are used. However, real beams are characterised 
by an energy spread. This is due to individual 
characteristics of the accelerator, beam transport, and 
collimation system [3]. The width of the initial energy 
spectrum is expressed as a percentage error in the initial 
beam energy and is estimated in the order of magnitude of 
±1% [4]. In this paper a superposition of Gaussian 
probability weighted monochromatic beams was used to 
simulate chromatic depth-dose distribution curves and 
values of up to 2% sigma have been used for several 
initial beam energies. This analytical method is a good 
approximation for the peak itself, however the shape of 
the tail is affected largely by other factors and may vary 
further from the model used [3]. 

The Effect of Energy Spread on the Bragg Peak 
The depth dose distributions curves created for single 

proton Bragg peaks as function of the initial beam energy 
spread were used to study the effect of the chromatic 
beam on the treatment. The depth dose distributions of the 
proton beams were modelled along a 1-D axis being the 
path of the proton. Effects of 3-D scattering were not 
included.  

Depth-dose distribution curves of varying initial energy 
spreads were produced for 70, 100, 150, 200 and 
250 MeV to cover the entire range of energies used for 
treatment, with energy spreads of 0.1%, 0.2%, 0.5%, 1% 
and 2% sigma.  

Figure 1 shows the effects of increasing energy spread 
on the BP for a 200 MeV proton beam. Due to the 
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superposition of the BPs of different energy and therefore 
slightly different range, we can observe that: 
 The peak’s height decreases, 
 The peak’s depth decreases and  
 The peak’s width increases.  

 
Figure 1: BPs (200 MeV) for different initial energy 
spread. Each BP has the same dose integral.  

As the width of the Bragg Peak is of particular interest 
for the treatment, it was studied quantitatively. The peak 
width was defined as the distance from the peak’s top to 
the distal point of a chosen percentage of peak’s dose. 
Distal points of 95%, 50% and 5% of peak dose were 
used. Figure 2 shows the trend of 95% peak width for 
increasing energy spreads. As anticipated above, the 
distributed dose decreases less sharply for beams with a 
wider energy spread, meaning higher distal dose and more 
healthy irradiated tissue. While there is less of an effect in 
using lower energies, higher energy beams have a larger 
increase in peak width with increasing energy spread. 

 
Figure 2: Peak width as distance between peak dose and 
distal 95%. 

Investigations at all distal points found that the peak 
width is barely affected at energy spreads lower that 0.3% 
sigma. This is also the threshold point after which the 
distal dose rises significantly with energy spread. The 
distal dose encounters a 50% increase around 1% energy 
spread. 

The Effect of Energy Spread on SOBPs 
In clinical use, proton beams of initial energy between 

70 to 250 MeV are superposed to create a plateau of 

uniform dose with the required width in order to treat a 
tumour effectively, depending on its shape, size and 
location. This is the Spread Out Bragg Peak (SOBP). The 
code was extended to produce this. As shown in Figure 3, 
the width of the plateau is called modulation width (from 
90% proximal peak to 90% distal peak). The range is here 
defined as the distance from the entrance into the medium 
(zero distance travelled) to 90% distal peak. 

 
Figure 3: Sketch illustrating the different elements that 
were used to analyse the SOBP; proximal zone, treatment 
zone, modulation width, distal fall-off and range.  

The shape (and uniformity) of the SOBP depends on 
the number of single peaks and their intensity. A common 
method in the literature [2, 4] uses a high intensity BP 
near the distal peak position and adding lower intensity 
peaks at regular intervals moving towards the proximal 
peak position. This creates a plateau characterised by a 
small peak at distal position and a sharp distal fall. 
Another method using different peak weighting produces 
a more uniform plateau but with a less sharp distal fall. 
The balance between the methods to create a smooth 
plateau with sharp distal fall is called distal-end 
optimization. Figure 4 shows an example of how to create 
a SOBP from its components: the most intense BP 
involved has most of the effect on the distal end.  

 
Figure 4: SOBP (80-150mm) using 15 BPs.  

The chromatic beams were then used and their effect 
studied to learn to which extent the energy spread should 
be narrowed. The effect on the smoothness and 
uniformity of the peak were also studied. 
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Figure 5: Same SOBP algorithm when using BPs of 
different initial energy spread (80-150 mm, 15 BPs).  

Qualitatively, from investigating Figure 5 and similar 
SOBPs for different depths and widths, it was found that 
fewer single energy BPs were needed to create a smooth 
SOBP plateau when a higher energy spread was applied. 
Therefore a systematic study on the uniformity of the 
SOBP as function of the Energy Spread was launched 
varying the number of peaks for a SOBP 5 cm wide. The 
results plotted in Figure 6 show that above 0.5% sigma 
the reduction in the number of peaks needed for a given 
standard deviation is substantial. The drawback is that the 
distal falloff is less sharp, producing a higher distal dose. 

 

Figure 6: Standard deviation of the treatment zone as a 
function of BPs being used to create the SOBP. In this 
instance an SOBP between 10 and 15 cm was used.  

Distal dose measurements were made at various 
modulation widths and depths. Figure 7 represents the 
results concisely. The distal dose is smaller for shallower 
and wider SOBPs because: 
 For larger depths higher initial energies are needed 

making the distal BP wider (as shown previously in 
Figure 2).  

 For smaller widths fewer BPs are needed and the 
contribution to the SOBP of the distal BP is higher, 
as there are a fewer components of lower energy BPs 
distal dose.  

Below 0.5% sigma the energy spread has little 
influence (few percent) on the dose evaluated at 5 mm 
from the distal edge of the SOBP for low energy beams, 
whereas for higher energies the effect is significant.  

Figure 7: Graph showing the increasing distal dose at 
3 mm, 5 mm, 7 mm and 10 mm (left to right, top to 
bottom) after the SOBP range. Different lines represent 
varying modulation widths while colours refer to differing 
ranges.  

CONCLUSION 

The energy spread of a proton beam causes a 
significant modification in shape of the Bragg Peak. This 
needs to be monitored and controlled in order to ensure 
the SOBP used in oncological treatments is modelled 
correctly so as to treat tumour efficiently and minimise 
damage to healthy tissue behind the tumour. Upper and 
lower limits on the beam energy spread are affected by 
considerations in the distal dose, the modulation width, 
the ratio between the zones and the shape of the resulting 
SOBP.  

Taking into account the trade-off between the number 
of Bragg Peaks needed to ensure a uniform SOBP and the 
residual distal dose, from this work we can conclude that 
for beam energies: 
 Lower than 100 MeV an energy spread greater than 

0.5% sigma can be accepted.  
 Greater than 150 MeV an energy spread lower than 

0.5% sigma must be employed.  
However, these considerations come from an over 

simplified 1-D geomet  ry, where only water equivalent 
tissue is present, no interfaces between different tissues 
are simulated and a single-field treatment is applied. More 
work is needed to fill the gap between this study and the 
complex level of present-day treatment, however 
generalized, at a proton therapy centre. 
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Abstract 
In the recent years FFAG gantries have been studied for 

medical applications, but none has so far been realised. 

The FFAG solution would reduce the complexity of beam 

line set-up, its weight and therefore the cost of the 

rotating support, in particular for heavy ions. The Imperial 

College London is using the experience gained in the 

Pamela Project and in the design and commissioning of 

EMMA to work on a solution of a non-scaling FFAG 

gantry, which could potentially fulfil the full requirements 

for the spot scanning - parallel beam treatment technique, 

and provides an easy interface to the upstream accelerator. 

The preliminary results will be presented in this paper. 

INTRODUCTION 

The research on Fixed Field Alternating Gradient 

(FFAG) accelerators was restarted after long period of 

silence in recent years, which triggered the successful  

construction and operation of several scaling machines in 

Japan and the world's first linear Non-Scaling one -

EMMA [1] in the UK. Following these vigorous progress 

it was proposed to apply the FFAG principle for next 

generation hadron therapy machines [2] aiming to reduce 

the cost of treatment by utilising the very strong focusing 

and high repetition rate offered by FFAGs to make the 

machine dimensions more compact and the treatment time 

shorter. 

In modern hadron therapy applications it is preferred to 

use the gantry as the final beam transport system, which 

allows to precisely vary the beam angle at the patient in 

the large range simultaneously allowing to carefully 

control the beam spot size and position in the spot 

scanning. Although the existing gantry solutions (non-

FFAG type) have been constructed and are in operation, 

they consist of room temperature iron magnet system with 

a very large weight and overall dimensions, which is a 

significant fraction of the total cost of the facility.  

 FFAG solutions for proton and carbon gantries have 

been proposed [2, 3], which allow to greatly reduce the 

size and weight of the gantry by using superconducting 

magnets. Stable particle orbits exist in such gantry for the 

broad momentum range eliminating a need for magnets’ 
ramp or requiring to ramp only between small number of 

operational regimes, which offers an opportunity to 

reduce the treatment time. Thus FFAG gantries will 

contribute in decreasing the cost of modern hadron 

therapy facilities. It may be fed by any conventional 

medical accelerator including cyclotron or by a future 

medical FFAG.    

FFAG gantries studied so far were based either on 

linear non-scaling magnets, scaling ones or such that 

break only partially the scaling law. This paper describes 

a novel gantry type using nonlinear non-scaling FFAG 

magnets, which explicitly violates the scaling law 

maintaining the zero-chromatic condition.  

NONLINEAR NON-SCALING FFAG 

GANTRY DESIGN 

Requirements and Assumptions 
As the starting point of the study the classical shape of 

the gantry is assumed, in which the beam is firstly 

deflected outwards from the common incoming 

beam/patient axis, which also serves as gantry axis of 

rotation. Secondly the beam is deflected in opposite 

direction cancelling the initial negative angle and finally 

bending by the final  90°  pointing at the patient. If this 

configuration is rotated using the incoming beam as the 

axis of rotation, it allows for the full flexibility in the 

choice of the treatment angle in a very broad angular 

range. 

As the goal a gantry for proton therapy was chosen as it 

allows an easy comparison with other existing gantries 

and can be further extrapolated to a carbon case. It was 

also decided that the operation energy range of             

100-200 MeV is potentially interesting especially for 

applications in paediatrics and is also quite ambitious at 

the start.  

To simplify the orbit matching in the presence of 

rotation for different energies, zero dispersion condition is 

preferred at the input of the gantry. To avoid any 

correlations between the beam position and energy, zero 

dispersion at the patient is also required. The identity 

matrix is needed as the total betatron transfer map through 

the gantry, which will allow to set the particular condition  

required for treatment downstream the gantry in the non-

rotating part and transparently reproduce it at the patient 

position simplifying the gantry operation.  

Linear Optics Design 

 In order to minimize the orbit excursion in an FFAG 

many short cells are required with a very strong focusing. 

As the compromise between the orbit excursion, the 

maximum value of the magnetic field and space 

constraints in the magnet design, the design of the first 

bend  consists of 8 identical FDF triplet cells, with the 

total  deflection  angle of -72°. As the preliminary studies 

showed that zero dispersion is preferred also at the end of 

the negative bend section as it minimises the orbit 

distortion downstream, the phase advance of π/2 rad per
 ____________________________________________  
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Figure 1: The layout of the novel FFAG gantry. The orbits for different energies and magnets have been 10 times 

enlarge for visibility. The zero dispersion condition can be clearly seen at the end of the first bending section and at the 

end.

cell was set in the bending plane to allow this condition; 

3π/8 rad per cell was chosen in the non-bending one. 

 The next downstream bend section deflects the beam 

by 156.6° and consists of 17 identical FDF triplet cells. 

The value of deflection angle and the choice of the phase 

advances per cell (1.339 and 0.609 rad in bending and 

non-bending planes, respectively) have been adjusted to 

take into account the need to accommodate the final cell 

focusing the beam to the patient position, providing space 

to place scanning magnets and diagnostic tools, and 

allowing the magnetic field to practically decrease to zero 

at the patient position.  The final cell is also of FDF triplet 

structure and it accommodates long straight sections of 

1m in length. The additional constraints are such that the 

symmetric betatron functions and dispersion need to be 

the same as in the downstream section to assure the 

correct matching of the dispersion and the transparent 

character of the entire gantry. It sets the values of the 

phase advances in the final cell and together with the 

need for the total deflection of the gantry  to be equal 90°, 

it fixes the value of the deflection in the final cell.  

The layout of the gantry with all three cell types and 

long straight sections in the final cell are shown in     

Figure 1.  

Nonlinear Optics Design 

In order to avoid ramping the magnets optical 

conditions described in the previous section need to be 

preserved in a broad momentum range. In order to 

achieve it, the chromaticity correction is performed 

adjusting the phase advances in three points: at the central 

energy and two points close to the boundaries of the 

selected range (100-200 MeV) both in the bending and 

non-bending planes. In fact all 3 cell types are considered 

as periodic and the symmetry condition for the orbit is 

assumed. Multipole field components: dipole, 

quadrupole, sextupole and octupole ones are found 

numerically in the triplet magnets to fulfil the zero-

chromatic condition in a broad momentum range. In 

addition  the central orbit is controlled in two symmetric 

points to keep it centred in the vacuum chamber and to 

improve the stability of the numerical procedure. The 

resulting phase advances per cell are shown in Figure 2. 

The required total magnetic field obtained by summing 

all multipole components inside the transverse aperture, 

which was estimated to be about 6 cm is presented in 

Figure 3. The magnets assumed in the gantry would be of 

the superconducting type and rectangular in shape with 

the maximum field strength up to 4 T. Although the 

shortest magnet required would be only of 8.5 cm in 

length, it seems to be feasible. Table 1 shows the 

summary of the main parameters of the novel nonlinear 

non-scaling gantry.   

Table 1: Main Gantry Parameters 

Parameter Value 

Radius of the main arc [cm] 300 

Proton energy range [MeV] 100-200 

Max B field [T] 4 

Betatron phase advance (H, V) (12 π, 7 π) 

Total number of magnets 78 

Min magnet length [cm] 8.7 

Magnet radius [cm] ~3 
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Figure 2:  Phase advances per cell after correction for the 

first, middle and the final lattice cell types as a function 

of proton energy are shown using lines with decreasing 

order of dashing.  The black and red lines correspond to 

bending and non-bending planes. 

 

Figure 3: Total magnetic fields in all 3 lattice cell types 

(all 6 magnet types) within estimated aperture. Red and 

blue lines correspond to F and D magnets, respectively. 

The strongest field is required in the middle section, a bit 

weaker in the final cell. The different sign of deflection 

angle can also be seen in the magnets with the lowest 

fields. All magnets violate the scaling FFAG law. 

TRACKING STUDIES 

Tracking studies were performed in the designed gantry 

using Zgoubi [4, 5] and Elegant [6] codes. Results 

obtained with Zgoubi are presented in Figure 1, showing 

the orbits for different energy, while Figure 4 and 5 are 

showing the final phase spaces. The gaussian particle 

distribution with rms normalized emittance of 

5π.mm.mrad was assumed. Some nonlinear distortions 

have been observed especially in the vertical plane, which 

are present only after beam passes the final cell, which 

may be due to a specific choice of the phase advance in 

that cell. 

The results obtained using Elegant agreed on the 

middle momentum, however certain discrepancies have 

been observed for the off-momentum motion. It was 

identified for instance, that the current version of the code 

does not support octupole components in the combined 

function elements, while Zgoubi has this capability. 

CONCLUSIONS 

These results show that a nonlinear non-scaling FFAG 

gantry could be suitable for use in proton therapy. The 

principles of the design: the transparent beta propagation, 

zero dispersion and good beam transmission have been 

obtained. Further optimization to decrease the size and 

improve the final cell configuration will be performed. 

The gantry shown here would require superconducting 

magnets, which design needs still to be addressed. 

 

 

Figure 4: X-X’ phase space at the end of the gantry 
obtained using Zgoubi at 150 MeV. Red ellipse 

corresponds to the rms geometrical emittance. 

 

Figure 5: Y-Y’ phase space at the end of the gantry 

obtained using Zgoubi at 150 MeV. Red ellipse 

corresponds to the rms geometrical emittance. 
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A READY-TO-USE APPLICATION OF LASER-PLASMA ACCELERATORS 
USING GABOR LENSES 

R.M. Nichols*, UROP student, Imperial College London 
M. Aslaninejad, N.P. Dover#, Z. Najmudin, J.K. Pozimski, Imperial College London 

P. A. Posocco, Imperial College London / The Cockcroft Institute / Gunnar Nilssons Cancerstiftelse 

Abstract 
A realistic particle distribution for a proton beam 

generated by laser-plasma interaction is required in order 
to simulate its transport through a Gabor lens system 
intended for use in radiobiology experiments. A stack of 
radiochromic films were exposed to a laser-driven proton 
beam of 25 MeV at the Vulcan Petawatt Experiment at 
Rutherford Lab and subsequently analysed to find the 
energy deposited per film and therefore the energy 
spectrum of the beam. Combined with the information on 
the radial profile of the dose in the films, it was possible 
to generate an idealised particle distribution. This 
distribution was sampled and used as a realistic proton 
source in a simulation through the Gabor lens system 
published at IPAC’13, scaled down to 4 MeV to fit the 
radiobiology experiment requirements. 

INTRODUCTION 
An intense beam of ions is generated when a solid 

target, several microns thick, is irradiated by a high 
intensity laser pulse [eg. 1, 2]. In such a scheme, the laser 
ionises the surface of the target and accelerates electrons 
to high energies. These electrons travel through the target 
and upon exiting the target result in the generation of 
huge quasi-static electric fields, due to charge separation. 
This field accelerates the ions at the target surface, which 
are often protons, carbon and oxygen ions from the 
typical hydrocarbon layer on the target surface [3, 4].  

Ion beams accelerated in this way have attracted 
interest in recent years due to their potential for use in 
radiotherapy and a number of other applications [5]. 
There has been considerable investment in recent years 
into hadron therapy, which can provide more targeted 
therapy for deep-seated tumours than conventional x-ray 
or electron radiotherapy. Current systems for proton 
therapy are extremely costly and laser-accelerated beams 
could offer in the long-term simple and compact 
treatment devices and therefore significantly reduce 
treatment costs. Meanwhile, while still requiring further 
development before being suitable for treatment, they are 
sufficient to allow biologists to study the effect particles 
produce in cells, and are already far more convenient than 
electrostatic accelerators commonly used for this purpose. 
Experimental radiobiology with particles is an area that 
has been only partially explored and with a strong impact 
on the modalities of particles delivery to patients and 
treatment outcomes. 

We believe that laser-plasma accelerators of the current 

generation combined with a novel optical system based 
on Gabor lenses [6] is an ideal candidate for this 
application. If proven effective, Gabor lenses can be 
scaled to higher energies and thus easily applied to future 
laser-driven particle sources in a clinical environment.  

THE PARTICLE DISTRIBUTION 
The Vulcan Petawatt laser was focused to a focal spot 

of 4 µm (FWHM) at 45 angle of incidence onto a 100 µm 
thick Al target. The resultant accelerated proton beam was 
diagnosed using a film stack positioned 7.4 cm from the 
target. The stack itself is 0.66 cm thick and consisted of 
Al shielding followed by layers of RadioChromic Films, 
which darken when exposed to dose, alternated with 
spacers of either Fe or Al. 

The set of RCFs (data taken in 2012) were scanned and 
the intensity value for each pixel was converted to dose 
by calibrating with pixel intensity values of images of 
RCFs exposed to known doses of radiation.  

Calibration of the Films 
Calibration images were obtained by scanning RCFs 

that had been exposed in three separate experiments when 
films were exposed to known doses of radiation using the 
Scanditronix MC 40 cyclotron at the University of 
Birmingham. In the area selected, the median pixel value 
is found for each of the colour channels of the image. A 
median is used rather than a mean as it will not be 
affected by outliers (caused by, for example, dust on the 
film). These values are then compared to the dose known 
to have irradiated the calibration films. 

The results of the calibration are shown in Figure 1, in 
which the pixel intensity values are plotted as function of 
their known doses. The red channel is more sensitive than 
the green or blue channels and so it reaches its saturation 
point at a much lower dose. Therefore the red channel 
was used for the lower doses and the blue channel for the 
higher doses. The calibration switch point between the 
two channels was chosen at 200 Gy. 

 

 
Figure 1: Calibration of how the red, green and blue 
channels of images of RCF respond to irradiation. 

 ____________________________________________  
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Image Conversion 
For each processed image (an example in Figure 2), the 

image was disregarded if the mean intensity value over 
the entire film was less than twice the noise in the 
scanned image. Using this rule, only the first four RCF 
layers for this particular shot were used.   

 
Figure 2: Scanned image of the first RCF (left), blue 
channel after processing (centre), dose map (right). 

Reconstruction of the Energy Distribution 
The dose deposited in each pixel of the scan of each 

RCF layer was calculated using the calibration. The mean 
dose in the layer was then converted to total energy 
deposited in the film’s active layer, using the active layer 
density and thickness. For each of the four RCFs a profile 
of how much energy is deposited per proton in the active 
layer as a function of proton energy is generated using a 
series of TRIM Monte Carlo simulations [7]. 

The proton energy that dominates the energy deposition 
in each RCF is therefore found from the peak of the 
curves. To convert from energy deposited to the estimated 
proton number in the spectrum, the following initial 
assumptions were made:  
• the area around the peak of the profile is selected 

using the 1/e width of the peak;  
• inside this area protons of all energies deposit an 

equal amount of energy; 
• protons with energies outside this area do not deposit 

any energy.  
Therefore the energy deposited per proton is calculated 

by taking the average across this width. The number of 
protons in the beam depositing energy in each film is then 
given by the energy deposited in the film divided by the 
average energy deposited per proton in this peak. Hence 
the number of protons per MeV (dN/dE) is found by 
dividing the number of protons depositing energy by the 
width of the peaks in Figure 5. The number of protons at 
energies higher than 25 MeV, where the proton signal 
was below the noise, was set to zero. 

Although the above assumptions give a good first 
estimate of the spectra, a large assumption is made by 
disregarding the dose deposited by the higher energy 
protons which could cause an overestimation of the 
particle numbers. Therefore, an iterative technique was 
used in which the initial spectral guess is convolved with 
the curve obtained with TRIM and the energy deposited 
in each film recalculated. The ratio of this new energy 
deposition value compared to the actual measured value is 
then found. The initial spectral guess is then modified by 
this ratio at each film layer, and this process is iterated 
until the energy deposited in each RCF calculated from 
the RCFs and the reconstructed energy spectrum was 
within 0.01%.  

 
Figure 3: Comparison between the initial energy spectrum 
and the spectrum after iteration. 

Reconstruction of the Transverse Distribution 
The spreading of the beam in the direction transverse to 

the beam axis was assumed to be negligible over the 
depth of the stack (6.6 mm), as the distance between the 
films is less than 2% of the total distance travelled by the 
protons after the target. The mean transverse scattering 
within the stack was estimated from TRIM Monte Carlo 
simulations and was found to be σ ≈ 0.2 mm for 35 MeV 
protons, negligible compared to the beam size. 
The particle distribution was generated assuming that: 
• the particles are emitted with cylindrical symmetry; 
• the particles are emitted from a point like source; 
• the particles are emitted at the same time, but with 

different energies; 
• the particle distribution at each RCF is represented 

by a 2D Gaussian. 
These assumptions reduce the 6D particle distribution 

to a 2D distribution (energy and radius). For each proton 
energy the particle number was first scaled with respect to 
the energy spectrum previously calculated. Then, a further 
modification depending on the spatial position was 
calculated by fitting a 2D Gaussian to the proton beam 
dose deposition profile (Figure 4). Below 5 MeV the 
distribution was given a spread similar to that of the first 
RCF in the stack. 

 
Figure 4: Spread of the dose distributed in the films as 
function of proton energy. 

SIMULATION OF BEAM TRANSPORT 
The particle distribution was converted into the GPT 

file format and used as input for the particle tracking 
simulations with GPT [8] using the lattice suggested in 
[6]. The preliminary results looked very unfavourable 
because the beam divergence is about 6 times larger than 
assumed and the number of particles above 10 MeV is too 
low for sufficient statistics (see Figure 5).  
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Therefore a new Gabor lens with the radius of anode 
and cathode increased from ~20 to 35 mm was designed 
and the lattice setup updated (Figure 6), increasing the 
acceptance angle by a factor of 3. Only 200 particles are 
initially available for the original distribution (see 
Figure 5-E red scale) in the lowest energy bin considered 
for experiments (4 MeV) at twice the divergence angle 
(~240 mrad half cone angle) compared with the angular 
acceptance (~120 mrad) of the improved lattice: the 
transmission is therefore below 25% (~50 particles at 
start). In order to boost the statistical significance of the 
results an artifical particle distribution (120 mrad 
divergence angle and 2100 particles per energy bin) was 
used for comparison. 

The beam trajectory behind the aperture shown in 
Figure 6 is well defined after energy selection. For the 
artificial distribution ~80% of the particles in this energy 
bin are transmitted. The distribution derived from 
experiment show similar characteristics, but the overall 
transmission is 7.5%, equivalent to a 33% transmission 
through the aperture. Both distributions (see Figure 7) 
show a sharp peak at the chosen energy of 4 MeV with a 
FWHM below the bin width of 93.8 keV, which should 
be fine for most applications. 

 
Figure 5: Graph A: transversal phase space (x,x’) of the 
initial particle distribution and B the x-z velocity space 
both for the distribution generated experimentally; Graphs 
C and D: artificial distribution with reduced divergence 
angle and energy spread for comparison; Graph E: the 
particle number per energy bin for both distributions. 

 
Figure 6: Lattice setup and a trajectory plot using a beam 
with ~120 mrad input divergence. 

 
Figure 7: Graph A: transversal phase space (x,x’) and B 
the x-z velocity space for the experimentally determined 
distribution after the aperture at 3.1 m; Graphs C and D: 
same plots for the artificial distribution.; Graph E: the 
particle number per energy bin for both distributions. 
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CHARACTERISATION OF NITROGEN CLUSTERS AND GAS JET 
TARGETS UNDER VARIED NOZZLE GEOMETRIES 

C. Hughes, N.P. Dover*, Z. Najmudin, P.A. Posocco, Imperial College London

Abstract 
Gas jets are widely used for targets in laser-plasma 

driven article acceleration experiments. Optimising the 
mechanism requires tailored gas jet density profiles. 
Therefore, high density gas profiles have been 
investigated and characterised using different types of 
nozzles: sonic, supersonic, slit and supersonic slit. Gas jet 
profile optimisation was examined using nozzles of 
different diameters while varying gas pressure between 0 
and 100 bar and valve opening duration. Gas jets 
produced by the nozzles were characterised using an 
optical probe laser. The gas jet density profile was 
measured through interferometry which was captured 
using a CCD camera. A second camera was used to record 
the Rayleigh scattering from the laser to confirm the 
presence clustering in nitrogen at high pressures. 

INTRODUCTION 
Recent research into laser-plasma ion acceleration has 

demonstrated beams with various characteristics from a 
number of different target types. The use of solid targets 
presented two widely investigated mechanisms: target 
normal sheath acceleration (TNSA) and radiation pressure 
acceleration (RPA) [1]. For applications that require high 
energies and monoenergetic beams, RPA is seen as the 
more desirable mechanism for acceleration due to the 
characteristics of the accelerated beams, though has been 
difficult to achieve in experiments [2][3]. Solid targets 
can add complications to the ion source as they require 
very high laser contrast to avoid their destruction, create 
debris, result in multispecies beams, and may cause 
difficulty for high repetition rate systems for applications.  

Gas jet targets have been seen to offer a solution to 
these issues. Gas jet targets have been widely used for 
laser wakefield electron acceleration [4], and some more 
recent studies for ion acceleration. For example, recent 
experiments have demonstrated monoenergetic proton 
beams from the interaction of a CO2 laser with gas jets 
[5], generated from the laser radiation pressure acting on 
a low density, but opaque, plasma. Interest in gas targets 
has led to the development and subsequent optimisation. 
The acceleration mechanism can be optimised via tailored 
gas jet density profiles through altering nozzle geometry 
(Figure 1). 

Under high pressure and specific conditions a range of 
gases have been found to form small grouping of atoms 
which are loosely bound to each other through their Van 
der Waals forces. These are known as gas clusters. The 
formation of clustering in supersonic gas jets is a concept 
that has been observed for many years, along with their 
dependency on pressure and nozzle size [6]. Clustering 

gases are of interest in targetry mainly in relation to high 
intensity laser-plasma interaction as they provide very 
high absorption of laser energy [7]. It has also been 
shown that high pressure gas clustering can be utilised as 
targets in ion acceleration [8]. More recently, an 
experiment has been reported investigating a selection of 
nozzle geometries: sonic, supersonic, slit and supersonic 
slit (Figure 2). 

 
Figure 1: Ideal gas jet would possess a density profile that 
follows the shape of a top hat function. Actual jets do not 
produce such a steep density gradient. 

 
Figure 2: Examples of nozzle geometries for (a) sonic 
nozzle (b) conical nozzle (c) slit nozzle (d) supersonic slit 
nozzle. 

EXPERIMENTAL SET-UP 

Nozzles 
A selection of nozzles was used to produce gas jets 

bearing different characteristics due to their geometries. 
Additionally, the effect of placing an insulator before the 
nozzles was investigated (Figure 3). These included a 
10 mm diameter conical supersonic nozzle with an 
entrance aperture of 2 mm, a 2 mm diameter conical sonic 
nozzle and a slit nozzle. The slit nozzle was shaped with 
pliers from a 2 mm sonic nozzle to approximate the 
properties for this geometry. The slit dimensions were 
verified the CCD camera. This set up was found to be 
able to observe clusters in argon gas through a probing 
laser and the resulting Rayleigh scattering [9].  

 ___________________________________________  
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Figure 3: Nozzles used (diameters given). From left: (top) 
10 mm conical nozzle, insulator (bottom) 2.5 mm by 
1 mm slit nozzle, 2 mm conical nozzle. 

The introduction of an insulator should reduce the 
likelihood of discharge onto the nozzle from the laser-
plasma area. Discharge can lead to degradation of the 
nozzle or could obscure or completely obstruct the plasma 
feature that is being observed or, potentially, influence 
laser-plasma interactions differently. 

Mach-Zehnder Interferometry and Rayleigh 
Scattering 

High-pressured nitrogen gas was passed through 
nozzles inside a controlled vacuum chamber where the 
gas was then characterised using an optical probe laser. 
The laser used was a ~1 mW CW Helium-Neon 632.8 nm 
laser .The gas jet density profile was measured using a 
Mach-Zehnder interferometer (see Figure 4). After both 
paths were recombined, the fringe shift was captured 
using a high frame rate CCD camera, allowing 
measurement of the time evolution of the gas jet as well 
as the spatial properties. A second camera (Qimaging 
camera) was used to record the Rayleigh scattering from 
the laser to confirm the presence clustering. 

For each of the nozzles, pressure, valve opening 
duration and gas jet-time evolution were investigated. Gas 
jet pressure was varied between 0 and 100 bar and valve 
opening duration between 6 ms and 150 ms with the 
fringe shift being taken at a time where the jet was 
deemed stable. The gas jet evolution to reaching this point 
of stability and after was also viewed. 

Image Processing 
Images produced through interferometry were analysed 

using a method earlier used to review gas jet density 
profiles of needle nozzles [10]. The processing script was 
written using Matlab. 

Phase shift maps were compared with a reference 
(control) image to obtain the net phase shift experience 
under the gas evolution. Region containing shift - found 
above the nozzle - was then selected to reduce redundant 
processing and thus reduce computing time. The sampled 
region selected was Fourier filtered around the frequency 
space of the interferometry fringes to remove noise. This 
is then used to produce a 2D image of the phase shift as a 
function of space. Lastly, the geometrical conditions are 
applied resulting in a density profile that accounts for 

nozzle shape and symmetry. The Abel inversion was used 
for nozzles which possessed cylindrical symmetry 
(conical nozzles). Gaussian smoothing is also applied to 
remove noise and achieve main characteristic.  

The area of interest from the density profiles was 
selected as 0.7-1 mm height above the nozzle exit, which 
is where the laser will be focussed on the high intensity 
laser experiments the gas targets, will be used for. This 
position is a chosen compromise between achieving the 
best density profile at the nozzle exit while avoiding any 
possibilities of ablating or melting of the nozzle caused 
by intense laser contact. 

Scattered light from clusters will be visible in the 
images without any processing [9]. 

 
Figure 4: Experimental set up used. Combining Mach-
Zehnder interferometry with an additional focussing lens 
and camera to image Rayleigh Scattering from the 
probing laser due to clusters within the gas medium. 

 
Figure 5: Interferometry image processing (from left): 1 
showing region selected for transforming (red box), 2 
showing Fourier transformed phase map with sample area 
highlighted (blue ring), 3 gas jet density profile, 4 
smoothed density profile with geometric compensations. 

CLUSTER FORMATION  
From analysing the images taken by the Qimaging 

camera, Rayleigh scattering from the probing laser was 
not observed. This is believed to be resulting from: low 
camera resolution, light lost in path to camera and the 
intensity of the laser not being high enough to produce a 
measureable scatter when accounting for losses. The 
experimental set up will be amended to resolve these 
issues. 

Density Profiles of Nozzles 
Analysis of the phase maps indicates that both 

transverse (Figure 7) and parallel (Figure 8) of the slit 
nozzle have a different characteristic shape to that of the 
sonic nozzle (Figure 6) across the range of pressures. 
Throughout the phase line outs for the transverse slit, a 
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plateau is visible around the region of highest phase shift, 
on the axis of the nozzle centre. This accounts for the 
wider diameter of the nozzle. A distinct, sharp peak is 
visible where the phase shift is at maximum for those 
when the slot nozzle is parallel to the probing laser 
(Figure 8). This was also expected due to its decreased 
diameter. 

  
Figure 6: Phase line out 1 mm above nozzle normal to 
laser and gas jet for 2 mm diameter sonic nozzle. 

 
Figure 7: Phase line out 1 mm above nozzle normal to 
laser and gas jet for 2.5 mm x 1 mm slit nozzle at normal 
incidence. 

 
Figure 8: Phase line out 1 mm above nozzle normal to 
laser and gas jet for 2.5 mm x 1 mm slit nozzle at normal 
incidence. 

Both orientations of the slit nozzle achieved higher 
phase shift than those achieved at the same pressures for 
sonic nozzle. This is a result of the decreased area at the 
exit of the nozzle. 

The phase shift at the centre of the nozzle was found to 
be higher throughout the range of pressures when the slit 
was orientated normal to the laser. It was expected that 
greater phase shift would be observed when the slit of 
placed parallel as this would present a longer gas 
medium, more laser interaction and thus, greater phase 
shift. This could be a result of the experimental set up, i.e. 
slit on parallel to incidence or may suggest that the gas 
diverges differently from the slit nozzle to predictions. 

CONTINUATION OF THE EXPERIMENT 
A higher power laser will be incorporated in the set up. 

This should lead to a greater amount of Rayleigh 
scattering from the laser which should be detectable by 
the camera. An improved imaging system will be 
introduced to increase the scattering solid angle being 
captured by the imaging system. Coning and casing 
around the path between nozzle and camera may be added 
to reduce noise. Lastly, a lens will be placed before the 
nozzle to focus down the laser at the gas jet-laser 
interface.  

New slit and supersonic slit nozzles have been designed 
(Figure 9) and these will be tested, following the same 
method and experimental set up as before. 

 
Figure 9: Supersonic slits: These are formed from two 
pieces as opposed to the single piece structure of the 
originals allowing the entrance aperture and nozzle 
diameter to be varied. Shown are the prism faces of each 
and all have a depth of 35 mm: (a) 15 mm x 15 mm (b) 
15 mm x 15 mm with wall angle of 2° (c) 18 mm x 
15 mm with wall angle 2° and lower of 65°. 
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CONSTRUCTION AND TESTING OF THE DUAL SLOT RESONANCE

LINAC
∗

N. Barov, D. Newsham, R.H. Miller, FAR-TECH, Inc., San Diego, CA 92121

Abstract

The dual slot resonance (DSR) linac is a novel method

of providing enhanced coupling to a coupled cavity linac

system, resulting in very strong coupling. For the 11-cell,

2856 MHz structure described here, the acceleration mode

bandwidth is about 650 MHz, which is an order of magni-

tude greater than many traditional side-coupled and axis-

coupled linacs. The strong coupling promotes phase and

amplitude stabilization, and offers decreased sensitivity to

fabrication errors. We describe the construction, tuning,

and RF conditioning of the prototype structure.

INTRODUCTION

The basic concept of the DSR linac was reported in [1],

and that article contains a more in-depth explanation of this

linac type. FAR-TECH was granted a patent for this tech-

nology [2]. The geometry of a pair of linac cells is shown

in Figure 1, which shows a half-geometry of the vacuum

region inside the linac structure. A group of two resonant

slots connect two adjacent linac cells through an interven-

ing swept triangular volume which we refer to as a “void”.

The void region serves to provide RF coupling between the

two slots. Each group of two slots has two collective res-

onant modes: a mode at around 1 GHz, and the working

mode at the target operating frequency of 2.856 GHz. The

mode split between these collective modes is so large that

the pair of slots can effectively be considered a single oscil-

lator at 2.856 GHz. The two slots serve the same purpose

as a coupling cell in a side coupled linac. The advantages

of the DSR linac include: a very large coupling with about

22% bandwidth, a compact geometry, no additional radial

space required for the coupling cells, and shunt impedance

competitive with a side-coupled linac. Simulations with

HFSS [3] and with Omega3P [4] predict a shunt impedance

ZT 2 of 85 MΩ/m. This is competitive with other linac de-

signs featuring large coupling such as the PWT design [5],

and is slightly less efficient than an equivalent side-coupled

linac, which might have about 8-10% higher ZT 2 with the

same basic cavity and nose cone shape. The linac is de-

signed for the UCLA Pegasus laboratory to aid in ultra-

short electron bunch experiments [6] by boosting the beam

energy by a design 10 MeV. The linac can also be operated

in bunching phase, which will further shorten the bunch

length and enable better resolution for experiments such as

electron diffraction studies. It is hoped that the DSR linac

design will also find uses in industrial and medical applica-

tions.

∗Work supported by DOE Office of High Energy Physics, DOE-SBIR

#DE-FG02-08ER85034

Figure 1: HFSS geometry used to model two cells of the

DSR linac.

Figure 2: A cross section view of the 11-cell DSR linac.

DESIGN AND CONSTRUCTION

Design

An 11-cell DSR linac was designed with HFSS and

Omega3P, as shown in Figure 2. End cells were trans-

versely displaced in order to limit dipole kicks, and the

central coupling cell shape was designed to minimize the

mode pull due to the RF coupler. The linac is cooled with

four cooling tubes running the length of the structure. The

RF connection is via a WR284 waveguide and Skarpaas

flange, and vacuum connections to the beamline are made

with 2.75 inch ConFlat flanges. The beam clear aperture

diameter is 8 mm. The band surrounding the accelerat-

ing mode extends from 2.513 to 3.153 GHz, making the

frequency spacing from the accelerating mode to the clos-

est nearby modes 45 MHz in our 11-cell structure. In a

linac with π/2 phase advance per cell, the dispersion curve

should be closed by tuning the even and odd oscillators to

the proper frequency. The tolerance for the amount of clo-

sure depends on the overall bandwidth, and we have esti-

mated that a residual stop band of as much as 3 MHz will

not harm the electrical properties of the structure. Time
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Figure 3: A finished half-cavity copper part.

dependent studies simulating the RF fill transient, as well

as steady-state field balance sensitivity studies, reveal that

a larger stop band, beyond 10 MHz, does indeed start to

affect performance.

Construction

The copper components for a half cell were made with

a combination of lathe and 5-axis milling processes, which

is more complicated than what is required for other linac

types. We estimate that components for this linac type are

50-100% more expensive to machine than for conventional

linac types, but this added cost is only a small fraction of

the overall cost of producing the structure, and is offset by

the simplified tuning method discussed below. Figure 3

shows a finished half-cavity part. The full linac was brazed

with Au/Cu alloy in a dry hydrogen atmosphere using three

braze steps.

TUNING AND BEAD PULL

The purpose of bead pull and structure tuning is to close

the dispersion curve, achieve the correct operating fre-

quency, and properly balance the field gradient in each cell.

Tuning steps were interspersed with bead pull measure-

ments and data fitting to a matrix model. A matrix descrip-

tion used one oscillator for each linac cell and one oscillator

representing the collective mode of a pair of slots. The full

eigenvalue equation has the form:

MV =
1

f2
V (1)

with V describing the voltage in each oscillator, and M for

an example five-oscillator system is given by:

M =
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where the matrix for the full 21-oscillator system follows

the same pattern, fi is the natural frequency of the ith os-

cillator, kac is the coupling coefficient from the cell to the

coupling slots, and the remaining coupling terms are the

next nearest neighbor coupling terms from one accelerat-

ing cell to another (kaa) and from one set of coupling slots

to another (kcc).
The tuning procedure is significantly different for the

DSR structure than for a conventional side-coupled struc-

ture. Adjustments made to a single slot in a two slot sys-

tem are capable of adjusting the field balance of the struc-

ture, and these adjustments can be performed after the fi-

nal braze. The effect of such tuning is shown in Figure

4, which shows the slope of the before and after plots to

be mostly consistent, except between cells 7 and 8 where

the adjustment was made. Adjustments to both slots also

have an effect on the resonant frequency of the surrounding

cells, and can be used to tune the structure frequency as a

whole, as long as the dispersion curve tolerance is adhered

to. Although the structure was built with dimple tuners in

each cell and deformable wall push-pull tuners at the end

cells, these did not have to be used to arrive at the final

tune, and all tuning was performed entirely by slot adjust-

ments. The tuning method consisted of tightening a two-

piece aluminum collar around the linac while monitoring

the mode frequencies. In the final field balance measure-

ment, all cells were within ±1.9% of the average. The dis-

persion curve was closed to within 400 kHz, much better

than the initial goal.

We believe this tuning method, together with relaxed tol-

erances afforded by the large bandwidth, can simplify the

production of a DSR linac structure. RF measurements

of the as-machined half cell components were consistent

enough that we believe it may be possible to machine the

components to their net final shape in one machining pass

with no additional tuning cuts. It may also be possible to

eliminate any stack-up and bead pull tests performed ahead

of the brazing operation. In this scenario, the only difficult

stage would be the final tuning, which can be guided by a

computer model.

POWER DISTRIBUTION

For the installation at the Pegasus laboratory, we have

acquired or built the major waveguide components to dis-

tribute the power to the linac, including a high-power

phase shifter, directional coupler, power divider, and sev-

eral adapters between different flange types. The power

divider, shown in Figure 5, was designed and built by FAR-

TECH following the idea of the variable tap-off (VTO) de-

vice developed for ILC [7]. The device has four waveg-

uide ports including an input port, an isolated port, and

two output ports. In order to change the power split, the

fastening bolts must be loosened and the central cartridge

rotated to the new position. The device was designed for

infrequent changes to the power ration, as the adjustment

also de-pressurizes the SF6-filled waveguide. A challenge

for the power divider RF design was to optimize the RF
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Figure 4: Effect of tuning slots balance between cells seven

and eight.

Figure 5: The waveguide variable power divider.

parameters (return loss, isolation, range of power split ad-

justment) while keeping the device as compact as possible,

at just over 22 inches in length. The device was optimized

with a computer-based minimization procedure, which re-

sulted in a measured isolation and return loss of better than

24 dB for any power split setting, and adjustment of the

power split between 0% and >98% from the input to the

#2 port. The power divider was able to transmit the full

klystron output of 12 MW under 1 atm of SF6 pressure.

RF CONDITIONING AND TESTING

The linac was brought to the UCLA Pegasus laboratory

for conditioning. After two days of conditioning, the input

power was consistent with a 9.3 MeV energy gain through

the structure using the calculated shunt impedance. The

cavity field estimate should be considered imprecise be-

cause the lack of a flat top on the input RF pulse had the ef-

fect of the system never reaching steady-state, and the num-

ber was obtained by averaging the net input power over the

last half of the pulse. Figure 6 shows the linac installed in

the Pegasus beamline, just ahead of the spectrometer mag-

net. The testing of the linac with beam is reported by R. Li

[8]. In actual operation, the linac reached 7.5-8.0 MeV en-

ergy gain with 1.8 MW power input. The energy gain was

limited by the power divider setting, and with more power

as well as slightly better vacuum (< 3 × 10−8 Torr), the

full design energy gain of 10 MeV would likely be real-

ized. The linac is used to boost the energy of the Pegasus

laboratory gun, as well as to perform bunch compression

through velocity bunching. This has allowed the facility

to achieve < 100 fs electron pulses which are needed for

ultrafast electron diffraction experiments.

Figure 6: The DSR linac as installed in the Pegasus beam-

line at UCLA.

CONCLUSIONS

We have conceptually developed, built, and tested a linac

structure based on dual slot resonance coupling. The linac

was installed at the Pegasus laboratory at UCLA, where

it is used to boost the beam energy and perform veloc-

ity bunching to achieve < 100 fs bunch length for ultra-

fast electron diffraction microscopy applications. The new

linac design is more compact than a side-coupled structure

and the large bandwidth, combined with the unique prop-

erties of the structure, results in simplified manufacturing.
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Abstract

Recently, the Advanced Accelerator and Ultrafast beam

Lab (AAUL) at Idaho State University (ISU), has been

developing an X-band linac for the medical CyberKnife

project by collaborating with Korean Atomic Energy Re-

search Institute (KAERI) and Radiation Technology eX-

cellence (RTX) [1–3]. The medical CyberKnife is essen-

tially an X-band linac, which is attached to a robotic arm

for precise cancer treatment. The X-band linac has con-

siderable advantages in cancer treatment over C-band or

other RF linacs, partly due to its compact size and light

weight. These qualities make the X-band linac easier to

attach to a robotic arm, thus making it more maneuver-

able. Other advantages include a higher accelerating gra-

dient and a higher shunt impedance. Since high mobil-

ity is necessary for precise cancer treatment, the compact

X-band RF linac was selected for the CyberKnife project.

This paper describes detailed design processes of the X-

band linac structure, which was done with 2D SUPERFISH

and 3D CST MICROWAVE STUDIO (CST MWS) electro-

magnetic simulation programs.

INTRODUCTION

Recently, ISU AAUL, KAERI, and RTX have been de-

veloping an X-band Standing Wave (SW) RF linac for the

CyberKnife robotic radiosurgery system. CyberKnife is

a non-invasive cancer treatment technique, which can be

used for a multitude of cancers or tumors in the human

body [4]. By adjusting a robotic arm housing the X-band

linac precisely, CyberKnife can target with pinpoint accu-

racy. The X-band linac is used to deliver high doses of radi-

ation directly to the cancer or tumorous areas. This process

is a major improvement over older and harsher cancer treat-

ment techniques and has the potential to save thousands of

lives. The expected parameters of the X-band linac for the

CyberKnife project is summarized in Table 1. The X-band

linac consists of a π-mode SW linac structure with 15 cells

and a coupler as shown in Fig. 1. By using the π-mode, a

higher shunt impedance and a higher gradient can be ob-

tained [5]. For the RF power source of the linac, an X-band

coaxial pulsed magnetron manufactured by L-3 Commu-

nications was selected [6]. Therefore, the linac was opti-

mized to make an RF resonance at 9.3 GHz.

∗ cryptoscientia@gmail.com

Table 1: Parameters of an Optimized X-band Linac

Parameter Value Unit

length of the linac 0.25 m

initial beam energy from gun 20 keV

maximum beam energy at linac exit 6 MeV

RF frequency 9.3 GHz

maximum RF input power 2.36 MW

shunt impedance 78 MΩ/m

maximum energy gain per cell 400 keV

unloaded quality factor 8306 ·

external quality factor 7099 ·

By knowing the RF resonant frequency, the cell lengths

and cell radii of the linac structure can be calculated in ad-

vance. The cell length l of the π-mode SW linac structure

is given by

l = β
λRF

2
, (1)

where β is the relativistic velocity of electrons, and λRF is

the RF wavelength of the linac structure [1]. In our linac

design, the bunching cells in the linac structure correspond

to the cells where β is smaller than 0.95. All these ini-

tial conditions were used in 2D SUPERFISH simulation

to find a basic geometry of the linac structure. A MAT-

LAB program was developed to work in conjunction with

the 2D SUPERFISH program to design basic geometries

of each bunching cell and nominal accelerating cell. These

individual cells are then combined in series to form a full

linac structure with good electric field symmetry. There-

fore, we can save our working time to find full geome-

try of the X-band linac structure with good electric field

symmetry by using the homemade MATLAB and SUPER-

FISH combined program. Then, 3D CST MWS was used

to optimize the linac structure and coupler by starting with

the full geometry generated by the MATLAB and SUPER-

FISH combined program. Once the design is completed

with CST MWS, it will serve as a blueprint for an actual

working model.

2D SUPERFISH SIMULATION

SUPERFISH is a 2D electromagnetic field solver cre-

ated and distributed by the Los Alamos National Labo-

ratory to evaluate cylindrically symmetric RF accelerator

cavities [7]. The cells in the X-band SW RF linac structure
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Figure 1: 3D CST MWS simulation result for an X-band linac structure with 15 cells summarized in Table 2.

were individually modeled using the SUPERFISH ellipti-

cal cavity tuning program ELLFISH. ELLFISH tunes an

elliptical cell for explicit beam parameters and geometric

constraints by making slight adjustments in the geometry

of the cell. The geometric constraints are determined by the

parameters of the electron beam. In this case, unbunched

electron beam enters the linac structure with kinetic energy

of 20 keV from the electron gun. Then, the bunching will

be developed at bunching cells in the linac structure. The

linac accelerates the electron beam through each cell in the

structure and exits with a total energy of 6 MeV.

Figure 2: 2D SUPERFISH simulation result for a linac

structure with four bunching cells.

The field symmetry along the linac cells is dependent

upon the radius of the linac cells as summarized in Table 2.

The semi-major and semi-minor ellipses of the elliptical

cells can be calculated from the cell length, cell radius, and

the desired septum thickness and iris radius. ISU AAUL

has developed a MATLAB program to expedite the model-

ing of the linac structure with several bunching and nomi-

nal accelerating cells. The boundary constraints for the SW

π-mode in the linac are hard coded into the program. The

program allows for the user to input a desired frequency,

the β values for the bunching cells and nominal cells with

β = 1, and the desired iris radius. The program also offers

an option to specify the mesh size and to add an extended

beamline to the structure. The MATLAB program writes

the geometrical parameters, calculated from the data input

by the user, to several ELLFISH control files. ELLFISH

executes each control file, optimizes the geometry for each

cell, and writes the optimized geometries to a set of out-

put files. The MATLAB program splices the individually

optimized cell geometries, writes the multi-cell geometry

to a single control file, and executes the control file in Aut-

ofish. Autofish performs an electromagnetic analysis of the

multi-cell linac structure as shown in Fig. 2. WSFplot dis-

plays the longitudinal electric field. The shunt impedance,

power dissipation, and transit-time factor are located in the

PMI output files for the multi-cell linac structure.

Table 2: Detailed Geometry of the X-band Linac Cells

Cavity Radius (mm) Length (mm)

1st bunching cell 13.680 5.382

2nd bunching cell 13.850 13.906

3rd bunching cell 13.906 15.142

4th cell 13.949 16.118

5th cell 13.950 16.118

6th cell 13.950 16.118

7th cell 13.951 16.118

8th coupling cell 13.790 16.118

9th cell 13.950 16.118

10th cell 13.951 16.118

11th cell 13.950 16.118

12th cell 13.950 16.118

13th cell 13.949 16.118

14th cell 13.949 16.118

15th cell 13.929 16.118

DESIGN OF RF COUPLER

The RF input is channeled through a WR-112 waveguide

with an inside dimension of 28.4988 mm × 12.6238 mm

with an allowable frequency range of 7.05 GHz to

10.0 GHz. Using these waveguide dimensions, the coupler

design could be developed for the structure. Placing the

coupler in the central location in the accelerating structure

provides greater separation of modes [8]. The waveguide

dimensions needed to be reduced to an appropriate size to

couple with the X-band structure. This was accomplished

by tapering the X-band waveguide to the RF power input

window of the 8th coupling cell as shown in Fig. 1. The

RF power input window to the coupling cell has the di-
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Figure 3: Electric field along the axis of the X-band linac structure summarized in Tables 1 and 2.

mensions of 10.7 mm × 5.0 mm and comes straight up out

of the cell 1.0 mm. The waveguide, tapered area, coupler

window and the coupling cell were tuned as a single cell,

apart from the full structure. This single cell was given

the proper boundary conditions in CST MWS as shown in

Fig. 1. The dimensions of cell radius and coupler window

have been tuned to obtain a coupler coefficient β = 15,

which is the same as the total number of cells at the reso-

nance frequency of 9.3 GHz. This coupling coefficient of

β = 15 provides the maximum RF power coupling to each

of the 15 cells in the full structure [8]. After this coupler

is tuned individually, it is then placed into the full structure

and tested once more. Experience shows that this coupler

still will need an adjustment before it will work properly in

the full linac structure.

3D CST MWS SIMULATION

CST MWS provides 3D manipulation and a more in-

depth testing ground for the X-band structure [9]. To get a

higher shunt impedance, generally, we may choose cell ge-

ometries with the nosecones. However, as shown in Figs. 1

and 2, all cells of the X-band linac structure have the bell

shapes instead of the nosecone ones for easy fabrication.

To obtain the symmetric electric field for the whole linac

structure, the radius of each cell was individually modified

by small increments [5]. These small increments were de-

termined by the physical machining tolerances, which are

±2 µm. Even small changes in the cell radius generate big

impacts on the symmetry of the electric field. The cav-

ity radius and the iris radius of each cell are inversely pro-

portionally to the global frequency and the local electric

field strength. Since the iris radius is directly related to the

frequency separation between electromagnetic modes, we

chose 4 mm for the iris radius of the linac structure to keep

the mode separation larger than 5 MHz. Any shape made in

CST MWS is carved from a default background of uniform

conducting solid material and the carved shape is assumed

to be vacuum. Once the cells, irises, and a coupler are con-

nected into one solid structure, the electric fields can be

optimized. The electric field was optimized for π-mode in

CST MWS using the Eigenmode Solver Parameters tool to

produce the desired field as shown in Fig. 3. This tool uses

one of two solvers: the Advanced Krylov Subspace method

(AKS) and the Jacobi-Davidson method (JDM). AKS mea-

sures modes with the lowest resonant frequencies, whereas

the JDM measures modes at arbitrary positions specified by

user input; this X-band structure used JDM [9]. The speci-

fications of Eigenmode Solver Parameters tool were shown

to be the first five modes above the frequency of 9.295 GHz.

To help alleviate the calculation time, the Boundary Condi-

tions toolbox has an option under the Symmetry Planes tab

to cut the structure into symmetrical sections for calcula-

tion purposes. This process of optimizing the electric field
s

was the most time consuming part of the X-band linac de-

sign.

SUMMARY

An X-band SW linac structure was successfully de-

signed with SUPERFISH and CST MWS. The linac will

be operated in π-mode to generate 6 MeV electron beam

for the CyberKnife. The central RF coupler was designed

and optimized to produce a symmetric electric field for the

X-band structure as shown in Fig. 3. The final optimized

geometry of the X-band linac structure is shown in Fig. 1

and its parameters are summarized in Tables 1 and 2. The

next steps in the process are to simulate the X-band linac

with a copper shell and design the heat dissipation method

for the structure. Then it will be built and tested as an elec-

tron beam source for the medical CyberKnife project. Inde-

pendently, we also have been optimizing a longer X-band

linac structure with 25 cells.
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COMPACT SCHEME FOR LASER-FREE THZ-SUB-THZ SOURCE* 

A. V. Smirnov#, RadiaBeam Technologies Inc., Santa Monica, CA 90404, USA 

Abstract 
Undulator-free schemes based on resonant Cherenkov 

radiation in a small insertion device driven by a few MeV 
RF electron injector and alpha-magnet are considered. S- 
and C-band RF guns are compared to X-band multi-cell 
microlinac. Preference is given to planar radiator and 
wide quasi-flat sub-ps bunches that can be obtained with 
alpha magnet. It is shown that up to a milli-joule of sub-

THz energy can be produced within a macropulse.  

INTRODUCTION 

Relatively insignificant number of facilities such as 
synchrotron radiation sources and free electron lasers 
(FELs) around the world are dedicated specifically to the 
THz range to deliver substantial power to users. 
Obviously, more facilities are needed to cover the rapidly 
growing demand in dedicated sources for THz science 
and technology [1]. However, conventional radiation 
facilities based on FELs, electron storage rings, and/or 
energy recovery linacs (ERLs) are too large, expensive, 
and not readily available for a broader community of 
researchers, investigators, scientists and commercial 
applicants to operate it on a flexibly customized, on-

demand, independent base. For narrow bandwidth 
radiation generation, resonant Cherenkov resonant 
radiation is an attractive alternative to undulator radiation 
due to relative frequency independency from the beam 
energy (for relativistic beams) and due to the much higher 
equivalent shunt impedance. Coherence is provided by 
the Cherenkov synchronism between the microbunches 
and fundamental (or one of the lowest) eigenmode(s) 
along the interaction space hundreds of wavelengths long.  

THE CONCEPT 

This source concept illustrated in Fig. 1 can be utilized 
for container inspection, screening, safe imaging, cancer 
diagnostics, surface defectoscopy, and many other 
applications. Substantial average power can be provided 
by using thermionic, plasma [2], field [3] or secondary 
emission [4] that can be perfectly combined with RF 
cavity.  

The THz radiation is generated by beam pre-bunching 
and chirping in the RF gun, followed by microbunching 
in a magnetic compressor and resonant Cherenkov 
radiation of an essentially flat beam in a robust, planar, 
structure with mm-sub-mm gap. The proof-of-principle 
has been successfully demonstrated recently on a 5 MeV 
beam driven by an L-band thermionic injector [5].   

We calculate the energy radiated by a single 
microbunch using the modal energy loss found 
analytically with the eigenmode excitation theory applied 
in time domain [6] for matched outcoupling without 

trapped modes as follows:  

    22

1

)exp(1

/14



 



L

Lq

Q

rL
W

gr

b 



 , (1) 

where vhf )(2    is the circular frequency of the 
resonant Cherenkov radiation, )(h  is the wavenumber 
defined by the structure dispersion, q is the bunch charge,  

dzdPEr z /2  is the shunt impedance, cv / , Q is the 
Q-factor, 1 grQ 

, grvQf / 
 
is the attenuation, 

and   2exp
2

t  is the formfactor for a Gaussian 
bunch having rms duration 

t . Note Eq. (1) applied to, 
e.g., the 270 GHz setup [7], gives 9 µJ energy which is 
the same as measured [7]. 

 

Figure 1: Schematics of the THz source beamline 
composed by quadrupoles, PM -magnet, Cherenkov 
radiator, dipole magnet, and THz beam output. 

Below we consider only briefly key features of beam 
dynamics, slow-wave structure, and general beamline 
design.  

PLANAR CHERENKOV RADIATOR 

Electromagnetic and mechanical engineering of a 

planar radiator [5,8,9] is used here as a prototype for a 

0.67 THz radiator design shown in Fig. 2. The structure 

parameters are the following: r/Q=8 k/m at 3 mm width 

of the grating, 0.6 mm interaction gap and 42 m grove 

height; Q=1410, and 1” structure length.  
 

 

Figure 2: 20-period, bottom-half fragment of the planar 
radiator structure in GdfidL model (antenna horn is not 
shown).  ___________________________________________  

*Work supported by US DoE  Contract DE- SC-FOA-0000760 
#asmirnov@radiabeam.com. 
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Results of time domain GdfidL code [10] and analytical 

[6] simulations are in a good accordance and given in 

Figs 3-5 for 50 pC charge, 200 fs rms duration (60 m 

rms length) bunch having ~0.7 formfactor . 
 

 
Figure 3: GdfidL contour plot in the median plane of the 
longitudinal electric field component of the wake induced 
in the 40-period SWS at t=15.2 ps.  

  

Figure 4: LEFT: Power (red) and field (blue) at the end of 
the structure vs. time. RIGHT: Field spectrum.  

  

Figure 5: Wakepotential calculated numerically (left) and 
analytically (right) for 70 pC charge in the 40-period 
structure.  

BEAM DYNAMICS SIMULATIONS 

Performance features of the rugged, high group 

velocity, planar radiator imply forming of sub-mm long, 

sub-mm tall, and mm-cm wide bunches to efficiently 

utilize the low-energy beam having substantial emittance 

(compared to photoinjector not used here).  We simulated 

with ASTRA code [11] 1.6 cell thermionic RF guns 

producing 1.8 MeV energy-modulated beam in S- and C-

bands using BNL/UCLA/SLAC cavity shape. Field 

profiles used for S- and C-band RF gun simulations are 

shown in Fig. 6 to produce 1.8 MeV, 90 pC bunch with 

~11µm normalized emittance.  Cathode radius is 1 mm, 

for S-band and 0.5 mm for C- band (with cathode 

loading~17 and 86 A/cm2 respectively).  

The beamline with the alpha-magnet have been optimized 

with ELEGANT for minimum vertical and longitudinal 

bunch dimensions in the radiator. The results are 
exemplified in Figs 7, 8 for C-band variant with 5 
quadrupoles.  

For X- band variant we considered here a biperiodic, 45-

cell, tapered, side-coupled, 2 MeV microlinac designed 

and developed at RadiaBeam [12]. The microlinac 

structure was modified by using slightly longer regular 

cells to provide energy chirp simulated with PARMELA 
code [13] (see Fig. 9).   
 

  

Figure 6: RF and magnetic field profiles used for 1.6-cell 
RF S-band (left) and C-band (right) gun ASTRA 
simulations.   

 

Figure 7. : Transverse RMS dimensions for 1.8 MeV 
90pC bunch along 5-quad beamline optimized with 
ELEGANT together with -magnet and energy filter 
(scraper) having 27% transmission.  

 

 

Figure 8: LEFT: Transverse beam profile in the 0.6mm 
interaction gap for C-band variant with 5 quadrupoles. 
RIGHT: Longitudinal phase space of the beam in the gap.  

The beamline with 3 quadrupoles and α-magnet was 

optimized with ELEGANT code [14].  Benefit of energy 

filtering related to formfactor (see Eqn. (1)) is shown in 

Fig. 10. The ELEGANT results are compared to the GPT 

code [15] simulations with taking into account space 

charge in the beamline (see Fig. 11).  
 

 

Figure 9: Transverse beam profile (left) and longitudinal 
phase space (right) for modified RadiaBeam biperiodic 
microlinac with side cells. Bunch charge 2 pC. 

In Table 1 we summarized performance calculated for 
different beamlines with time domain model for 1” long 
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planar radiator having 0.610 mm2 interaction gap, 3.7 
M/m shunt impedance, gr=0.8 for 90 pC bunches 
produced from different RF injectors at 0.1% duty factor 
and 4 µs pulse length.   

In Table 2 we characterize a low power 0.67 THz source 

driven by 2 MeV 9.4 GHz microlinac using 1” long, 

0.63.2 mm
2
 interaction gap planar radiator having 11.3 

M/m shunt impedance, gr=0.8 for 2 pC bunches having 

no losses in the radiator at 0.1% duty factor and 2.5 µs 

pulse length. 

  

Figure 10: LEFT: Formfactor vs. frequency for the beam 
driven by RadiaBeam microlinac and microbunched in 
the beamline with and without energy filtering. RIGHT: 
Transverse beam profile simulated with GPT in the 
radiator having 0.6 mm vertical gap.  

Figure 11: GPT simulations of longitudinal phase space 
without (left) space and including (right) charge in the 
beamline with 50% energy filtering.  

Table 1: Simulated performance for the 0.67 THz source 
driven by S- and C- Band RF guns   
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S-b 3q 10 18 65 117 30 1.4 338 85 

C-b 5q 25 28 100  130 165 7.8 3372 943 

C-b 3q 17 27 68 105 78 3.7 1785 446 

 

Table 2: Source performance with microlinac  
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CONCLUSION 

Alpha magnet and quadrupoles can produce flat beams 
with a moderate aspect ratio ~10 making a good match to 
the gap of planar radiator. C-band RF gun is very 
promising configuration for the system and capable to 
produce a kW power within a macropulse.  
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ADAPTATION OF THE ISIS INDUCTION-CELL DRIVER TO A LOW-

IMPEDANCE X-PINCH DRIVER 

R.V. Shapovalov, W. Beezhold, V.I. Dimitrov (deceased), and R.B. Spielman 

Idaho Accelerator Center, Pocatello, ID 83201, USA

Abstract 
In this paper we summarize the work done to design a 

system to non-destructively convert the Idaho State 

Induction System (ISIS) induction cell driver (ICD) to a 

low impedance pulse power driver for x-pinch 

applications. The simulation results show that such a 

driver can supply about 300-kA peak current with about 

70-ns rise time (10-90%). However, simulations also 

show that the negative reflective wave is formed, which 

can cause the destruction of the ISIS ICD’s pulse forming 

line (PFL). Particular attention was taken to simulate the 

effect of misfire of one of the PFLs. To reduce the 

amplitude of this destructive wave, high power damping 

resistors should be placed after the output of each PFL. 

This would result in the maximum current achievable by 

this driver to be limited to about 200-kA peak value. 

OVERVIEW 

ISIS is a high-intensity, pulsed-power electron 

accelerator able to supply about 80 GW of power in a 35-

nanosecond pulse [1]. It was donated to the Idaho State 

University by Titan Pulse Sciences, Inc. in 2002, and its 

primary purpose has been to serve as a radiation source 

for radiation effect testing in biological and 

semiconductor systems [2]. The power supply of ISIS [3] 

is composed from a Marx generator and five separate 

PFLs. Forty oil-filled, 77-ns-long cables connect the 

power supply to each acceleration unit (AU) of ISIS. The 

power supply of the ISIS is shown in Fig. 1. Each PFL 

produces a perfect 84-ns long, flat-topped 300-kV pulse 

which is directly used to accelerate electrons inside each 

AU. 

In order to convert the ISIS power supply to a low-

impedance x-pinch driver, an impedance transformer was 

designed [4]. The impedance transformer is the most 

important part of the x-pinch driver and serves to combine 

five, 300-kV outputs of the ISIS’ induction cell driver 

(5 Ω each) into one, low-impedance (<1 Ω), 40-80 kV 

output to be fed to the x-pinch chamber. Analysis of the 

ISIS induction-cell driver showed that the most suitable 

spot for tapping its output pulse is at the end of the water-

filled PFLs before the oil-filled connectors to the high-

voltage cables [4]. 

We present the electrical circuit simulation results of 

proposed ISIS’ based x-pinch driver. LTspice [5] 

simulations show that after directly connecting the output 

of each PFL to the impedance transformer and feeding the 

output pulse to x-pinch load, such a x-pinch driver can 

supply about 300-kA peak current with about 150-ns rise 

time (Fig. 3a). However, simulations also show, that the 

negative reflective wave is formed, which can cause the 

destruction of the ISIS PFL. Particular attention was taken 

to simulate the effect of misfire of one of the PFLs (Fig. 

3b). To reduce the amplitude of this destructive wave, a 

high-power damping resistor should be placed after the 

output of each PFL. This would result in the maximum 

current achievable by this driver to be limited to about 

200-kA peak value (Fig. 4a). 

 

 

 

 
 

Figure 1: ISIS power supply. 
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Figure 2: Electrical circuit of an ISIS-based x-pinch driver. 

LTSPICE SIMULATIONS:  

 300-KA X-PINCH DRIVER 

Figure 2 shows the electrical circuit of the ISIS’ based 

x-pinch driver. The impedance transformer (represented 

by the transmission line element T11) is directly attached 

to the output of each PFL and the output of the impedance 

transformer is fed to the x-pinch load located in the 

middle of the vacuum chamber. The total inductance of 

the x pinch and all connection lines (header, lower feed, 

upper feed, etc.) can be roughly approximated to be equal 

to about 26 nH [6]. 

Simulation of current pulse as it propagates through the 

x-pinch load is shown in the Fig. 3a. After optimization of 

the impedance transformer parameters (6-ns long, 0.1 Ω), 

it was found that such a driver can supply about 320-kA 

peak current with 70-ns rise time (10-90 %). 

Because the impedance transformer is necessary to 

transform down the impedance of PFLs by a factor of 

about 10, a reflective negative wave is formed traveling 

back to the PFL switch. This reflective wave will become 

even worse, if one or more PFL switches are not fired. 

Fig. 3b shows simulations of the voltage behaviour at the 

exit of PFL switch for two cases: the black line represents 

the scenario when all PFL switches are fired 

simultaneously (fire), and the red line represents the 

scenario when one PFL switch is not fired (misfire). As 

can be seen, the negative reflective wave with the 

maximum amplitude of about 150 kV is formed at the 

switch location for the normal regime of operation (fire). 

In the case of misfire of one of the switches, this reflective 

negative wave reaches the maximum amplitude of about 

250 kV.  

It is known [7], that such a high-voltage negative 

reflective pulse will probably destroy the PFL switch. 

Although the maximum current of about 320-kA peak 

value is achievable by this design, such a driver will 

probably not survive for a large number of shots due to 

possible damage to the PFL switches. As a result, a costly 

repairs would be necessary in the future. 

 

 

Figure 3: LTspice simulations of an ISIS-based x-pinch 

driver: (a) current measured at the x-pinch load (b) 

voltage measured after PFL switch. 
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LTSPICE SIMULATIONS:  

 200-KA X-PINCH DRIVER WITH 

DAMPING RESISTORS 

To reduce the amplitude of this destructive negative 

wave, high-power damping resistors (4.7 Ω) are placed 

after each PFL before the impedance transformer. This 

will reduce the amplitude of the reflective negative wave 

at the PFL switch location to the appropriate value, so the 

x-pinch driver can be safely operated. 

As shown in Fig. 4a, such a modified x-pinch driver 

can supply about 200-kA peak current with 60-ns rise 

time (10-90%). The simulation results of the voltage 

behavior at the exit of the PFL switch for two cases, fire 

and misfire, as described above, are shown in Fig. 4b. In 

the normal regime of operation (fire), the amplitude of the 

negative reflective wave is almost reduced to the zero 

value. In the case of misfire of one of the switches, a 

negative reflective wave is still formed of maximum 

amplitude of about 25 kV, but the total duration of this 

wave is only about of 100 ns. This small negative 

reflective wave will probably not damage the PFL 

switches. 

 

 

Figure 4: LTspice simulations of the ISIS-based x-pinch 

driver with a damping resistor placed after each PFL: (a) 

current measured on the x-pinch load (b) voltage 

measured after PFL switch. 

CONCLUSION 

In this report, we presented electrical circuit 

simulation results of a proposed ISIS-based x-pinch 

driver. LTspice simulations show, that after directly 

connecting the output of each PFL to the impedance 

transformer and feeding the output pulse to x-pinch load, 

such a x-pinch driver can supply about 300-kA peak 

current with about 70-ns rise time (10-90%). However, 

simulations also show, that the negative reflective wave is 

formed which can cause damage to the ISIS PFLs. 

Particular attention was taken to simulate the effect of 

misfire of one of the PFL switches, which causes the 

negative reflective wave to become even worse.  

To reduce the amplitude of this destructive wave, a 

high-power damping resistor must be placed after the 

output of each PFL before the impedance transformer. 

This will to reduce the amplitude of the reflective 

negative wave at the PFL switch location to the 

appropriate value, so the x-pinch driver can be safely 

operated. But as a penalty, the maximum current 

achievable by this driver will be limited to about 200-kA 

peak value. 

Taking into account these results and other 

considerations (time, effort and cost-needed to switch 

between the x-pinch operation mode and the normal 

operation mode of ISIS), the decision was made to design 

a new stand-alone, compact and portable pulse-power x-

pinch generator [6]. 
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Abstract

A semi-numerical method of integrating the Vlasov

equation to obtain beam transfer functions directly as a

function of frequency is presented. The results are com-

pared with beam transfer functions calculated via particle

tracking and excellent agreement is shown. The technique

works well with both transverse wakes and detuning wakes

from space charge.

INTRODUCTION AND THEORY

The stability and response properties of particle beams

are encapsulated in beam transfer functions (BTFs) [1, 2,

3]. BTFs are relatively easy to measure making their ac-

curate calculation of great practical interest. In this paper

we will present two independent ways to calculate bunched

beam transverse beam transfer functions, and show their

agreement for some challenging parameters. To begin let

θ denote azimthh, which increases by 2π each turn. Let

t be clock time and let τ denote particle arrival time with

respect to the synchronous particle so that θ = ω0(t − τ),
with ω0 the synchronous angular revolution frequency. We

use θ as the time-like variable and, to make a precise cross

check possible, take linear rf so that

dτ

dθ
= Qsǫ

dǫ

dθ
= −Qsτ, (1)

where Qs is the synchrotron tune and ǫ is the energy vari-

able. with We consider a single transverse variable x and

uniform focusing. Collective forces are taken in the contin-

uum approximation with dx/dθ = p and

dp

dθ
= −Q2

β(ǫ)x+ Fe(θ, τ)

+ 2Qβ∆Qsc(τ)[x − x̄(θ, τ)]

− q

2πP0ω0

2τb
∫

0

W⊥(τ1)D(θ, τ − τ1)dτ1, (2)

where Qβ(ǫ) = Q0 + Qsǫω0ξ/η is the betatron tune,

with chromaticity ξ and frequency slip factor η, Fe(θ, τ)
is the external driving force, ∆Qsc(τ) is the space charge

tune shift as a function of longitudinal position in the

bunch, and x̄(θ, τ) is the average beam offset. The wall

induced forces are due the the transverse wake potential

W⊥(τ) and driven by the instantaneous dipole moment

∗Work performed under the auspices of the United States Department

of Energy
† blaskiewicz@bnl.gov

D(θ, τ) = x̄(θ, τ)I(τ) with I(τ) the bunch current, q the

particle charge, and P0 the synchronous momentum. The

force is limited to a single bunch of full length 2τb but can

be extended to uniformly filled rings.

To solve (1) and (2) using the Vlasov equation first in-

troduce amplitude angle variables defined by τ = a sinψ
ǫ = a cosψ. Since all particle have constant a,

∂F

∂θ
+ p

∂F

∂x
+
dp

dθ

∂F

∂p
+Qs

∂F

∂ψ
= 0, (3)

where dp/dθ is given by Eq (2). We normalise F so that

Fdxdpadadψ is the number of particles in the phase space

volume. To continue we define 3 transverse moments [4],

{X(ψ, a, θ), P,Ψ} =

∫

dxdpF (x, p, a, ψ, θ) {x, p, 1} .
(4)

This gives

∂X

∂θ
+Qs

∂X

∂ψ
= P (ψ, a, θ), (5)

∂P

∂θ
+Qs

∂P

∂ψ
= −Q2

β(ǫ)X + Fe(θ, τ)Ψ

+2Qβκ
[

X
∫

dǫΨ − Ψ
∫

dǫX
]

− qΨ

2πP0ω0

∞
∫

0

dτ1W⊥(τ1)q
∫

dǫX(ǫ, τ − τ1) (6)

where ∆Qsc(τ) = κ
∫

dǫΨ, x̄(τ)
∫

dǫΨ =
∫

dǫX and, for

example,
∫

dǫX ≡
∫

a1da1dψ1δ(a sinψ−a1 sinψ1)X(ψ1, a1, θ),

and the occurences of τ and ǫ in (6) are understood to be

shorthand for the amplitude angle representations. Next

we substitute (5) in (6) and drop second partial derivatives

with respect to ψ. We take Fe(θ, τ) = F0(τ) exp(−iQθ),
and we take X = X1 exp(−iQθ − iξω0τ/η), with Q =
Q0 + ∆Q. This yields
{

∆Q+ iQs
∂

∂ψ
+ ∆Qsc(a sinψ)

}

X1(ψ, a) = F̃ (τ)Ψ(a),

(7)

where

F̃ (τ) =
− eiξω0τ/ηF0(τ)

2Q0

+ κ
∫

dǫX1

+q2
∞
∫

0

dτ1
W⊥(τ1)e

iξω0τ1/η

4πQ0P0ω0

∫

dǫX1(ǫ, τ − τ1). (8)

TRANSVERSE BEAM TRANSFER FUNCTIONS
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The strategy is to solve (7) for D1 = q
∫

dǫX1 resulting

in a one dimensional integral equation for D1 which will

be solved numerically. To proceed let ∆Qsc(a sinψ) =
λ(a) + dΛ/dψ where Λ(a, ψ) = Λ(a, ψ + 2π). Substitute

X1 = X2 exp(iΛ/Qs) yielding

{

∆Q+ iQs
∂

∂ψ
+ λ(a)

}

X2 = e− iΛ/QsF̃Ψ. (9)

Multiply both sides by the integrating factor exp(−iψ(λ+
∆Q)/Qs) and integrate from ψ to ψ + 2π employing the

periodicity of X2. Backsubstitute X1 giving

X1 =
ΨeiG(a, ψ)

QsR(a)

ψ+2π
∫

ψ

dψ1F̃ (a sinψ1)e
− iG(a, ψ1)

(10)

where R(a) = 1 − exp(−2πi(λ+ ∆Q)/Qs) and

G(τ, ψ) =

ψ
∫

0

dψ1

∆Q+ ∆Qsc(a sinψ1)

Qs
.

To proceed note that

D1(τ) = q

∫

adadψδ(τ − a sinψ)X1(a, ψ)

yielding

D1(τ) =

∫

Ĝ(τ, τ1)qF̃ (τ1)dτ1 (11)

where

qF̃ (τ) =
− eiξω0τ/ηqF0(τ)

2Q0

+ κD1(τ)

+
q2

4πQ0P0ω0

∞
∫

0

dτ1W⊥(τ1)e
iξω0τ1/ηD1(τ − τ1) .(12)

and

Ĝ(τ, τ1) =
∞
∫

0

ada
2π
∫

0

dψδ(τ − a sinψ)Ψ(a)eiG(a, ψ)

K(a)
ψ+2π
∫

ψ

dψ1δ(τ1 − a sinψ1)e
− iG(a, ψ1) (13)

whereK = iΨ/QsR. To proceed assumeD1(τ) is defined

at a set of equidistant points τk = k∆ and that D varies

linearly between these points. Then

qF̃ (τ) =

N
∑

k=−N

akT (τ − k∆),

where T (x) is a triangle function of height 1 and half width

at base ∆. For smooth bunches D(τ) is zero at the ends of

the bunch so we take ∆ = τb/(N + 1) where τb is the half

bunch length. Next we do the integral over ψ in (13). For

any smooth function h(a, ψ),

2π
∫

0

δ(τ − a sinψ)h(a, ψ)dψ =
∑

p=1,2

h(a, ψp)
√

a2 − τ2
,

where the two angles satisfy sinψ1,2 = τ/a and the in-

tegral vanishes for |τ | > a. Next we define a new radial

variable u defined by u2 = a2 − τ2 so udu = ada. The

dipole density is defined at the same set of lattice points as

F̃ so

D1(m∆) ≡ Dm =
N

∑

n=−N

anMm,n, (14)

where

Mm,n =

√
τ2

b
−m2∆2

∫

0

duK(a)
∑

p=1,2

eiG(a, ψp)

ψp+2π
∫

ψp

dψ1T (n∆ − a sinψ1)e
− iG(a, ψ1). (15)

In integral (15) a =
√
u2 +m2∆2 and sinψp = m∆/a.

We have written a program which solves (14) with matrix

element (15) and an from (12),

an =
− eiξω0n∆/ηqF0(n∆)

2Q0

+ κDn

+
q2

4πQ0P0ω0

2N+1
∑

k=0

∆W⊥(k∆)eiξω0k∆/ηDn−k. .(16)

SIMULATIONS

The solution of Equations (1) and (2) using particle track-

ing is straightforward [5, 6, 7, 8]. Before considering

a sinusiodaly drive BTF we consider forces of the form

F0(τ, θ) = f(τ) cos(Qθ) exp(gQ)δp(θ) where δp is the

periodic delta function, Q is the real part of the drive tune,

g is the imaginary part of the drive tune and f(τ) is non-

zero only over the full bunch length, 2τb. SupposeDf (θ, τ)
is the dipole response to a kick f(τ) given at θ = 0. Then

the response from all the kicks is

D(θ, τ) =

∞
∑

m=−∞

Df (θ−2πm, τ) cos(2πmQ) exp(2πgm).

(17)
To obtain a scalar we take the inner product

D̂(θ) =
τb
∫

−τb

dτf(τ)D(θ, τ)

=
∞
∑

m=−∞

D̂f (θ − 2πm) cos(2πmQ) exp(2πgm)

For a pickup at a fixed location one obtains the time series

D̂(0), D̂(2π), D̂(4π), . . ., these values may be obtained

with a single simulation. As long as D̂f (θ) does not grow

more quickly than exp(gθ) we will have

D̂(2πk) = [AQ cos(2πkQ) +BQ sin(2πkQ)] exp(2πgk)
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with

AQ + jBQ =
∞
∑

ℓ=0

B̂f (2πℓ) exp(2πℓ[jQ− g]) (18)

Hence, the entire BTF can be obtained with one simulation.

For a real beam transfer function the force at the pickup is

sinusiodal. We assume the frequency is nω0 + ω1 where n
is an integer, |ω1| ≤ ω0/2. Then the driving force is given

by

Fe(θ, τ) = δp(θ) cos[(nω0 + ω1)t],

= δp(θ) cos[(nω0 + ω1)(τ + θ/ω0)],

≈ δp(θ) cos(nω0τ) cos(ω1k(t)T0)

−δp(θ) sin(nω0τ) sin(ω1k(t)T0) (19)

where T0 = 2π/ω0 and k(t) = nint(t/T0). In a real BTF

only the response at the drive frequency is measured so,

with a sinusiodal kick one needs to run two simulations.

One with a kick proportional to sin(nω0τ) and another

with kick cos(nω0τ). During each simulation one takes in-

ner products of the response with each sinusoid every turn.

One finds

BTF (ω1) =

∞
∑

m=0

(Cm + jSm)e− (jω1 + ǫ)mT0

with

Cm =

τb
∫

−τb

dτDcos(2πm, τ)e
− jnω0τ ,

where Dcos(θ, τ) is the response to a cosine kick at θ = 0,

and similarly for Sm. In these equations we have used

the electrical engineering convention with j = −i and

allowed for an exponentially growing drive ∝ exp(ǫt).
The driving terms in the Vlasov approach are given by

F0(τ) = exp(±jnω0τ) for the Q ∓ n sidebands, respec-

tively. Figure 1 shows upper and lower sideband BTFs with

nω0 = ±π/2τb, varying chromaticity and a step function

wake of size comparable to what is needed for a mode cou-

pling instability. The peak space charge tune shift is 4 times

the synchrotron tune. For more extreme parameters the dis-

agreement increases and we continue to look for errors.

We would like to thank NERSC supported by the DOE

under contract no. DE-AC02-05CH11231
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Figure 1: Simulated BTFs (solid lines) and those following

from Eq (14) (crosses).
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CONTROL OF INTRABUNCH DYNAMICS AT CERN SPS RING USING

3.2 GS/s DIGITAL FEEDBACK CHANNEL
∗
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SLAC National Accelerator Laboratory, Stanford, CA USA

H. Bartosik, W. Hofle, G. Kotzian, K. Li, CERN, Geneva, Switzerland

Abstract

The feedback control of intra-bunch instabilities driven

by electron-cloud or strong head-tail interaction requires

bandwidth sufficient to sense the vertical position and ap-

ply correction fields to multiple sections of a nanosecond-

scale bunch. These requirements impose challenges and

limits in the design of the feedback channel.

We present experimental measurements taken from the

CERN SPS machine development studies with an intra-

bunch feedback channel prototype. The performance of a

3.2 GS/s digital processing system is evaluated, quantifying

the effect of noise and limits of the feedback channel in the

bunch stability as well as transient and steady state motion

of the bunch. The controllers implemented are general pur-

pose 16 tap FIR filters and the impact on the bunch stability

of controller parameters are analyzed and quantified. These

studies, based on the limited feedback prototype, are cru-

cial to validate reduced models of the system and macro-

particle simulation codes, including the feedback channel.

These models will allow us to predict the beam dynamics

and controller limits when future wideband hardware is in-

stalled in the final prototype to stabilize multiple bunches.

INTRODUCTION

Intrabunch instabilities induced by electron-cloud (ECI)

and strong head-tail interactions (TMCI) limiting factors

to reach the maximum beam currents in the SPS and LHC

rings [1]. Feedback techniques can stabilize bunch instabil-

ities induced by electron cloud and strong head-tail interac-

tions. The application of feedback control to stabilize the

bunch is challenging because it requires large bandwidth

to sense the transverse position and apply correcting fields

to multiple sections of a nanosecond-scale bunch. These

requirements impose technology challenges and limits in

the design. The goal is to design a feedback control chan-

nel and to develop the hardware of a control system proto-

type to prove principles and evaluate the limitations of this

technique by stabilizing a few bunches in the CERN SPS

machine. This paper presents results from measurements

conducted at SPS and validation studies of models of the

feedback system using those measurements.

∗Work supported by the U.S. Department of Energy under contract

DE-AC02-76SF00515 and the US LHC Accelerator Research Program

(LARP).
† rivetta@slac.stanford.edu

FEEDBACK SYSTEM

A single bunch wideband digital feedback system has

been developed to explore new technology and control

techniques. The implementation of this system is based

on a reconfigurable FPGA and ADC/DAC operating at 3.2

GS/s. The system is synchronized with the SPS RF clock

and is able to perform diagnostic functions, set feedback

parameters and record the bunch motion at selected inter-

vals [2]. The present studies were conducted using an exist-

ing stripline device as a kicker with 160 MHz bandwidth.

Future tests will be conducted using new wideband kick-

ers, which are currently under development [3]. The four-

electrode kicker is driven by 4- 90W amplifiers of 1GHz

bandwidth. The pickup signal is equalized to compensate

the frequency response of the device and the cables. The

controller is implemented using a bank of simple FIR fil-

ters, processing each individual ADC samples across the

bunch. The prototype is capable of setting 16-tap filters,

and during the test 5-taps and 7-taps were used. Addition-

ally, the filter parameters can be changed during the run,

allowing to vary the controllers in the feedback system to

process the bunch motion signals.

Feedback Model

The block diagram of the feedback system including

noise sources and external signal perturbations is depicted

in Fig. 1. The main blocks in this figure are modeled in

both macro-particle simulation codes and tools where the

bunch dynamics is represented by reduced order models

to assess the stability margins of the system and study the

bunch performance under the influence of noise and ex-

ternal perturbations. These models have to be validated
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nP(t) 

+ 

nE(t) 

Figure 1: Block diagram feedback system.

with measurements in the SPS to be able to predict future

operation conditions and evaluate the impact of limitations

and non-linearities in the feedback hardware on the bunch

stability and performance. The frequency response of the

receiver and the RF power stage have been measured and

appropriated models are included in the simulation tools

[4].
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ANALYSIS OF MD DATA

In January 2013, several machine developments (MDs)

where conducted to test the 3.2 GS/s digital processing pro-

totype. The feedback system was evaluated driving and sta-

bilizing the transverse motion of a single bunch in the SPS

ring. Multiple tests were performed changing main param-

eters of the beam and the controller. The main goal was to

evaluate the performance of the new hardware - firmware

and collect data to validate simulation models and explore

the limits of the feedback technique in the stabilization of

the intrabunch dynamics. It will allow to predict future tests

and define new hardware-firmware for operation with mul-

tiple bunches.

To quantify the overall feedback loop gain tests were

conducted using the feedback system to stabilize an unsta-

ble bunch. To generate the unstable bunch, the chromaticity

was changed from positive to negative after injection. The

beam becomes unstable in the vertical plane, mainly with

mode 0 motion. The bunch with slight positive chromatic-

ity is injected in the machine with the feedback system in

open loop and 3500 turns after injection the chromaticity

is set negative decreasing slightly as a function of the turn

number. If the feedback system remains in open loop, the

bunch becomes unstable. Figure 2 depicts the spectrogram

of the vertical motion of the centroid showing the unsta-

ble motion and the shift in the fractional vertical tune due

to lost of charge. Figure 3 shows the motion of a similar

bunch when it is stabilized by the feedback system. In this

case, the feedback loop is closed 2000 turns after injection

and the beam is stabilized. This test was repeated for dif-

Figure 2: Spectrogram unstable bunch.

Figure 3: Spectrogram stable bunch.

ferent loop gains, exhibiting stable motion for gains above

a certain minimum value. Using the results of these tests

with unstable beam and the feedback system operating in

either open loop or closed loop, it is possible to character-

ize the overall loop gain of the system. It allows setting the

gain of the different blocks in Fig. 1 combining additional

information related to the transfer function of the feedback

stages. To quantify the loop gain, the growth rate of the un-

stable motion of the bunch centroid was measured with the

feedback system in open loop or in closed loop with low

gain. The time interval to measure the growth rate was lim-

ited to make sure the measurement is conducted preserving

the bunch charge. A summary of these measurements and

the results of the growth rate estimation based on a simpli-

fied model of the feedback loop are shown in Fig. 4. Given

the direct proportionally between the chromaticity and the

number of turns, the growth time constant is plotted vs. the

turn numbers or the chromaticity. The blue points depict

the growth time constant measured when the feedback is in

open loop and in closed loop with gains equal to 2 and 4

(unstable cases). The estimated time constants based on a

simplified model for the damping are shown by the red cir-

cles. The green curve is a fitting to the growth time constant

of the bunch vs. chromaticity if the feedback loop is open.

The growth time constant (inverse of growth rate) decreases

as a function of the number of turns because the chromatic-

ity decreases slightly after switching from positive to nega-

tive. Assuming the simplified model for the damping bunch

damping σf (ξ) = 1/τf (ξ) = 1/τOL(ξ)−σD, with ξ chro-

maticity, σD = σ1G and G the controller gain, the constant

is σ1 = 5.47 × 10−4 turns−1. This estimation defines the

critical gain to stabilize the vertical mode 0 motion of the

bunch. For example, to stabilize an unstable bunch with

a growth rate σOL = 0.01 turns−1 (τOL = 100) turns a

gain G > 17 is necessary. More precise analysis of this
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Figure 4: Growth time constant vs. chromaticity for open

loop and closed loop G =2, 4.

motion was conducted via simulation using macro-particle

simulation codes and a reduced models of the bunch dy-

namics. Using a reduced model of the bunch and represen-

tative model of the feedback system, the results depicted

in Fig. 4 can be reproduced. For that case, motion of the

bunch centroid was studied, with a 5-tap FIR filter and ap-

propriated gains for the receiver and RF power stage. Fig-

ure 5 shows the results for the feedback system in open

loop when the parameters of the bunch are set to define a

growth time constant equal to τOL = 200 turns. Figure 6

shows the unstable motion of the bunch centroid with the
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feedback gain G = 4, giving a τf = 360 turns. Similar

agreement of the final growth rate with the results depicted

in Fig. 4 were obtained when the gain was set to G = 2.
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Figure 5: Unstable motion of the beam corresponding to

τOL = 200 turns in Fig. 4 - Open loop feedback - Reduced

model simulation
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Figure 6: Unstable motion of the beam with feedback in

closed loop and gain G = 4. - τf = 360 turns in Fig. 4 -

Reduced model simulation

Using macro-particle simulation codes and appropriated

models for the receiver and RF power stages, the damping

behavior can be reproduced as well.

Several parameters in the controller have been changed

and the response of the bunch motion has been measured

to quantify the robustness of the feedback system. Fur-

thermore, this data displays how well the models are able

to predict the effect of those variations in the stability and

performance of the feedback system. The controller is pa-

rameterized by two variables, the gain G and the phase φ.

Additionally, another important parameter in the feedback

loop is the timing between the bunch position and both the

ADC samples and the kicker signal. Other important pa-

rameters for the design of the overall system are the kicker-

amplifier bandwidth and amplifier maximum power, and

their impact in the feedback stability and performance are

evaluated using simulations and reduced models for the

system. In this paper, we show results of the impact on the

stability of changes in the controller parameters G and φ.

The nominal controller is set with a phase φ = 70o giving

a almost pure damping without changing the betatron tune.

When the phase of the controller is set to φ = 30o the tune

frequency is changed for increasing gain. Figure 7 shows

the fractional tune for different samples across the bunch

when the feedback is in open loop around turns 0-2000,

while Fig. 8 depicts the closed loop case with G = 64 and

φ = 30o for turns 4000-6000. It can be observed the tune

shift from fβ = 0.177 to fβ = 0.183. Similarly, if the gain

is set to G = 16 with φ = 30o the fractional tune changes

from fβ = 0.177 to fβ = 0.178. Figure 9 summarizes

these measurements and compares them to the values of

the complex dominant eigenvalues for the feedback system

calculated from a simplified model of the bunch.

Figure 7: Fractional tune for multiple longitudinal samples

of the bunches for feedback system in open loop.
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Figure 8: Fractional tune for multiple longitudinal sam-

ples of the bunches for feedback system in closed loop with

G = 64 and φ = 30o.
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Figure 9: Location of dominant eigenvalues of the feed-

back system for φ = 30o and increasing gain estimated

from analytical model. Comparison with the measured

fractional tune.

CONCLUSIONS

Several MDs were conducted at CERN SPS before the

long shutdown. It allowed to commission and evaluate

the performance of a 3.2 GS/s feedback channel proto-

type and collect data to validate macro-particle simulation
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codes and reduced models. We presented some results from

these studies and the matching with the estimated param-

eters given by the simulation tools. Further analysis is in

progress to analyze the bunch dynamics and quantify the

models based on data collected when the bunch was driven

by different excitations.
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SIMULATION STUDY ON TRANSVERSE LASER COOLING AND 

ORDERING OF HEAVY-ION BEAMS IN A STORAGE RING 

Yosuke Yuri, Takasaki Advanced Radiation Research Institute, Japan Atomic Energy Agency, 

1233 Watanuki-machi, Takasaki, Gunma, Japan

Abstract 
The formation of three-dimensionally ultralow-

temperature ion beams by means of laser cooling in a 

storage ring is studied with the molecular dynamics 

approach in which stochastic interaction between laser 

photons and ions is incorporated. The transverse motion 

of a coasting beam is cooled indirectly through 

horizontally-displaced lasers and resonant coupling at 

several different operating points. The indirect transverse 

cooling rate depends on the displacement and detuning of 

the lasers as well as on momentum dispersion. In the 

ultralow-temperature equilibrium state, a 3D ordered (but 

not crystalline) structure can be formed depending on 

laser-cooling conditions. The characteristics of the 

Coulomb-ordered beam are discussed in contrast to a 3D 

crystalline beam. 

INTRODUCTION 

 Three-dimensional (3D) beam cooling is essential in 

order to generate an ultralow-emittance beam in a storage 

ring. It is expected that, at ultralow emittance, the beam is 

Coulomb-ordered where the relative particle 

configuration is arranged in order and, in the zero-

emittance limit, Coulomb-crystallized where the betatron 

and synchrotron oscillations are fully suppressed [1]. A 

longitudinal, one-dimensional (1D) ordering phenomenon 

was already observed experimentally in ultralow-current 

(about 103 ions in the ring) ion beams using electron 

cooling [2-4]. It has been found, by theoretical studies, 

that ions in the ordered beam do not pass through each 

other longitudinally [5-7]. As to crystalline beams, 

however, even a 1D string crystal has not been realized up 

to now in spite of a laser-cooling experimental effort at a 

cooler storage ring S-LSR in Kyoto University [8]. It is 

actually very difficult to observe phase transition of a 

very low-intensity (about 10 ions per bunch) bunched 

beam clearly although the feasibility of 1D and 2D 

crystalline beams was predicted with a molecular 

dynamics (MD) simulation [9, 10].  

We have recently demonstrated the feasibility of the 

three-dimensionally ordered state of an ion beam with 3D 

laser cooling for the first time [11]. In these proceedings, 

more detail MD simulation results are given on transverse 

laser cooling and the ordered state of heavy-ion beams. 

The stress is put on various characteristics of the 

Coulomb-ordered beam. 

SIMULATION PARAMETERS 

A dedicated MD simulation code CRYSTAL, in which 

stochastic interaction between laser photons and ions is 

incorporated, is employed for the present study [9]. An 

actual beam and lattice parameters of S-LSR (see Fig. 1) 

has been considered. The superperiodicity of the ring is 

six. The ring can fulfill the following requirements to 

reach an ultralow-temperature state of an ion beam [1, 

12]: First, the storage ring must be operated below 

transition energy. Second, the bare betatron tune νx, y must 

be less than 0.35 per lattice period to avoid linear 

resonances at ultralow temperature. More desirably, it 

must be below 0.25 to avoid linear resonance crossing in 

the cooling process [13]. 

A coasting beam of 40-keV 24Mg+ ions is assumed. The 

space-charge force is calculated efficiently by imposing a 

periodic boundary condition in the longitudinal direction. 

The initial transverse rms emittance and longitudinal rms 

momentum spread of the beam have been chosen from the 

recent experimental observation [8]. 

One co-propagating and one counter-propagating 

Gaussian cooling lasers with the waist radius of 5 mm are 

applied along one of the straight sections in the ring. The 

direct longitudinal laser-cooling force is extended to the 

horizontal direction through momentum dispersion by 

horizontally displacing the two Gaussian laser beams [14, 

15, 10]. Moreover, the vertical direction is coupled with 

the horizontal one through a weakly-excited solenoid 

magnet by applying a resonant coupling scheme [16]. 

Three different operating points (νx = νy = (ν0 =) 1.44, 

1.60, and 1.90), which fulfil the above tune requirement, 

are chosen for comparison. To reduce the longitudinal 

momentum spread, the frequencies of the lasers are 

 
Figure 1: Schematic drawing of S-LSR. The 

circumference of the ring is 22.56 m. Six bending 

dipole and 12 quadrupole magnets have been excited 

so that the six-fold lattice superperiodicity can be 

realized. Numbers (1 to 6) in the figure express the 

number of straight sections for convenience. Two 

cooling lasers are injected along the fourth straight 

section. A solenoid magnet, installed in the middle of 

the third straight section, is excited for horizontal-

vertical coupling.  
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scanned from an initial detuning of -4.3 GHz to a final 
detuning on the order of -10 MHz in 1000 turns.  

SIMULATION RESULTS 
In the following, the result on 0 = 1.44 is mainly 

shown unless otherwise noted. A typical time evolution of 
the momentum spread and normalized rms emittance of 
the beam during laser cooling is shown in Fig. 2. The 
average dispersion function is 2.1 m in the laser cooling 
section for 0 = 1.44. The longitudinal momentum spread 
is decreased rapidly down to the order of 10-6 with the 
laser frequency scanning. The transverse emittance 
shrinks exponentially after the scanning is ended because 
the transverse cooling rate is higher at a smaller detuning. 
The 1/e cooling time is 20 ms after the laser scan in the 
present case. Similarly at the other higher tunes, beams 
with a line density on the order of 104 m-1 are laser-cooled 
down to the same order of the momentum spread and 
emittance. The cooling time is longer for higher tunes 
because of smaller dispersion. However, the dependence 
of the cooling rate does not always agree the linear theory 
that the transverse cooling rate is proportional to the 
dispersion [17]. 

Figure 3 shows the 3D ordered profile of the laser-
cooled beam. Such ordered states of the laser-cooled 
beams can be generated also at 0 = 1.60 and 1.90, 
depending on the line density of the beam and the 
displacement and final detuning of the lasers. Although 

the snapshot views of the real-space configuration in Figs. 
3(a) and 3(b) are similar to those of a single-shell crystal, 
the phase-space profile is very different. According to 
Ref. [18], the transverse phase-space configuration in an 
ideal crystalline beam is always linear. On the other hand, 
the phase-space configuration of the ordered beam is not 
linear but square in the present case, as clearly seen from 
Fig. 3(c). 

Another difference is the time evolution of the single-
particle orbit and the cross-sectional profile. The 
transverse orbits of three ions arbitrarily picked out from 
the ordered beam are plotted in Fig. 4. Unlike a crystal, 
the orbits are not periodic with the six-fold 
superperiodicity of the ring, and the ions are still 
executing betatron oscillation, as shown in Fig. 4(a). The 
betatron tunes have been depressed from 1.44 to 1.20 in 
the equilibrium due to the space-charge effect. The 
trajectories of the ions in the beam cross-section are 

 
Figure 2: Time evolution of the longitudinal momentum 
spread and transverse emittance of the 40-keV 24Mg+ ion 
beam during laser cooling. The bare betatron tune 0 is 
1.44. The line density of the beam is 2.4104 m-1. The 
laser detuning is scanned in 1000 turns. The horizontal 
displacement and final detuning of the lasers are 3 mm 
and -81 MHz, respectively.  

 
Figure 3: Real-space and phase-space configurations of 
the laser-cooled beam in Fig. 2. Each blue circle 
corresponds to a single 24Mg+ ion. 
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shown in Fig. 4(b). It is obvious that the ions are rotating 
around the central axis. The rotation frequency while the 
beam goes around the ring once is 1.20, the same as the 
depressed betatron tune. Similarly, the ions rotate in both 
transverse phase planes. The dependence of the depressed 
tune and tune depression on the bare tune 0 is 
summarized in Fig. 5. It is worthy to note that an ordered 
beam is formed with a rather large tune depression at a 
high tune.  

Since the longitudinal motion is almost frozen out by 
direct laser cooling, the longitudinal relative position does 
not change in the straight section. However, the relative 
position is changed due to the shear effect, depending on 
the horizontal coordinate in dipole bending magnets. In 
spite of this shear effect, the ordered configuration is 
stabilized: the shear effect is compensated because the 
horizontal coordinates of outer rotating ions are randomly 
changed every time the ions pass through the bending 
magnets. 

The strength of the correlation in a beam can be 
estimated from a Coulomb coupling constant  [19]. The 
average temperature of the ordered beam in Fig. 3 is 3 
mK in the longitudinal direction and 0.3 K in the 

transverse direction. The longitudinal direction is 
sufficiently in a liquid phase (long) while  of the 
transverse direction is relatively small (trans) due to 
the rotation of ions. 

SUMMARY 
We studied 3D laser cooling of heavy-ion beams and 

the formation of the ordered structure in ultralow 
emittance with the MD simulation technique. The indirect 
transverse cooling worked well, depending on various 
laser and lattice parameters. The 3D ordered beams were 
formed by 3D laser cooling and exhibited unique 
characteristics such as the cross-sectional rotation unlike 
a crystalline beam. We have found that the 3D ordered 
beam is established in an excellent balance in spite of 
such anisotropy of the state. 
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Figure 4: (a) Single-particle orbits of the beam in Fig. 3 
while the beam circulates the storage ring once. The 
horizontal orbits of three ions arbitrarily picked out from 
the ordered beam are shown. The six gray shaded areas 
indicate the bending-magnet sections. (b) The trajectories 
of the three ions in the cross-sectional view are shown. In 
both panels, the square and circle symbols represent the 
initial and final coordinates of the ions during one turn, 
respectively.  

 
Figure 5: Depressed tune and the tune depression of 3D 
ordered beams formed at different operating points. 
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ELECTRON CLOUD MEASUREMENTS USING A SHIELDED PICKUP IN
A QUADRUPOLE AT CESRTA∗

J.P. Sikora† , M.G. Billing, J.V. Conway, J.A. Crittenden
J.A. Lanzoni, Y. Li, CLASSE, Ithaca, New York 14853 USA

Abstract

We have recently constructed a shielded pickup in a
quadrupole magnet for time-resolved detection of electron
cloud. Cloud electrons pass into the detector through an
array of small holes in the wall of the beam-pipe that shield
the collecting electrode from the direct beam signal. There
are two collectors, each aligned on a pole face: one near the
longitudinal center of the quadrupole, the other in the fringe
field. The signals from the collectors are recorded with a
digital oscilloscope. We present a summary of the design,
construction and commissioning of this device, as well as
initial beam measurements. This work was performed at
the Cornell Electron Storage Ring which has been reconfig-
ured as a test accelerator (CESRTA) with positron or elec-
tron beam energies ranging from 2 GeV to 5 GeV.

INTRODUCTION

Investigation of electron cloud (EC) growth and decay is
an important part of the CESRTA program. Shielded pick-
ups (SPU) in two field free regions have been in use since
2009 and significant progress has been made in connecting
simulations with data from these detectors [1]. Parame-
ters used in simulation of the electron cloud are tuned to
match the data, including modeling of the detectors . The
introduction of dipole or quadrupole fields makes this con-
nection more difficult, mostly in accurate modeling of the
detectors rather than modeling of the electron cloud. There
was an interest in constructing a simple device that would
give time-resolved information about the EC density in a
quadrupole field since there is some evidence and model-
ing that electron cloud could be trapped there [2, 3, 4].

The quadrupole shielded pickup (QSPU) is based on the
successful design of the SPU. An important part of that de-
sign is the array of holes that connect the vacuum space
to the detector. The 1:3 diameter to depth ratio of the
holes provides significant attenuation of the direct beam
signal [5]. This is important, since a typical direct beam
signal will be tens of volts, while the largest (unamplified)
electron cloud signals that we have seen are tens of milli-
volts. Even with this attenuation, some direct beam signal
is visible in the detector output.

∗This work is supported by the US National Science Founda-
tion PHY-0734867, PHY-1002467 and the US Department of Energy
DE-FC02-08ER41538, DE-SC0006505.

† jps13@cornell.edu

QSPU DETECTOR
The QSPU has two collectors, both aligned with a pole

face as shown in Fig. 1: one in the longitudinal center of
the quadrupole , the other is located in the fringe field. This
paper contains data only from the centered detector.

Figure 1: The QSPU detector is centered on one of
the quadrupole pole faces. The rectangular collector is
10 x 100 mm copper on kapton centered longitudinally
along the pole face behind an array of holes in the beam-
pipe wall.

Figure 2: The 5 x 60 array of 0.79 mm diameter holes
allow cloud electrons in the beam-pipe to enter the de-
tector. The wall thickness is 2.4 mm. Electrons are col-
lected on the copper flex circuit and the signal routed to
feed-throughs at either end of the quadrupole chamber (not
shown).

In the QSPU, the collector is an approximately
10 x 100 mm copper rectangle on a 0.13 mm thick kapton
flex circuit with a ground plane shown in Fig. 2. Tapered
striplines on the flex circuit couple the signal to SMA vac-
uum feed-throughs approximately 1 m apart at either end
of the quadrupole chamber. For comparison, the collector
in the field free SPU, is a 1.7 cm diameter button of the type
used for beam position monitors.
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The collectors for both the QSPU and SPU and biased
at +50 V to ensure the capture of incident electron cur-
rent. The collector signals are AC coupled to a cable that
is routed to two cascaded 20 dB amplifiers (ZFL-500 from
Mini-Circuits) that give a total voltage gain of 100. The
signals are digitized with an oscilloscope that uses a timing
system trigger and provides signal averaging.

Figure 3: The response of the collector flex circuit was
measured with a spectrum analyzer. There is a low-pass
feature due to the collector capacitance with a -3 dB point
at about 13 MHz and a high-pass feature above 300 MHz.

The QSPU collector has fairly high capacitance due to
its construction on the thin kapton flex circuit. As shown
in Fig. 3, it acts as a low-pass filter with a -3 dB rolloff at
about 13 MHz. At frequencies above 300 MHz, the cir-
cuit has a high-pass characteristic that results in significant
direct beam signal from the detector.

BEAM SIGNALS
Witness bunch measurements with the field free SPU

have provided useful comparisons to simulations of EC
density build-up using ECLOUD [1]. Most of these mea-
surements have been carried out with pairs of bunches,
where (roughly speaking) the first bunch generates a cloud
and the second bunch accelerates this cloud into the detec-
tor. The revolution period at CESRTA is 2562 ns which
is long compare to the expected EC decay time of about
100 ns. So with short trains of bunches, the EC density
is taken to be zero with the arrival of the first bunch. The
signal from the first bunch is dominated by photo-electrons
and is much smaller than that of the second bunch, where
electrons near the beam are accelerated to hundreds of elec-
tron volts into the detector.

Although the array of holes in the QSPU provides sig-
nificant attenuation of the direct beam signal, it is still vis-
ible in the detector output. Figure 4 shows the output from
a 20-bunch train of positrons with 14 ns spacing and a
bunch population of 1.36 × 10

11 (8.5 mA). The raw data
is digitally filtered by convolving it with a 12 ns impulse
response.

Figure 5 shows an overlay of witness bunch measure-
ments with a field free SPU where a 10-bunch train of
5.3 GeV positrons is followed by a witness bunch with
delays from 28 to 140 ns. All of the bunches have the
same population of 1.36 × 10

11 positrons/bunch. As wit-
ness bunches are placed at various distances after the bunch

Figure 4: The signal from the QSPU with a 20-bunch train
of 5.3 GeV positrons at 1.36×10

11 positrons/bunch shows
significant direct beam signal (upper). The data is filtered
by convolving with a 12 ns impulse response (lower).

train, they map the decay of the cloud that the train pro-
duced. Also, the signal from the first bunch of the train
is quite small, about 0.2 V or less, while the signal from
the second bunch is roughly 1.7 V. This is consistent with
EC density decaying to zero in the 2.5 μs beam revolution
time.

Figure 5: Signals from a field free SPU are overlaid, for
a 10-bunch train that is followed by witness bunches at
various spacings. The decreasing signals from the witness
bunches show the decay of the cloud.

A similar measurement was made with the QSPU, where
a 10-bunch train of 5.3 GeV positrons was followed by wit-
ness bunches from 28 to 84 ns. All bunches are at 8 mA
(1.28× 10

11 positrons/bunch) and a 6 ns filter was applied
to the data before plotting. The plots overlaid in Fig. 6
show a decrease in signal amplitude that is on a time scale
similar to that of the field free SPU. An expanded detail in
Fig. 7 shows the time delay between the direct beam sig-
nal and the peak in collection of electrons. This delay of
about 18 ns is considerably longer than that observed in the
field free region. The beam-pipe geometries are somewhat
different – the field free SPU is in oval pipe with a height
of 5 cm, whereas the quadrupole SPU is in round pipe that
is 9 cm diameter. But it is likely that the presence of the
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7.4 T/m field is responsible for most of the time delay since
the cloud electrons have more complicated trajectories.

Figure 6: With the QSPU in a 7.4 T/m field, a 10-bunch
train of positrons spaced by 14 ns is followed by a single
bunch spaced at intervals from 28 to 84 ns. An overlay of
these measurements shows a decrease in the witness bunch
signal.

Figure 7: In this detail of the QSPU witness bunch signals,
the direct beam signal is seen about 18 ns before the arrival
of electrons in the detector.

Data was also taken with both the SPU and QSPU with
a 20-bunch train of 14 ns spaced 5.3 GeV positrons. The
bunch currents ranged from 4.3 to 10.4 mA/bunch which
corresponds to 0.69×10

11 to 1.67×10
11 positrons/bunch.

The overall shape of the signal from the field free SPU is
an amplitude that increases quickly, then reaches an equi-
librium value as can be seen in Fig. 8. The shape is similar
over a range of bunch charges.

The overall shape of the QSPU signal with the same 20-
bunch train (Fig. 9) changes with bunch charge. At higher
bunch charge the signal never reaches an equilibrium value.
There are also two slopes to the data: a rapid rise at the
beginning followed by a more gradual increase out to the
end of the bunch train.

CONCLUSIONS
We have constructed a device to make time-resolved

measurements of electron cloud in a quadrupole. Wit-
ness bunch measurements after a train of ten bunches in
the 7.4 T/m quadrupole field gives an electron cloud decay

Figure 8: The SPU signal with a 20-bunch train of positrons
at 5.3 GeV reaches an equilibrium value early in the train
independent of bunch current.

Figure 9: The QSPU signal with a 20-bunch train never
reaches an equilibrium value and appears to have two
slopes at the highest bunch charge of 10.4 mA/bunch
(1.67× 10

11 positrons/bunch).

time that is similar to that obtained in a field free region.
A 20-bunch train has a signal with a somewhat different
character in the two types of detectors. The signal in the
quadrupole does not reach equilibrium at the highest bunch
currents. Further experiments and simulations are needed
to better understand these initial measurements.
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EXPERIMENTAL STUDY OF HALO FORMATION IN SPACE CHARGE 
DOMINATED BEAM* 

H. D. Zhang#, B. L. Beaudoin, R. A. Kishek,  
University of Maryland, College Park, MD 20742, USA

Abstract  
Beam halos are a group of particles with low density 

that are far away from the well-defined central beam core 
and have large transverse velocities.  Beam losses from 
halos can require a larger aperture and impose restrictions 
on the beam current. Several theoretical techniques have 
been applied to analyze and understand halo formation, 
including the particle-core model, the free energy model 
as well as particle in cell (PIC) simulations. However, few 
experiments on beam halos have been carried out. Here, 
we describe an experimental study at the University of 
Maryland to understand and characterize space-charge 
induced halo formation. The experiments are conducted 
on the University of Maryland Electron Beam (UMER) 
and the results are compared with PIC simulations using 
WARP. 

INTRODUCTION 
Halo is generally understood as a population of 

particles that do, or will reach large transverse radii 
relative to a more intense, centralized beam core. It is 
associated with emittance growth, degradation of beam 
quality and particle loss [1].  Several analytic models such 
as the particle-core model [2] and the free energy model 
[3] are derived either to depict the process of halo 
formation or to describe the associated emittance growth. 
Many theoretical and simulation studies developed these 
ideas and discussed various mechanisms for halo 
formation. However, fewer experimental studies have 
been performed as it is hard to obtain a halo free beam, a 
crucial component to identify different mechanisms or 
sources for halo formation.  The LEDA experiment [4] is 
an example for demonstrating agreement with the 
particle-core model. But its propagation length is limited 
and it is no longer operational. In this paper, we discuss a 
method to get a halo-free beam though envelope match 
and skewness correction. Based on the matched beam, we 
perform a mismatch experiment as well as a skewness test 
to verify the sources of halo formation in UMER. Then, 
we generate a pure breathing mode mismatch, and 
compare experiments with simulations to confirm this 
mode.  

EXPERIMENT SETUP  

UMER 
UMER [5], is small compact electron ring with a low 

energy (10 keV) but relatively high beam current (0.6-100 
mA). It is designed to study the physics of electron beams 
from the emittance dominated regime to space charge 

dominated regime.  The results can be scaled to higher 
energy beams with higher mass. Fig. 1 shows a schematic 
of the UMER layout, and Table 1 lists its key parameters 
and Table 2 lists the beam parameters we will use in this 
discussion. 

 
Figure 1: Diagram of UMER. 

Table 1: UMER Design Parameters [5] 

Parameter Value 
β = v / c 0.2 
Pulse Length  20-120 ns 
Beam Energy  10 keV 
Current  0.6-100 mA 
Ring Circumference  11.52 m 
Lap Time  197 ns 
Pulse Repetition Rate  10-60 Hz 
FODO Period  0.32 m 
Zero-current Phase Advance 0.760 

Table 2: Beams in UMER [5] 

Aperture# r0（mm） I (mA) ε (m) χ 
1 0.875 6 16.8 0.605 
2 1.5 21 30.0 0.901 

Image System 
An imaging system was designed and dedicated for this 

work utilizing Ethernet cameras, in order to take and 
process images quickly. A system illustration is shown in 
Fig. 2. The cameras are connected to a control PC through 
a gigabyte Ethernet switch. The camera control PC can 
also control the magnets though the main control PC by 
sending an appropriate command. The whole system is 
integrated by a Matlab GUI code. It includes a camera 
control panel, Magnet control panel, image display and 
calculation panel, and the Auto picture scan panel. It 
allows one to change camera settings and take beam 
images, in order to calculate transverse beam parameters; 
such as centroid, size and rotation angle. This system can 
also be used for injection scan (empirical method 
discussed later) and phase space tomography. 

 ___________________________________________  

*Work supported by the US Dept. of Energy, office of Science, 
#haozhang@umd.edu  
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Figure 2: Illustration of imaging system. 

ENVELOPE MATCH 

Match Description and Fitting 
We use a tracking code Trace3D to get a match 

solution. There are 3 different sections in UMER when we 
discuss beam envelope match, including injection, Y-
section and ring section. Ring section contains 34 
equivalent FODO cells, and the matched periodic 
envelope solution is defined by the emittance from Table 
2 and the predefined lattice setting, specially the ring 
quadrupole strength. In UMER, the ring quadrupoles are 
setting to 659.0 G/m with positive and negative value 
alternating. Y-section contains a regular FODO cell, YQ 
and QR1, where the later two are pulsed Panofsky 
quadrupoles. Because the pipe for injection and 
recirculation go through YQ, the center line of YQ is off 
the ideal beam path by 10o, which results a slightly 
difference in peak gradient. We use Type 8 fitting 
procedure in Trace3D to find the quadrupoles setting for 
Y-section. Next step is to find appropriate injection 
quadrupole settings with the YQ and QR1 strength 
determined from last step. The lattice of injection starts 
from the aperture and ends at the entrance of a regular 
FODO cell. The final beam parameter is predefined by the 
ring FODO cell. Here, Q1 is usually small to avoid large 
ratio of two transverse sizes. The initial Twiss parameter 
at aperture is from Table 2. Using a Type 8 matching 
procedure in Trace3D, we will finally get a series of 
quadrupole setting either Q2-Q5 or Q3-Q6. 

Empirical Matching 
In practice, many factors, such as beam initial 

properties, lattices imperfection, vacuum condition and 
etc., will affect calculations and simulations, and make 
them deviate from experiments. The magnets strength 
obtained though calculation and simulation does not 
necessarily yield a good matching condition. A further 
empirical method will be used to achieve the final match. 
The idea here is to scan 4 injection quadrupoles and to 
take the envelope responses in more than 4 screens. The 
optimal solution can be obtained in a least square sense, 
i.e. ΔI = (RTR)-1RTE, where ΔI is the difference between 
current and updated quadrupole setting, R is response 
metrix, E is the envelope of current settings. An updated 
injection setting is given by I-ΔI. Details for this method 
can be referred to [6].  

Correction for Skewness 
Due to fringe field of solenoid and rotation error of 

injection quadrupoles, there is a beam rotation in each 
chamber inside the ring which also can be a source for 
halo formation. Here we use two skew quadrupoles in Q3 

and Q6 to correct this rotation. The skew quadrupole is a 
type of UMER quadrupole with a normal pair of printed-
circuits [6] and a 45-degree rotated pair as in Fig. 3. Each 
pair is powered by different current supplies, so the 
normal and skew components can be independently 
adjust. By scanning the skew quadrupoles and comparing 
the rotation angle of beam images in each chamber, we 
can minimize the rotation in least square sense similarly 
to the empirical matching. 

  
Figure 3: Schematic diagram of skew quadrupole (a) and 
piece of printed circuit (b).  

Matching Result 
After going through the process mention above, we 

obtain match beams of 6mA and 21 mA. The image of the 
beam for the first turn is shown in Fig. 4. The beam sizes 
in each chamber are plotted in Fig. 5. Note that, the screen 
is 28.6 mm ahead of ring chamber center and we also 
have a small difference of edge focusing in two transverse 
directions from dipole. Therefore, beam images in the 
screen are not round. Here, we calculate the average sizes 
are 3.55 mm, 2.79 mm for 6mA and 6.00 mm, 4.81 mm 
for 21mA and the standard derivations are 0.17 mm, 0.16 
mm for 6mA and 0.30 mm, 0.17 mm for 21mA, which 
proof that we match the beam quite well.  Meanwhile, the 
rotation angle is small, the average and standard 
derivation of which is only 0.4 degree and 8.3 degree for 
6mA, and -1.4 degree and 7.7 degree for 6mA. 

Figure 4: Matched beam images at different ring chamber: 
(a) 6mA; (b) 21mA. 
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Figure 5: Plot of matched beam size 6mA (left); 21mA 
(right). 

MISMATCH EXPERIMENT 

Halo Related to Mismatch and Skewness 
From the matched 6 mA beam, we mismatch the beam 

simple by reduce one of the quadrupole in the injection, 
e.g., Q5 by 20%, which is a huge error in realistic sense. 
We compared the beam images in RC5 between matched 
and mismatched case in Fig. 6. The phase space x-x’ plot 
and y-y’ plot is from phase space tomography. From the 
configuration space, it is clear that there are large amount 
of halo generated due to mismatch. From the phase space 
plot, there are also two hot spots in x-x’ plot and large 
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spikes in y-y’ plot, which indicate an emittance growth 
related to that halo.   

x
x’

5 mm

20 m
rad

x
y

5 m
m

20 mrad

20 m
rad

x
y

5 m
m

20 mrad

Y’
y

x

x’

5 mm

0

0.2

0.4

0.6

0.8

1

 
Figure 6: Comparison of matched (left) and mismatched 
(right) beam at RC5 in x-y, x-x’, y-y’ plots. 

Beam rotation is also a driving source for halo 
formation. In order to see the halo generated in first turn, 
we intentionally introduce a 22.3o rotation in RC1 by 
setting the skew component of Q6 by 0.4 A (or 144.4 G/m 
peak gradient). The beam images are shown in Fig. 7. It is 
obvious from images in RC1 to RC5 that there is a 
wobbling mode related to beam rotation. When the beam 
finally gets close to equilibrium state (see in RC11 and 
RC12), the wobbling energy will be transfer to particles to 
form halo. 

0
0.2
0.4
0.6
0.8
1

5 mm

RC1 RC2 RC5 RC6 RC11 RC12

 
Figure 7: Halo generation from the rotation of the beam. 

Pure Breathing Mode Generation 
To generate quadrupole solutions that produce a pure 

breathing mode mismatch beam, we need to go back to 
the matched ellipse parameters at a little downstream of 
the screen in RC1, where two beta functions are equal. A 
breathing mode mismatch solution is obtained by scaling 
αx, βx, αy and βy there by a common factor μ2, where μ is 
the mismatch parameter. From previous aperture 
condition and lattice settings in Trace3D, we change the 
setting of the final condition as the scaled twiss 
parameters, use a Type 8 matching procedure, and we can 
find the settings of quadrupole Q2-Q5, or Q3-Q6. 

(a)

(b)

RC1 RC2 RC5 RC6

5 mm

RC11 RC12

 
Figure 8: Breathing mode mismatch comparison between 
(a) experiment and (b) WARP simulation with mismatch 
parameter μ=1.3. 

Here is an example of breathing mode mismatch using 
6mA beam in Fig. 8 (a) where the mismatch parameter 
μ=1.3. Since the screen is offset from the center of each 
chamber, the breathing of beam envelope is not obvious 
from the images. To testify the mode we generate, we 
perform a PIC simulation using Warp [7]. The same 
emittance and current of 6mA beam are used and the 
breathing mismatch mode is generated the same way by 
scaling the αx, βx, αy and βy by a common factor μ2 at the 
point when two beta functions are equal. The difference in 
simulation is we only use the ring section instead of 
starting from the aperture. The simulated images are 
shown in Fig. 8 (b). We plot the envelopes of this 

mismatched beam in Fig. 9 with dotted line from 
simulation and red dot representing the experimental data 
from each screen. From the plots, the experimental data 
lie on the simulation curve quite well which confirms a 
good agreement. 
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Figure 9: Envelope of the breathing mode mismatch: x 
(left) and y (right). 

Next, we perform a FFT analysis to the envelope curves 
of breathing mode mismatch from simulation (see Fig. 
10). We got a single strong peak for each direction with 
peak wave number 5.561 m-1 and 5.561 m-1 separately. 
This wave number is close to the result from analytic 
model 5.775 m-1, which verifies that we generate a pure 
breathing mode.  

3 4 5 6 7 8
0

1

x 10-4 Spectrum of Envelop Oscillation in X
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0

1

2
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wave number (m-1)  
Figure 10: FFT analysis of the envelope for breathing 
mode mismatch: x (left) and y (right). 

CONCLUSION 
In this paper, we discussed a method in UMER for 

beam match which can be performed generally in any 
accelerator. We identified the sources for halo formation 
in UMER are from envelope mismatch and beam rotation. 
We generated a pure breathing mismatch mode in UMER 
and verified it. The pure mismatch mode has simpler 
dynamics, which will allow us study the halo formation 
related to mismatch quantitively. For near future, we will 
continue to study the breathing mode mismatch, 
especially compare beams in different space charge 
region.  
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SNS PERFORMANCE AND THE NEXT GENERATION OF HIGH POWER 
ACCELERATORS* 

J. Galambos#, on behalf of the SNS team, ORNL, Oak Ridge, TN 37830, USA

Abstract 
The SNS accelerator at ORNL has been operating near 

the MW level for several years now. This presentation 
discusses the successes and challenges, new insight 
gained and lessons learned with regard to the operation of 
a modern high power accelerator. In particular, issues 
with the RFQ, the target and the superconducting RF linac 
are discussed. Also future high power proton accelerator 
plans and development needs are discussed. 

RECENT SNS OPERATIONAL 
EXPERIENCE 

The Spallation Neutron Source (SNS) accelerator 
reached the 1 MW operational power level in 2009. Over 
the past two years beam power has been run between 
0.85 MW and 1 MW, as indicated in Fig. 1, with reduced 
power operation driven by considerations beyond 
accelerator components. For example the past year of 
operation, beam power was reduced to preserve target 
lifetime due to a target spare shortage. However, for the 
past few weeks, the operational power level has been 
increased up to 1.2 MW. 

Extended running periods without power increase in 
2010 – 2011 coincided with increased accelerator 
availability, as shown in Figure 2. After steady rises in 
operational hours and beam availability through 2011, the 
past 2 years show decreases in both these figures. These 
are due to target failures at the end of FY 2012, and the 
start of 2013 that severely reduced operational hours and 
negatively impacted the beam availability. The target 
issue is discussed in more detail below.  Discounting the 
target failures, the accelerator availability for the years 
2011-2013 was 92%, 94% and 89% (YTD) respectively.  

 

 
Figure 1: Power history of the SNS accelerator. 

 

 

 

 
Figure 2: Operation hours and availability since initial 
operations in 2007. 

 

RFQ Issues 
The SNS RFQ experienced 2 detuning incidents in 

2003 and 2009, which required retuning of the RFQ in 
order to operate. From the period mid-2011 through mid- 
2012 a reduction of beam current measured downstream 
of the RFQ was observed for all ion sources [1] (see 
Figure 3). This prompted a measurement of the field 
profile in the RFQ, and yet another perturbation was 
observed (see Figure 4). Interestingly, this field 
disturbance did not prevent operation of the RFQ, only a 
reduction in beam transmission.  The first extended 
outage that allowed for retuning the field was summer of 
2013. However, while there are suspected causes of the 
first two detuning incidents, this latest incident remains 
unexplained. 

The field profile changes discussed above are likely 
specific issues related to the manufacturing of this RFQ. 
However, another perhaps more generic RFQ issue has 
been observed. This is the issue of discharge heating in 
the RFQ (in addition to the normal RF induced copper 
hearting [2]. The discharge related heating can be 
significant (~ 10% of total heat load) and is not constant, 
but rather dependent on the gas load history into the RFQ. 
Also it can change suddenly, complicating the cooling 
system and resonance control, which is designed for 
slower heat load changes. To accommodate this 
complication the low level RF control has been modified 
to provide fast modulation of the RFQ pulse length to 
help control the resonance error. However the additional 
pulse length margin used for this function is becoming 
limited as we reach the design pulse length of the 
machine (1 ms), and a new mitigation technique is being 
sought.  
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Figure 3: RFQ beam transmission as a function of input 
beam current indicating reduced transmission during the 
2012-2013 detuned RFQ operation.  

 
 

 
Figure 4: Field distribution along the SNS RFQ in 2012-
2013 run. 

 

Errant Beam 
Machine protection has always been a major concern 

for high power operation at the SNS accelerator. Beam 
shut-off times were prescribed to protect the machine 
from prompt damage. Generally a 10-20 µs beam shut-off 
time has been accepted (damage can occur faster at lower 
beam energies where the stopping length is shorter). 
However, we have learned that the superconducting RF 
linac (SCL) cavities can be susceptible to performance 
degradation with beam loss periods lower than that 
required to actually approach melting temperatures [3]. In 
particular, beam trips caused by anomalies upstream of 
the SCL result in beam loss in the SCL, until the machine 
protection shuts off the beam. We refer to the beam lost in 
the SCL during these trips as “errant beam”. Even if each 
individual errant beam pulse does not harm the SCL, we 
have noticed degraded cavity performance after 
prolonged exposure to repeated errant beam pulses. A 
suspicion for the degradation cause is that the slight local 
heating (a few K) caused by errant beam pulses may 
initiate the migration of trapped gas in the cavity surface, 
to a more vulnerable region of the cavity. Figure 5 shows 
the history of the operational beam energy. Following an 
beam energy increase in 2009 resulting from cryomodule 
equipment fixes,  during 2009-2011 operation, a slow 

energy degradation occurred, raising concern about errant 
beam.  
 

 
Figure 5: Operational linac output beam energy, 
indicating a period of performance degradation in 2009-
early 2011. 
 

An effort was initiated to identify and rectify causes of 
errant beam pulses. Two primary causes were identified: 
1) pulses formed in the ion source with non-standard 
waveform shapes, and 2) pulses with premature upstream 
warm linac RF truncation. The first class constitutes 
< 10% of the trips and are caused by arcs in the source 
and electrostatic LEBT. Over 90% of the trips were 
caused by the RF faults, and the majority of effort was 
focused on these. We note that while the RF faults were 
damaging SCL performance, the actual down-time caused 
by the RF faults themselves was small (~ 30 trips per day 
each lasting < 1 minute).  

One weakness identified, that contributed to increased 
RF fault rates, was insufficient attention to the vacuum 
quality which increased the frequency of arcs (hence RF 
trips). A more rigorous approach to vacuum maintenance 
improved this situation. Another reduction in fault 
frequency was reducing the number of trips allowed per 
second before requiring operator intervention from 2 to 1. 
Finally we also addressed a shortcoming the beam shutoff 
response time of the machine protection system. Namely, 
filters introduced to mitigate noise induced false machine 
trips also cased delays in the response time (up to > 
300 µs in some cases). Even though electrical noise 
sources had been mitigated, the filters had not been 
removed. Eliminating these reduced the beam shut-off 
time to the design level of 10-20 µs and additional fast 
differential current systems are being deployed [4]. With 
these implementations the RF fault frequency was greatly 
reduced as shown in Figure 6.  Also, the linac output 
beam energy has stabilized since instituting these 
changes, as indicated in Figure 5.   
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Figure  : Short duration trip frequency (typical of warm 
linac RF faults) history at SNS. 
 

Target Issues 
High power accelerators require high power target 

systems. SNS uses a liquid mercury target system that has 
the advantage of combining the spallation material and 
coolant [5]. However the very short beam on target pulse 
(< 1 µs) introduces a complication of shock waves that 
cause cavitation damage. The target system includes a 
stainless steel vessel that contains the flowing mercury, 
and requires regularly scheduled replacement, using 
robotic, remotely controlled equipment. Until Sept. 2012, 
of the five target vessels used, there had been only one 
unplanned target replacement. However, in Sept. 2012 
there were two target failures in rapid succession [6], 
which depleted the supply of spare targets, and resulted in 
the reduction of operating power (~850 kW) for almost 
one year, as seen in Figure 1. Investigation of the target 
failure mechanism resulted in identification of poor welds 
in a region of reduced stress that had not received 
adequate manufacturing oversight. Fabrication QA has 
subsequently been improved, but there is a time lag of ~ 
one year to manufacture these complicated, first of a kind 
structures, and replenish the target spare inventory.  

In addition to the need to survive high power density, 
radiation damage effects, and intense pulsed stress levels 
the cavitation issue mentioned above introduces 
considerable uncertainty in target lifetime. Figure 7 shows 
a typical cavitation induced damage pattern, in sections of 
the upstream portion of the target vessel. There are 4 
separate containment walls, and the inner-most bulk 
mercury facing wall is shown (this is the wall most 
subject to the cavitation damage). These cut-outs are part 
of an on-going target Post Irradiation Examination (PIE) 
effort. The cavitation pitting seen here is observed in a 
similar pattern as this on all targets. Especially 
pronounced is the narrow “cut-through” along the target 
mid-plane. The narrow line of cavitation damage is much 
more focused than the proton beam power distribution 
and is not well understood. Even if this layer is 
compromised, target operation is not limited. The 
following wall must also be compromised to produce a 
leak that halts operation, and to date this second wall does 
not show extensive damage. However PIE efforts are 

limited to date, we cannot see the entire second surface, 
and there is uncertainty in this area. New target designs 
include modified mercury flow patters to eliminate 
mercury stagnation near the region of observed pitting, 
and a removable outer shroud (outer vessel walls) to 
allow better PIE efforts. Targets with these changes are 
expected to be introduced into operation sometime in mid 
2014.  

 

 
Figure 7: Three circular cross section cut-outs of the 
inner, front facing surface of target number 4 vessel – 
with a clear cavitation induced cut-through on the mid-
plane. 
 

A general lesson is that attention needs to be placed on 
the design and analysis of the target system, in addition to 
the accelerator. These systems are critical for operation of 
high power accelerators, and require development along 
side the accelerator components. Changes in this area 
require significant lead-time, and possibilities are limited 
due to the complete robotic maintenance approach that 
must be used.  

NEXT GENERATION HIGH POWER 
PROTON ACCELERATORS  

Recently the high power proton accelerator capabilities, 
planned upgrades and future facilities were surveyed [7], 
as part of the 2013 High Energy Physics Community 
Summer Study. Other facilities have high power proton 
accelerators in operations and in plans, and theses are 
summarized here. A more exhaustive facility list and 
explanation of R&D needs is explained in Ref. 7. 

Existing Accelerators 
 There are many high power proton accelerators in 

operation today, in addition to SNS, as listed in Table 1. 
There are a number of different types of accelerators 
running at 100 kW or more today. Many of these involve 
rapid cycling synchrotrons (RCS) as part of the 
acceleration chain. Many of these operate, or have 
operated, as part of a higher energy collider chain. There 
are two accelerators that operate at the MW level: the PSI 
cyclotron chain and the SNS linac.  
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Table 1:Parameters of Existing High Power Proton Accelerator Facilities 
 

Facility Max. Power 
(kW) 

Energy 
(GeV) 

Time Structure Accelerator Type 

TRIUMF 100  0.52 CW cyclotron 
LANSCE area A 80-120 0.8 120 Hz linac 
ISIS  200 0.8 40 Hz: TS1, 10 Hz: TS 2 linac + RCS 
J-PARC MR (FX) 240  30 0.4 Hz  x 5 us 3 GeV into RCS 
J-PARC RCS 300  3 25 Hz x 1 us 181 MeV linac + RCS 
FNAL MI 400  120 9.4 us every 2.2 s Linac + RCS 
CERN SPS 470 400 4.4 s cycle length linac + 2 stage RCS 
SNS   1,200 0.94 60 Hz linac + accumulator 
PSI 1,300 0.59 CW 2 stage cyclotron 
 
 

Table 2: Parameters of Planned Upgrades for Existing Accelerator Facilities 
 

Facility Max. Power 
(kW) 

Energy 
(GeV) 

Time Structure Accelerator Type 

FNAL MI + ANU 700 120 9.4 us every 1.33 s Linac + RCS 
J-PARC MR (FX) 750 30 0.4 Hz  x 5 us 3 GeV into RCS 
CERN SPS 750 400 4.4 s cycle length linac + 2 stage RCS 
LANSCE area A 800 0.8 120 Hz x 625 us linac 
J-PARC RCS 1000  3 25 Hz x 1 us  181 MeV linac + RCS 
SNS   2800 1.3 60 Hz  linac + accumulator 
 
 

Table 3: Future High Power Proton Accelerators 
 

Facility Max. Power 
(kW) 

Energy 
(GeV) 

Time Structure Accelerator Type 

ESS 5 2.0 50 Hz x 2.5 ms SRF linac + accumulator 
CERN with SPL 4 5 50 Hz x 6 bunches SRF linac + RCS 
Project-X  
(stage 1+2) 

3 3 CW linac /accumulator CW SRF linac + 
accumulator 

Project-X 
(stage 3) 

2.3 60-120 10
-5 

duty factor + pulsed 8 GeV SRF 
linac + RCS 

MYRHHA 2.4 0.6 CW SRF linac 
Daedalus 3 0.8 60 Hz  2 stage cyclotron 
 
 
 
 

Planned Upgrades 
Many of the existing accelerator facilities have plans for 
further power increases, and these are shown in Table 2.  
Here we consider upgrades being considered in the next 
5-10 years with some active development effort. There 
are several MW class applications appearing, with the J-
PARC upgrade, and several of the high-energy 
(> 10 GeV) RCS chains approaching the 1 MW level.  
 

Future Facilities 
Finally, future proton accelerators with at least 1 MW 
beam power and an on-going design or development 
effort are shown in Table 3. Interestingly, 

superconducting RF linacs play a prominent role in all 
cases, except Daedalus. Also, the beam energy in most 
cases is lower than those in Tables 1-2.  

R&D Needs 
Each specific high power project and application has 

unique development needs, but there are certain 
overarching common needs. A key consideration is 
management of beam loss to very low fractional levels 
when operating at or above 1 MW. The rule of thumb for 
hands-on maintenance (a necessary condition to make 
these accelerators affordable) is keeping beam loss below 
1 W/m, which translates to < 1 part in 106 for 1 MW at 
full energy. Measuring beam profiles and emittance in the 
full 6-D phase space to this level is beyond present day 
capabilities. Improvements are needed in increased 
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dynamic range for instrumentation and novel methods to 
measure the multi-dimensional phase space. Also, 
simulations cannot predict beam behaviour to this level. 
At present tuning for beam loss mitigation is largely an 
empirical exercise in high power facilities [8]. Significant 
advances in simulation are needed to directly use 
modelling tools for loss tuning (beyond machine design). 
As mentioned above, even low loss that does not 
introduce machine activation at SNS can cause equipment 
damage.  

Another common area of concern for high power 
proton accelerators is designing a survivable target. 
Generally the targets are made as small as possible to 
provide an intense secondary beam, but this necessarily 
forces high hear loads, high radiation damage rates etc. As 
mentioned above for the pulsed SNS case there are 
cavitation issues. These high power targets require remote 
maintenance techniques for replacement and repair, and 
the possible activities are thus quite limited. In addition, 
construction and operation costs (e.g. spent target 
disposal) are considerable and need to be considered up 
front, along with the accelerator.  

For the superconducting RF accelerators there are RF 
development needs. Generally the beam energy is quite 
low compared to linear collider applications, so the need 
to increase gradients to reduce the linac length is not as 
severe. However for the pulsed SRF applications, 
development of high power coupler and reduced cost high 
availability high peak power RF power sources are 
needed.  For the CW applications, production of cavities 
with low Q is needed to minimize cryogenic loads.  

For cases with ring injection, new charge exchange 
injection techniques need to e developed. Typically 10-4 of 
the beam is lost in an optimized foil stripping injection. 
As the beam powers increase, this localized beam loss 
may become intolerable. Also for cases with long 
injection times, the foil scattering in the circulating beam 
can cause intolerable emittance growth. Laser stripping 
[9] is an attractive alternative, but requires significant 
development.  
Chopping beam gaps at low energy is needed for some 

multi-purpose accelerator applications to facilitate beam 
transfer to different targets / accelerator chains and to 
provide user desired timing characteristics. The chopping 
is planned for the micro-bunch time-scale at low energy 
for the Project-X case [10], and  must be done at an 
extremely high efficiency to guarantee low loss at higher 
energy. These techniques remain to be proven. 

Finally, for some applications high reliability is a major 
consideration. Traditional nuclear and high energy 
physics high power accelerator applications can tolerate 
short outages (hours – days),  as they typically have single 
purposes with long collection periods (years). However 
the neutron scattering and accelerator driven systems 
(ADS) have more stringent reliability issues. Areas such 
as automatic recovery from failed RF stations and dual 
front-end systems are discussed, but remain to be 
demonstrated in operational conditions.  

REFERENCES 
 
[1] M.P. Stockli et al., Rev. Sci. Instrum. 85 (2014), to be 

published. 
[2] S. Kim et al., “Stabilized operation of the Spallation 

Neutron Source radio-frequency quadrupole,” Phys. 
Rev. ST Accel. Beams, 13, (2010), 7. 

[3] S. Kim et al., “The Status of Superconducting Linac 
and SRF Activities at  the  SNS,” to be published, 
Proceedings of the International Conference on RF 
Superconductivity, 2013, Paris France.  

[4] W. Blokland and C. Peters, “A New differential and 
Errant Beam Current Monitor for the SNS 
Accelerator,” submitted to International Beam 
Instrumentation Conference 2013 (IBIC’13), Oxford, 
England, September 2013. 

[5] T.J. McManamy et al., Overview of the SNS target 
system testing and initial beam operation experience,  
Journal of Nuclear Materials, Vol. 377, p. 1, Elsevier 
(2008). 

[6] B. Riemer et al., “High Power Proton Accelerators 
and Spallation Targets,” Proceedings of the 11th 
Meeting on  Nuclear Applications of Accelerators, 
Bruges Be, to be published.  

[7] J. Galambos, S. Nagaitsev, M. Bei, “High Intensity 
Secondary Beams Driven by Protons,” 
http://arxiv.org/abs/1308.4719  

[8] M. Plum et  al., “Summary of the Working Group on 
Commissoning and Operation,” Proceedings of 
HB2012, Beijing, China, 2012, 
http://accelconf.web.cern.ch/AccelConf/HB2012/pape
rs/fro1b01.pdf  

[9] See contributions of the 3rd Mini-workshop on laser 
stripping and accelerator applications, laser stripping 
workshop, 
https://indico.fnal.gov/conferenceDisplay.py?confId=

[10] S. Holmes et al., Project X Reference Design  Report, 
http://projectx-docdb.fnal.gov/cgi-
bin/ShowDocument?docid=776  

 

“
”

6855  

Proceedings of PAC2013, Pasadena, CA USA FRYAA1

04 Hadron Accelerators

A14 - Neutron Spallation Facilities 1447 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



THE EUROPEAN SPALLATION SOURCE

Mats Lindroos∗, Mohammad Eshraqi and David McGinnis, ESS AB, Lund, Sweden

Abstract

The European Spallation Neutron Source project in-

cludes a 5 MW superconducting linac, and aims for initial

operation at 1.5 MW in 2019 with 5 MW capacity installed

for 2023. Design considerations including the work done

to find the minimum cost for preserved beam power will be

discussed. This will include discussions on lessons learnt

from SNS regarding e.g. superconducting RF performance

and RF power sources. The design and construction plans

and status will be described.

NEUTRON USAGE AND HISTORICAL

BACKGROUND

The neutron beams are being used extensively in science

and industry to investigate the properties of matter. The

beams of neutrons are used to monitor the structure of the

matter in atomic levels using scattering methods. These

methods give a high precision information about matter and

the high penetration property of neutron makes it the only

probe for these measurements.

Most existing neutron sources in Europe are based on

nuclear reactors. This approach has been taken to its lim-

its set by both technical issues such as cooling but also by

licensing which is non-trivial for any facility using fissile

material. Compared to existing spallation sources ESS will

be 30 times brighter and it will be the first spallation source

with a time averaged flux of neutrons as high as the best

research reactors. Europe has today over 5000 researchers

who use neutrons and this community is asking for a new

intense source of neutrons.

The need for the European Spallation Source (ESS) [1]

was articulated 20 years ago but a decision to build it in

Lund in Sweden was only taken in May 2009. A series of

meetings organized in 1991 and 1992 by Forchungszen-

trum Jülich (FZ-J) and Rutherford Appleton Laboratory

(RAL) explored the basis for an advanced accelerator

driven pulsed spallation source, which later formed the ba-

sis for the specification for ESS [2]. The decision to site it

in Lund was the final stage of a process initiated by the Eu-

ropean Commission and steered by the European Strategy

Forum on Research Infrastructures (ESFRI). ESFRI was

created in 2002 and is a strategic instrument of EC to de-

velop the scientific integration of Europe and to strengthen

its international outreach [3].

∗mats.lindroos@esss.se

THE ESS FACILITY

The spallation cross section for protons on heavy nuclei

increases as a function of proton energy up to several tens

of GeV [4]. Nonetheless it is generally agreed that a ki-

netic proton energy between 1-3 GeV is optimal for practi-

cal target and moderator designs, and in order to keep the

shielding requirements reasonable.

The ESS accelerator design has gone through several

evolutions. In 2002 a fully normal conducting design was

proposed [5] in parallel to a pre-dominantly superconduct-

ing design derived from the CONCERT project [6]. In 2003

a new design was presented [2] with two front-ends con-

sisting of ion-source, Radio Frequency Quadrupole (RFQ)

and a Drift-Tube Linac (DTL) up to 20 MeV. The beams

of the two front-ends were merged at 20 MeV and further

accelerated in normal conducting structures up to 400 MeV

and superconducting structures up to 1334 MeV. The facil-

ity had both a long pulse target station and a storage and

accumulation ring for a short pulse target. To enable low

loss injection into the accumulator ring H− ions were pro-

posed to be accelerated at a total beam power of 10 MW.

In 2009, the competing ESS-Bilbao [7] team and the ESS-

Scandinavia [8, 9] team both proposed a simplified 5 MW

design with protons accelerated to 2.5 GeV by a mostly

supercondcting linac with only one front-end to avoid the

complex merging stage and higher beam energy to lower

the required beam current. The requirement for a short

pulse target station was also dropped to reduce cost. This

makes it possible to accelerate H+ ions, which should re-

duce losses due to intra-beam stripping of H− ions and sim-

plifies the ion source design.

The last design iteration was undertaken after cost ob-

jectives were set in autumn 2012. The main changes were:

i) the implementation of energy staging to ease installation

and commissioning, ii) the removal of cryomodules with

RF systems and compensate by using operational experi-

ence from SNS and run the linac more aggressively, iii) the

removal of additional cryomodules with RF systems and

compensate by increasing the peak field in the cavities from

40 MV/m to 45 MV/m and iv) introducing new Multi Beam

(MB) IOT technology for the high beta linac RF system in

the baseline. For the staged commissioning the plan is to

start with 1.5 MW in 2019 and complete remaining instal-

lation of linac to 2.0 GeV to provide 5 MW of beam by

2022. The staging doesn’t only leave more time for instal-

lation but it also creates more time for the development of

MB-IOTs.

As a result of this series of optimization and iterations

the ESS linac beam current is proposed to be 62.5 mA and

the final energy is fixed to 2.0 GeV to provide 125 MW of
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peak power to the target. More than 95 % of acceleration

is done in superconducting structures. The linac acceler-

ates a 2.86 ms long pulse with a repetition rate of 14 Hz,

resulting in a 4 % duty cycle and giving an average beam

power of 5 MW with a high demand on availability of the

facility (>95 %). The former two parameters are set by the

experiments, instrument design and scientific performance

of ESS.

The ESS has the ambitious goal of becoming a sustain-

able research facility with zero release of carbon dioxide.

This will be achieved through a combination of actions, but

with the linac being the most energy hungry part of ESS,

the energy efficient design of the RF power sources, the

cryogenics systems and high-Q cavities are important is-

sues.

THE ESS LINAC

The configuration of the current baseline linac is shown

schematically in Fig. 1, and selected linac parameters are

listed in Tab. 1 [10].

Figure 1: Top: Scaled Layout of ESS. The normal con-

ducting structures are indicated by warm colors and the

blue themes sectors indicate the superconducting struc-

tures. From left: Ion source, LEBT, RFQ, MEBT, DTL,

Spoke, Medium β, High β, and HEBT (consisting of Con-

tingency and beam transport, Dogleg, and Expander). Bot-

tom: blob layout of the ESS linac.

The warm linac design has been done in a collaboration

consisting of ESS, INFN Catania, CEA Saclay, ESS-

Bilbao and INFN Legnaro, the superconducting cavities

and their cryomodules are developed at IPN Orsay and

CEA Saclay, and the HEBT is designed by ISA in Aarhus.

A proton beam of less than 80 mA is produced in a

pulsed microwave-discharge source on a platform at 75 kV.

A low-energy beam transport, LEBT, with two solenoid

magnets as focusing elements brings the beam to the en-

trance of the RFQ. The LEBT has a chopper that cuts away

the beam while the proton pulses from the ion source stabi-

lize, preventing a beam with off-nominal parameters from

being accelerated in the RFQ and lost at high energy. The

4-vane RFQ accelerates the beam to 3.6 MeV with small

losses and a minimal emittance growth. It is designed

specifically for ESS but it is based on the IPHI RFQ at

Saclay. The RF frequency of the RFQ and the warm linac

is 352.21 MHz. After the RFQ there is a medium-energy

beam transport, MEBT, with three buncher cavities and

11 quadrupole magnets. The MEBT has several different

functions: it has optics to match and steer the beam from

the RFQ into the drift-tube linac, it has a comprehensive set

of beam-instrumentation devices, it has a chopper which

acts faster than the LEBT chopper since space-charge neu-

tralization is not an issue in the MEBT, and it allows colli-

mation of the transverse particle distribution. A drift-tube

linac, DTL, with five tanks which each are ≤8.0 m long

takes the beam from 3.6 MeV to 90 MeV. It has a FODO

structure with permanent-magnet quadrupoles. Every sec-

ond drift tube is empty or used for steering magnets and

beam-position monitors.

Figure 2: Spoke cavity cryomdoule for ESS

Figure 3: Elliptical cavity cryomdoule for ESS

The superconducting linac has three types of cavities:

double-spoke resonators, six-cell medium-beta elliptical

cavities and five-cell high-beta elliptical cavities. The linac

has 13 spoke cryomodules (see Fig. 2) with two double-

spoke resonators in each, and between the cryomodules

there are warm quadrupole doublets. The spoke resonators

operate at 352.21 MHz like the warm linac, but then there

is a frequency doubling to the 704.42 MHz at the ellipti-

cal cavities. There are a total of 30 elliptical cavity cry-

omodules (see Fig. 2) with 9 medium-beta cryomodules

with four cavities in each and 21 high-beta cryomodules

with four cavities in each. There are quadrupole dou-

blets between every cryomodule. The period length in the

medium-beta and high-beta section is exactly the same to

allow swapping the cryomodules in case of low performing

medium-beta cavities.

Proceedings of PAC2013, Pasadena, CA USA FRYAA2

04 Hadron Accelerators

A14 - Neutron Spallation Facilities 1449 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Table 1: ESS Linac Parameters

Energy (MeV) No.modules No.cavities βG T (K) LPeriod (m)

Source 0.075 1 0 – ∼ 300 –

LEBT 0.075 – 0 – ∼ 300 –

RFQ 3.6 1 1 – ∼ 300 Not fixed

MEBT 3.6 – 3 – ∼ 300 Not fixed

DTL 90 5 5 – ∼ 300 Not fixed

Spoke 220 13 26 0.50∗ ∼ 2 4.14

Medium β 570 9 36 0.67 ∼ 2 8.28

High β 2000 21 84 0.86 ∼ 2 8.28

HEBT 2000 – 0 – ∼ 300 Not fixed
∗ βopt

All accelerating structures will be powered by klystrons or

IOTs, except the spoke resonators where tetrodes might be

used. The possibility of using Solid State Amplifiers is

still under study. With one klystron per elliptical cavity

plus a few for the warm linac, there will be more than 120

large tubes and more than 60 modulators depending on how

many tube each modulator is feeding. A tube could be a

klystron, an IOT or a tetrode. The density of components

in the klystron building would become too high if these

were to be positioned linearly. Instead they will be located

in groups of eight klystrons and four modulators across the

klystron building Fig. 4.

After the last cryomodule there is the contingency and

Figure 4: The ESS RF sources in and the RF waveguide

stub lay-out. The 3D view on top and the view from top on

bottom.

upgrade section where additional cryomodules can be in-

stalled to compensate for a shortfall in linac performance

and/or a power upgrade of the facility. The additional tun-

nel would also make it possible to bend the beam out for a

second target station.

Then the beam is brought from the tunnel to the spal-

lation target at the surface through two vertical bends and

an expansion section. A raster scanning system is used to

blow the beam up onto the desired profile of the proton-

beam window and the target window.

RF SOURCES

The vast majority of structures in the ESS linac are su-

perconducting cavities, therefore the dominant feature of

the ESS RF system is the number of RF stations. The enor-

mous gradients in the superconducting cavities is strong

enough to deform the 4 mm thick niobium cavities by ex-

erting a significant radiation pressure. This deformation is

called Lorentz detuning and must be compensated, other-

wise the deformed cavity will resonate at a different fre-

quency which will destroy beam quality and induce losses.

To handle variations in cavity coupling and Lorentz detun-

ing there is one RF power amplifier per superconducting

resonator; totaling 146 individual RF stations for the su-

perconducting cavities. The core of each RF station is an

RF power amplifier which is typically a klystron. For the

high beta section of the linac consisting of 84 stations, the

peak power required for the cavities is 1100 kW, Fig. 5.

Figure 5: Power profile in the superconducting linac of the

ESS, the three section divided by vertical dotted lines are

the spoke, medium beta and high beta section.
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Even though the loaded Q of the cavities is quite low

(7 × 10
5) to compensate for heavy beam loading, the

Lorentz detuning for ESS can be quite severe. Without any

Lorentz-detuning compensation, the resonant frequency of

the cavities could shift up to 400 Hz. The bandwidth of

the cavity in the absence of the beam, the unloaded cav-

ity bandwidth, is 0.07 Hz, and the bandwidth in the pres-

ence of beam is almost 1 kHz. Comparing to the number

of oscillation of the RF wave during the 2.86 ms of pulse

length one can calculate that even this small difference in

frequency can shift the RF wave with respect to bunches

by more than one whole RF period. In addition, the beam

pulse for the ESS linac is very long and is about a factor

of three longer than the mechanical response time of the

cavity to the Lorentz detuning. Other methods like pre-

detuning of the cavity as done in the SNS linac is not suf-

ficient in the case of ESS. To save on RF power overhead

and maintain the beam quality, all superconducting cavities

will be equipped with fast piezo-electric tuners to negate

the Lorentz detuning of the cavities.

The klystrons are operated 30 % below the maximum

saturated power so that variations in the RF system such

as modulator droop, cavity coupling, residual Lorentz de-

tuning, and power loss in the waveguide distribution sys-

tem can be compensated. Also part of the overhead is used

for stable regulation of the feedback loop. The target ef-

ficiency of the klystrons at maximum saturated power is

60 % which will give an operational efficiency of about

45 %. The required maximum saturated power for the

klystrons is 1.5 MW. For stability, reliability and economic

reasons, the klystrons will be powered in the pulsed cath-

ode configuration.

The klystrons are energized using modulators. The mod-

ulators must supply a 3.5 ms long pulse at a rate of 14 Hz.

The cathode voltage for each klystron is about 100 kV with

a peak current of about 20 Amperes. For a modulator ef-

ficiency of 90 % and a power factor of 0.9, 120 kVA will

be required for each klystron. For economical and space

reasons, it has been decided to power two klystrons per

modulator which limits the required power per modulator

to 240 kVA. To handle the long pulse length of 3.5 ms,

the modulators will implement solid-state switches at rela-

tively moderate voltages and the output voltage pulse will

be stepped up by a pulse transformer or equivalent technol-

ogy.

The regulation of each RF system will be done indepen-

dently with the low level RF system. Using modern digital

technology, most of the regulation will be done with adap-

tive feed-forward algorithms. Feedback regulation will

play a secondary role to the adaptive feed-forward so the

required power overhead can be minimized.

With the large number of RF systems, it will be un-

economical for the high power waveguide of each RF sys-

tem to have its own penetration to the tunnel. ESS will use

a “stub” concept for distributing 16 RF systems into the

tunnel as shown in Fig. 4. The stubs will provide access to

additional conventional services such as water and power

as well. In addition, the radiation shielding issues are best

handled with the stub concept.

ESS is also considering the use of Inductive Output

Tubes (IOTs) in place of klystrons for the high beta sec-

tion of the linac. IOT shows the promise of high efficiency

and much lower capital cost. IOTs can be thought of as

a cross between klystrons and tetrodes. As in tetrodes,

IOTs employ a grid to control electron flow from cathode

to collector. These grids are very robust with the advent

of pyrolithic carbon technology. Since IOTs are gridded

tubes, no pulsed modulation system is needed to energize

the cathode. This eliminates costly high voltages switches

in the power supply for the IOT. Also a gridded tube can

be run in deep class C that can produce very high efficien-

cies (less than 70 %). Also IOTs do not exhibit the severe

saturation effect of klystrons. This permits the operation of

IOTs at the maximum rated power in feedback loops which

increases the efficiency of the RF system significantly. It is

estimated that 3-4 MW of power consumption can be saved

if klystrons are replaced by IOTs. Like klystrons, IOTs use

a resonant output cavity to efficiently couple power from

the electron beam at high frequencies. However the gain

of an IOT is much lower than a klystron because an IOT

uses a single output cavity while a klystron may employ 4-

5 stages of cavities. With the advent of low cost solid stage

RF amplifiers as pre-drivers, the high gain provided by

multi-cavity klystrons is not required. Because of this low

gain, IOTs require cathode voltages on the order of 35 kV

as compared to 100 kV for high gain klystrons. The lower

cathode voltage also reduces the cost of the power supply

that energizes the IOT. Current estimates for a power sup-

ply for an IOT is 60 % the cost of a klystron modulator

of comparable power. Currently there are no commercially

available IOTs for the ESS power range. However there

has been very good progress made in higher order mode

multi-beam IOTs in which power levels of 1 MW have been

achieved [11]. For a more detailed discussion on the ESS

RF system and the potential of IOTs we refer to [12, 13].

SUMMARY

The European Spallation Source to be built in Lund will

be the most powerful linac worldwide. Design and con-

struction of ESS is done through an international collabo-

ration and benefits from the experiences of the similar facil-

ities. The construction of the ESS will start in 2014 and the

accelerator will be operational in 2019. The beam power

will be increased after the start up and will reach its nomi-

nal value of 5 MW by 2025 and scientists will be welcomed

to perform experiments at the facility.
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Abstract 

The Facility for Rare Isotope Beams (FRIB) is based on 
a continuous-wave superconducting heavy ion linac to 
accelerate all the stable isotopes to above 200 MeV/u with 
a beam power of up to 400 kW. At an average beam 
power approximately two-to-three orders-of-magnitude 
higher than those of operating heavy-ion facilities, FRIB 
stands at the power frontier of the accelerator family - the 
first time for heavy-ion accelerators. To realize this 
innovative performance, superconducting RF cavities are 
used starting at the very low energy of 500 keV/u, and 
beams with multiple charge states are accelerated 
simultaneously. Many technological challenges specific 
for this linac have been tackled by the FRIB team and 
collaborators. Furthermore, the distinct differences from 
the other types of linacs at the power front must be clearly 
understood to make the FRIB successful. This report 
summarizes the technical progress made in the past years 
to meet these challenges. 

INTRODUCTION 
During the past decade, facilities like the Spallation 

Neutron Source (SNS), the Japan Proton Accelerator 
Research Complex (J-PARC) and the PSI accelerator 
advanced the frontier of proton beam power by an order 
of magnitude to 1 MW level (Fig. 1) [1]. On the other 
hand, facilities for heavy ions has been at the 1 kW level 
of average beam power. FRIB currently designed and 
ready for civil construction at the Michigan State 
University will advance the frontier of heavy-ion beam 
power by two-to-three orders-of-magnitude to 400 kW.  

On August 1, 2013, the Department of Energy’s Office 
of Science approved Critical Decision-2 (CD-2), Approve 
Performance Baseline, and Critical Decision-3a (CD-3a), 
Approve Start of Civil Construction and Long Lead 
Procurements, for the FRIB construction project. The 
Total Project Cost for FRIB is $730M, of which $635.5M 
will be provided by DOE and $94.5M will be provided by 
Michigan State University.  The project will be completed 

by 2022. “When completed, FRIB will provide access to 
completely uncharted territory at the limits of nuclear 
stability, revolutionizing our understanding of the 
structure of nuclei as well as the origin of the elements 
and related astrophysical processes.” 

 
Figure 1: Average beam power as a function of the kinetic 
beam energy for various operating and proposed proton 
and heavy-ion accelerator projects. 

 
The FRIB driver accelerator is designed to accelerate 

all stable ions to energies > 200 MeV/u with beam power 
on the target up to 400 kW (Table 1) [2]. As shown in Fig. 
2, the driver accelerator consists of Electron Cyclotron 
Resonance (ECR) ion sources; a low energy beam 
transport containing a pre-buncher and electrostatic 
deflectors for machine protection; a Radiofrequency 
Quadrupole (RFQ) linac; linac segment 1 (with Quarter-
wave Resonators (QWR) of β0=0.041 and 0.085) 
accelerating the beam up to 20 MeV/u where the beam is 
stripped to higher charge states; linac segments 2 and 3 
(with Half-wave Resonators (HWR) of β0=0.29 and 0.53) 
accelerating the beam > 200 MeV/u; folding segments to 
confine the footprint and facilitate beam collimation; and 
a beam delivery system to transport to the target a tightly 
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focused beam. The reaccelerator (ReA) consists of similar 
β0=0.041 and 0.085 accelerating structures [3]. 

Table 1: FRIB Accelerator Primary Parameters 

Parameter Value Unit 

Primary beam ion species H to 238U  

Beam kinetic energy on target > 200 MeV/u 

Maximum beam power on target 400 kW 

Macropulse duty factor 100 % 

Beam current on target (238U) 0.7 mA 

Beam radius on target (90%) 0.5 mm 

Driver linac beam-path length 517 m 

Average uncontrolled beam loss < 1 W/m 

 

 
Figure 2: Layout of the FRIB driver accelerator. 

DESIGN PHILOSOPHY 
Full-energy linac technology is chosen to deliver 

primary beam that can meet the FRIB requirements of 
rare-isotope productivity and separation accuracy. Up to 
400 kW of beams are focused to a diameter of 1 mm 
(90%), energy spread of 1% (95% peak-to-peak), and 
bunch length of < 3 ns (95%) on the target.  

Superconducting (SC) technology is the energy-
efficient choice for the CW linac. SC acceleration of 
heavy-ion beams is feasible from low energy (500 keV/u) 
with practically sized cavity bores by housing both the 
cavities and solenoids in a cryomodule. A two-gap 
scheme is chosen throughout the entire linac providing 
both efficient acceleration and focusing. Developments of 
digital low-level RF control and solid-state RF amplifier 
technologies have made individual cavity powering and 
control reliable and cost efficient.  

Furthermore, high availability, maintainability, 
reliability, tunability, and upgradability are especially 
required for the FRIB accelerator to operate as a national 
scientific user facility. 
 Availability: The accelerator is designed with high 

beam-on-target availability accommodating normal, 
alternative, and fault scenarios. In the normal 
scenario, a liquid lithium stripper is used to raise the 
average charge state of 238U beam to 78+ for efficient 

acceleration. Alternatively, helium gas confined by 
plasma windows with differential pumping can be 
used to strip the 238U beam to a lower average charge 
state of 71+. Fault scenarios include the situation 
when superconducting (SC) cavities underperform 
by up to 20% of the design gradients. Furthermore, 
key components and subsystems are implemented 
with spares and design redundancies. 

 Maintainability: The average uncontrolled beam loss 
is limited to below 1 W/m level for all ion species 
from proton to uranium, to facilitate hands-on 
maintenance. For a proton beam at high energy, this 
level corresponds to an average activation of about 1 
mSv/h measured at a distance of 30 cm from the 
beam chamber surface, 4 hours after operations 
shutdown. For heavy ions like uranium at low 
energies, activation and radiation shielding is of less 
concern; the 1 W/m limit addresses concerns in 
damage on superconducting cavity surfaces and in 
cryogenic heat load. To facilitate maintenance of 
individual cryomodules, warm interconnect sections 
are used between cryomodules, and U-tubes with 
bayonet connections are used for cryogenic 
distribution. Furthermore, identical, interchangeable 
cryomodules are used for each  type of the cavities. 

 Reliability: A Machine Protection System (MPS) 
minimizes component damage and operational 
interruption caused by both acute (fast) and chronic 
(slow) beam losses. Upon acute beam loss, the MPS 
response time is 35 s (including diagnostics, signal 
processing, and residual beam dumping). MPS 
responding to slow beam loss is complicated by low 
sensitivity of conventional ion chamber loss 
detection to low-energy heavy ions and beam-loss 
signal background from adjacent linac segments with 
which beam energies are significantly different. 
Beam-halo-monitor rings in the warm interconnect 
sections and possible thermal sensors at cold regions 
are planned for more sensitive loss detection [4]. 

 Tunability: The accelerator is designed to be easily 
tunable during both beam commissioning and 
operations.  In linac segment 1, where beam 
transverse-phase advance is large, cold beam-
position monitors (BPM) are implemented in the 
cryomodules. Efforts are made in establishing beam-
tuning strategies based on virtual accelerators and 
on-line models under normal and fault conditions. 

 Upgradeability: Space is reserved in linac segment 3 
to house another 12 cryomodules to readily increase 
the energy of 238U beam > 300 MeV/u. If cavities 
with 35% higher accelerating gradient are used in 
linac segments 2 and 3, the beam-on-target energy 
can be raised > 400 MeV/u for 238U. The linac tunnel 
allows future expansion so that a dedicated light-ion 
injector can be added supporting rare isotope 
production using the isotope separation on-line 
(ISOL) method [2]. Using an RF deflector cavity and 
a Lambertson septum magnet, 3He+ beam supplying 
protons to the ISOL target can share cycle with the 
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238U beam feeding the fragmentation target; thus 
simultaneous users are supported. Furthermore, 
space is reserved to house instrumentations including 
non-destructive diagnostics and sub-harmonic 
buncher that are compatible with future user 
demands of experiments. 

ACCELERATOR PHYSICS CHALLENGES 
The FRIB accelerator design combines the complexity 

of heavy ion accelerators with the engineering challenges 
of high-power accelerators. Due to the low charge-to-
mass ratio, heavy ion acceleration is often not efficient. 
Uncontrolled beam loss, which usually is not an issue for 
low-power heavy ion machines, is of primary concern for 
the FRIB accelerator. Comparing with high-power proton 
machines like the SNS linac where apertures of the 
elliptical SC cavities are large and beam amplitude 
reaches maxima in the warm locations of the focusing 
quadrupole magnets, the apertures of the FRIB QWR and 
HWR accelerating structures are small and beam 
amplitude reaches maxima in the cold solenoid locations 
inside cryomodules. Requirements on beam halo 
prevention, detection and mitigation are stringent.  

To maximize beam intensity on the target, beams of 
multiple charge states are accelerated simultaneously (2 
charge states of 33+ and 34+ before stripping, and 5 
charge states of 76+ to 80+ after stripping for 238U). 
Bends of second-order achromatic optics are used to fold 
the beams, and cavity phases are adjusted so that beams 
are longitudinally overlapping at the charge stripper.  

Conventional charge strippers like solid carbon foils are 
not sustainable at the power of a 238U beam at 17 MeV/u 
during normal operations. FRIB accelerator lattice needs 
to accommodate beam acceleration of different charge 
states resulting from various stripping methods including 
liquid lithium and helium gas (average charge state from 
63+ to 78+ for 238U). Buncher cavities of fundamental 
(80.5 MHz and 322 MHz) and double (161 MHz) linac 
RF frequencies are strategically placed in the folding 
segments to preserve beam quality. 

Due to the short stopping distance in surrounding 
materials, uncontrolled beam loss of the low-energy 
heavy ions can cause damage to the surface of 
accelerating structures much more easily than a proton 
beam. On the other hand, due to the low level of radio-
activation, losses of low-energy heavy-ion beams are 
difficult to detect [4]. Beam-loss detection and machine 
protection often rely on beam scraping. On the other 
hand, scraping of partially stripped ions may lead to 
higher ionization further complicating beam collimation 
and machine protection.  

Due to requirements of frequent transverse focusing in 
the superconducting acceleration structure, solenoids are 
placed inside cryomodules adjacent to cavities. Alignment 
tolerance of these solenoids is ±1 mm under cryogenic 
conditions. Horizontal and vertical steerers are needed to 
thread the beam and correct the beam orbit.   

Stringent beam-on-target requirements demand tight 
optical control, error control, and advanced beam 

diagnostics. The primary beam of 400 kW needs to be 
focused into a diameter of 1 mm with below ±5 mrad 
transverse angular spread. The desired range of beam 
power variation on target is 8 orders of magnitude. Orbit 
stability needs to be controlled at 0.1 mm level. 

TECHNOLOGY CHALLENGES 

Charge Stripper 
The FRIB baseline design of charge stripping is a liquid 

lithium film moving in front of the beam at high speed of 
about 50 m/s. During the last couple of years the stability 
of a thin liquid film with the correct thickness for the 
FRIB stripper was achieved at ANL. Tests with a proton 
beam produced by the LANL LEDA source were 
conducted in 2013 demonstrating that power depositions 
similar to the FRIB uranium beams could be achieved 
without destroying the liquid film (Fig. 3) [5]. 

 

 
Figure 3: Liquid lithium film flowing at high speed (~ 50 
m/s) intercepting a proton beam of about 60 kV at ANL. 
The test produced power deposition densities similar to 
the FRIB uranium beams.  

 
An alternative option for the stripper consisting of a 

helium gas cell enclosed by plasma windows was 
considered. The BNL work has demonstrated that a 
conductance reduction of about 10 can be obtained with 
an aperture of 6 mm diameter [6]. 

Superconducting RF 
FRIB driver linac is the first full-size SC linac using a 

large number (340) of low-β cavities. Cavity design is 
optimized not only for optimum performance but also for 
low production cost. This requirement guided the choice 
of the cavity geometries, materials and mechanical 
solutions, avoiding complicated shapes, minimizing the 
amount of electron beam welds, eliminating bellows, 
optimizing construction and surface treatment procedures. 
All FRIB cavities work with superfluid helium at 2 K. 
This innovative choice in a low-β linac allows operation 
of cavities in stable pressure conditions with high safety 
margin on the maximum surface fields. 

  After several years of development, the 2nd generation 
QWR prototypes are used in the ReA3 (7 of β0=0.041 in 
operation and 8 of β0=0.085 in construction). This cavity 
type underwent modifications including the displacement 
of the RF coupler from the bottom plate to the resonator 
side and an increased distance between the tuning plate 
and the inner conductor tip to remove a critical thermal 
problem in the design. The new tuning plate includes slots 
and undulations to increase its maximum elastic 
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displacement and thus its tuning range, and a “puck” 
whose length can be adjusted for cavity tuning before 
final welding [7]. The 11 2nd generation prototypes of 
β0=0.085 QWR have been tested in vertical dewars at 2 K 
exceeding FRIB design specifications (Fig. 4a). 

 
Figure 4: Q0 vs. Eacc performance tested at 2 K for (a) 
0=0.085 QWR prototypes used in the ReA3, and (b) the 
prototype and pre-production 0=0.53 HWR. 

After testing 5 units of 2nd generation HWR prototype, 
the first production-design, 3rd generation β0=0.53 HWR 
fabricated by an industrial supplier was tested in vertical 
dewars at 2 K exceeding FRIB design specifications (Fig. 
4b). The 3rd-generation design optimization resulted in 
significant improvement of peak fields Ep/Eacc, Bp/Eacc 
and shunt impedance Rsh, with consequent reduction of 
the overall linac cost and operational risk. Ep and Bp in 
operation are below the safe values of 35 MV/m and 70 
mT in all cavities. The apertures of all QWRs were 
enlarged from 30 to 36 mm, and their bottom rings were 
modified for efficient tuning-plate cooling using a low-
cost design. In all cavities, the helium vessel is made of 
titanium to avoid brazed Nb-to-stainless-steel interface. 

A “Technology Demonstration Cryomodule” was 
developed consisting of 2 β0=0.53 HWRs operating at 2 K 
and a 9 T solenoid operating at 4.5 K arranged in a “top-
down” configuration. The cryomodule was demonstrated 
excellent cryogenic and LLRF control stabilities. Local 
magnetic shielding was verified and adopted [8]. 

The FRIB cryomodule design has evolved significantly 
from the “top-down” ReA3 style to a “bottom-up” design 
(Fig. 5) [9]. An “Engineering Technology Cryomodule” 
containing the rail and support, vacuum, cryogenics for 
liquid nitrogen cooling and wire-position monitor was 

fabricated and successfully validated alignment 
requirements. Presently, the full-scale “bottom-up” 
prototype (ReA6 cryomodule) is under development 
starting with 2 production-design β0=0.085 QWRs, a 
solenoid, 2 K cryogenics and full shieldings. 

 

 
Figure 5: FRIB “bottom-up” cryomodule designs. The top 
cryomodule contains 8 β0=0.085 QWRs, 3 solenoids, and 
3 cold beam position monitors; the bottom cryomodule 
contains 8 β0=0.53 HWRs and a solenoid.  

ACQUISITION 
After project baseline, the FRIB project entered into its 

final design phase when detail-engineering designs are 
performed. While critical processing and assembly are to 
be performed in house, mass production by industrial 
providers is facilitated as much as feasible. The FRIB 
accelerator project plans to place more than 100 
procurements valued at more than $50k each. A 
procurement strategy is implemented for the best value to 
the FRIB project: 
 For most procurements multiple providers are 

identified and competitions encouraged through 
strategic Request for Information/Proposal processes. 

 FRIB evaluates how the project fits into the 
supplier’s total capabilities and long-term business 
plans to gauge supplier management’s commitment 
meeting production challenges. We develop long-
term supplier relationships for mass production. 
Phasing of procurements from prototypes to 
production sensitizes vendors to be able to 
successfully produce the unique components at 
reasonable prices. 

 Both FRIB technical and business staff works 
directly with the vendors’ understanding their 
individual risk concerns and proposing mitigations. 
Weekly teleconferences and frequent site visits are 
maintained for most active procurements. 
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So far, we have implemented this strategy to some 
major procurements including all the SRF material [8], 
the production of 174 β0=0.53 HRWs [9], part of the 
liquid helium refrigerator [10], and the RFQ [11]. 

COLLABORATION & PARTNERSHIP 
FRIB accelerator systems design has been assisted 

under work-for-others agreements by many national 
laboratories including ANL, BNL, FNAL, JLab, LANL, 
LBNL, ORNL, and SLAC, and in collaboration with 
many institutes including BINP, KEK, IMP, INFN, INR, 
RIKEN, TRIUMF, and Tsinghua University. 

The cryogenics system is designed in collaboration 
with the JLab cryogenics team. The refrigeration process 
incorporates the cumulative experience from both JLab 
and SNS cryogenic systems.  The recent experience 
gained from the JLab 12 GeV cryogenic system design is 
utilized for both the refrigerator cold box and the 
compression system designs.  The Floating Pressure 
Process – Ganni Cycle is to be implemented to provide 
efficient adaptation to the actual loads.  

The charge stripping system is under development in 
collaboration with the ANL Physics Division. We 
borrowed the LEDA ion source and LEBT from LANL to 
modify the optics to obtain a 3 mm diameter beam spot on 
the liquid-lithium film at MSU. Once the new optics is 
checked on a new platform that is matched to the ANL 
lithium loop, the device will be moved to ANL for the 
integrated test. BNL collaborated on the development of 
the alternative helium gas stripper. 

The SRF development benefited greatly from the 
expertise of the low- SRF community. FRIB is 
collaborating with ANL on the coupler and tuner 
developments, and assisted by JLAB on cavity processing 
and cryomodule developments. 

FUTURE PERSPECTIVES 
The FRIB accelerator design is advanced towards 

beginning technical construction in 2014. Early 
procurements before 2014 is strategically planned to 
establish the front end test stand to demonstrate critical 
components of the ECR ion source and the fully powered 
RFQ, to contract on long lead-time cryogenic 
refrigeration subcomponents, and to acquire SRF 
components to be assembled in the pre-production 
cryomodules. Upon fabrication, installation, and 
integrated tests, early beam commissioning will be staged 
from 2018 to 2020.  The facility is scheduled to meet key 
performance parameters supporting user operations before 
2022. We plan to reach full design capability in 4 years 
after the beginning of operations. Science driven upgrade 
options may be pursued at any stage of the project. 
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Abstract 

The Facility for Rare Isotope Beams (FRIB) is 
currently in the preliminary design phase at Michigan 
State University (MSU) [1]. FRIB consists of a driver 
linac for the acceleration of heavy ion beams, followed by 
a fragmentation target station and a ReAccelerating facili-
ty (ReA). While FRIB is expected to start commissioning 
in 2018, the first stage of ReA called ReA3 is already 
under commissioning [2, 3]. ReA was connected to the 
Coupled Cyclotron Facility at MSU in 2012 and has 
delivered its first radioactive ion beam to the 
experimental hall in 2013. An overview of the facility will 
be discussed. In addition, this paper focuses on the techni-
cal progress and first commissioning results with radioac-
tive ion beams. 

INTRODUCTION 
Nuclear science research requires reaccelerated radio-

active isotope ion beams in a range of kinetic energies 
from thermal energies to near 20 MeV/nucleon. Isotope 
Separation On-line (ISOL) and Projectile Fragmentation 
(PF) are the two most common methods used to produce 
high quality radioactive ions beams (RIBs) for the various 
nuclear science experiments. In the ISOL technique the 
RIBs are produced in a thick target from which they have 
to diffuse out before they can be ionized and used as 
radioactive beams. While this technique offers unmatched 

yields for a number of isotopes, chemically reactive iso-
tope are more difficult and slow to extract. 

Projectile fragmentation on the other hand can be used 
for a broad range of interesting nuclei, since the reaction 
products recoil out of the target in forward direction, 
which makes the production method chemically indif-
ferent. In order to separate the desired isotope from the 
bulk of the other reaction products, in-flight fragmen-
tation facilities are often combined with a high acceptance 
fragment separator [4]. This combination offers a versatile 
method to develop a wide range of isotopes in a short 
time. As an example, in the 10 years of operation of 
Coupled Cyclotron Facility at Michigan State University 
more than 1000 rare isotope beams have been produced 
and more than 870 have been delivered to users for 
experiments [5]. The energy however of those radioactive 
beams are close to the primary driver beam energy (80-
150MeV/nucleon) which can be too high for some 
nuclear physics experiments. 

The physics reach can be further enriched if such a faci-
lity is combined with a gas stopper and a re-accelerator. 
Then in addition to the fast RIBs of 50 to a few 
100MeV/u, high quality beams can be provided from the 
lowest energies of a few 10s of keV/nucleon (for trapping 
and spectroscopy experiments) to an energy range 
between a few 100 keV/nucleon and 20

 
Figure 1: Facility layout of the National Superconducting Cyclotron Laboratory with the Coupled Cyclotron Facility 
and the newly commissioned gas stopping area and reaccelerated radioactive ion beam capabilities[5]. 
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MeV/nucleon. The recently commissioned re-accelerator 
facility ReA is the first rare isotope post accelerator 
coupled to a projectile fragmentation facility. An 
overview of the Coupled Cyclotron Facility and the 
ReAccelerator Facility is shown in Figure 1 and a detail 
layout of ReA is shown in Figure 2. 

FACILITY OVERVIEW AND STATUS 
The first stage of the re-accelerator facility ReA3 

consists of a rare isotope beam stopping area, a transport 
section, a charge breeder, a compact SC-linac and a beam 
distribution system. In the stopping area, the rare isotopes 
are thermalized by using a combination of solid degraders 
with a linear gas cell [6]. After extraction, a low energy 
beam line [7] transports the 1+ or 2+ ions or molecules to 
the trapping areas and laser spectroscopy experiments, or 
to an Electron Beam Ion Trap (EBIT) [8, 9] for charge 
breeding and subsequent acceleration. The linac consists 
of a second off-line stable ion beam injector, a multi har-
monic buncher, a room temperature RFQ, a buncher cryo-
module (CM) and two low beta cryomodules with a total 
of fifteen superconducting cavities [2]. The last of the 
three cryomodules, designed for a beta equal to 0.085, is 
currently being assembled and is expected to be installed 
in July of 2014, after which phase 1 (ReA3) will be com-
pleted.  

ReA3 is nominally capable of accelerating ions with a 
charge-to-mass ratio Q/A=0.25 from 300 keV/u to 
3 MeV/u and for Q/A=0.5 from 300 keV/u to 6 MeV/u. In 
its final configuration ReA will consist of three buncher 
cryomodules, one �o=0.041 and four �o=0.085 
accelerating CMs with a total of 41 superconducting 
quarter wave cavities (funding proposal submitted). In 
this configuration, ReA will nominally provide heavy ion 
beams from 0.3 MeV/u to 12 MeV/u for the heaviest ions 
and energies from 0.3 MeV/u up to 20 MeV/u for light 
ions. Figure 3 shows the nominal energy range of the 
facility in the first phase, and the high energy upgrades 
with the three additional beta=0.085 cryomodules. The 

first of the three high energy cryomodules is currently 
under design (see section below) and is expected to be 
completed in 2015.  

  
Figure 3: Energy range of the ReAccelerator facility [4]. 

The current facility was commissioned using stable 
beams between 2011-2012 [2, 3]. The linear gas stopper 
and low energy beam transport lines were commissioned 
with rare isotopes and stable beams in 2013[7]. The first 
of the three transport lines into the low energy beam hall 
was commissioned in summer of 2013 [3] and the first 
radioactive ion beam was delivered to users in August of 
2013 (see below). The remaining two beam lines are 
under construction and are expected to be completed by 
December of 2013. 
 

PILOT BEAM DEVELOPMENT 
One of the challenges of radioactive post accelerators is  

the wide dynamic range that the beam diagnostics need to 
cover [10, 11]. Due to the low rate of the injected 
radioactive ions (10-106 pps), the front end and the linac 
must be phased and pre-tuned using stable (pilot) beams 
(109pps or more). Therefore in preparation for the radio-
active ion beam commissioning experiment, stable pilot 
beams from the off-line injector ion source (H2 and He)

 
Figure 2: Layout of the ReAccelerator facility and the transport lines into the low energy experimental hall. In addition, 
the first cryomodule of the high energy section of the linac is shown. 
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and heavy ion beams pilot beam from the EBIT were 
established. In order to scale from one A/Q to the next the 
injection voltage into the RFQ must be well matched to 
ensure efficient acceleration. For this purpose the energy 
acceptance of the RFQ was measured by varying the 
injection energy of the EBIT beam. Figure 4 shows the 
results of the calibration. An absolute energy acceptance 
of ±250V FWHM or ±0.75% relative was measured. This 
value is slightly lower than the simulated RFQ energy 
acceptance of ±2% for a 1.4nsec (±20 degree) long beam 
bunch [12] which will be further investigated. 

 

 
Figure 4: RFQ energy acceptance in dependence of the 
EBIT extraction voltage for a 16O5+ beam. 

In addition, the full acceleration scheme for radioactive 
ions was tested by injecting 1+ 85,87Rb ions from the gas 
stopping area into the EBIT, charge breeding the rubidium 
ions to high charge states and subsequently accelerating  
85Rb27+ as well as 87Rb28+with the linac. Figure 5 shows 
the superposition of four spectra measured with a 
scattering-gold foil silicon detector mounted at 30 degrees 
[10]. The first peak is recorded when the detector is re-
tracted from the beam line and depicts the energy spectra 
of 241Am α-calibration source (5.486 MeV). The second, 
third and fourth peaks are recorded as the beam line, the 
RFQ injection voltage, and RFQ vane voltage were scaled 
from the 16O5+ pilot beam settings to the 40Ar13+ beam 
(third peak) and finally to the 87Rb28+beam (fourth peak). 
As the maximum A/Q scaling was only 4%, the linac 
settings were kept unchanged for this test. For the 
radioactive ion beam online experiment the linac was 
scaled using fixed velocity beam energy profiles in order 
to achieve the desired beam parameters and energy on 
target.  

RADIOACTIVE ION BEAM 
COMMISSIONING  

37K Beam Production 
To produce 37K (T1/2=1.23s), a primary beam of 40Ca  

was extracted from the Coupled Cyclotron Facility at an 
energy of 140 MeV/nucleon,  fragmented in a thin 
beryllium target, and separated in the A1900 fragment 
separator[5]. The 37K was then transported to the beam 
stopping area, which consists of a high energy beam 
momentum compression beamline, a degrader and wedge  

 
Figure 5: Energy spectra obtained using the scattering-foil 
silicon detector for three heavy ion tunes.  

section, and a 1.2 m long linear gas cell operated at about 
100Torr [6].   

After the fragments are slowed down to less than one 
eV in the helium gas of the gas cell, they are extracted as 
singly or doubly charged ions and singly or doubly 
charged molecular ions, mass-analyzed and transported to 
the EBIT charge breeder. 

 

 
Figure 6: Scan of the extracted beam from the gas cell 
after the analyzing magnet in the low energy beam line. 

As an example, Figure 6 [11] shows the mass (activity) 
scan of the beam extracted from the gas cell using a β-
decay counter/Faraday cup assembly after the analyzing 
magnet in the low energy RIB injection line [11]. For 
potassium, the low energy beam consists mostly of 37K 
ions (≈ 94%) and a few small peaks of weakly bound 
molecular 1+ and 2+ ions which are formed with one to a 
few water ligands from residual contaminates in the gas 
cell. In the preliminary commissioning tests this summer, 
ion beams with intensities of up to 105 particles per 
second have been thermalized and total extraction 
efficiencies of up to 14% have been achieved. Further 
increases of the efficiency are expected once the vacuum 
is improved in the cell. After mass analysis, the RIBs are 
injected into the EBIT charge breeder and charge bred to 
37K17+. 
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Post-Acceleration  
An important design choice for the ReA accelerator 

was the selection of an EBIT as charge breeder. With the 
expected rates of radioactive ions from the reaccelerator 
of 10 to 106 ions per second, minimizing the stable ion 
beam contamination from residual gas ions is an 
important factor. The ReA EBIT has a cryogenic ion 
trapping structure [9] to minimize the beam contamina-
tion from residual ions. As expected, the intensity levels 
for beam other than the typical residual gas ions such as 
nitrogen, helium, and oxygen are very low. As an 
example, Figure 7a shows the charge state spectrum of 
background ions from the EBIT where the positions of 
various 37K charge states are indicated. Due to the energy 
required by the experiment of 2.4 MeV/nucleon, charge 
state of 15+ and higher were needed for the linac. Figure 
7b shows a high resolution Q/A scan of the 16+ to 19+ 
region. 

 In addition to possible beam contaminations the charge 
breeding efficiency was considered as well when 37K17+ 
(helium like ion) was selected as the best choice for the 
experiment. During off-line charge breeding tests, an 
efficiency of 4 to 5% into K17+ using stable potassium 1+ 
ions was achieved [9]. A similar efficiency was measured 
with radioactive ions with a repetition rate of 6Hz (≈167 
ms charge breeding time). The efficiency was slightly 
lower (≈2%) when the repetition rate was increased to 20 
Hz due to the shorter breeding time.  

After the beam was extracted from the EBIT and mass 
analyzed, it was subsequently accelerated with the RFQ 
and the superconducting linac to an energy of 2.4 MeV/u 
using the first two cryomodules during the 80 hours of 
beam delivery. In order to achieve the required energy for 
the experiment several cavities were operated at twice the 
original specified gradients and all of them well beyond 
specification. Overall the cavity amplitudes were set at 
170% of the nominal values and ran stable without any 
issues throughout the experiment. The overall transport 
efficiency from the EBIT through the linac was about 
60% during the experiments (close to the maximum 
expected transmission through the MHB and the RFQ of 
about 70%). The linac and injection lines were pre-tuned 
using a 16O7+ beam, and then scaled to 15N7+ while main-
taining a fixed velocity tune in the linac. Finally during 
the 37K17+ delivery the linac and the injection line were 
scaled for the remaining 1.5%. Only minor corrections 
were necessary after scaling to deliver the beam to the 
experimental station [3]. Several decay counters along the 
beam line were installed to monitor the activity during the 
tuning process and optimize the transmission. Beam 
impurities were analyzed using in-beam silicon detectors 
and the ionization chamber mounted in the experimental 
station. In addition to the 37K17+ ions, about 1000 ions/sec 
13C6+ and about 100 ions/ sec of 37Cl17+ were identified as 
impurities in the accelerated beam.  

 

 
 
Figure 7: (a) Charge state distribution of the residual ion 
beam from the EBIT where the position of various 37Kn+ 

ions are indicated. (b) High resolution, high sensitivity 
A/Q scan, charge states for 37K16+  - 19+ ions are indicated. 
 

Figure 8 shows two dimensional PID (particle 
identification) plots of the energy in the first segment 
(partial beam energy loss, delta-E) versus total energy 
(total beam energy loss) in all segments of the ionization 
chamber, in arbitrary units. This figure is provided 
courtesy of the ANASEN collaboration. The top panel 
shows the particle identification without injection of the 
37K into the EBIT, and the bottom panel with injection. 
The separation of mass 13 from 37 is evident, and it was 
for this reason that 37K17+ was chosen for transport to the 
experiment. The small background rate of 37Cl was 
relatively low and separated from the 37K. 

0

50

100

150

200

250

300

350

400

2 2.5 3 3.5 4

A
na

ly
ze

d 
C

ur
re

nt
 [p

A
]

Mass/Charge Ratio (A/Q)

37
K

18
+

37
K

17
+

37
K

16
+

H
2+

16
O

7+

14
N

6+
12

C
6+

40
A

r16
+

37
K

19
+

37
K

15
+

37
K

14
+

37
K

13
+

37
K

12
+

37
K

11
+

37
K

10
+

37
K

9+

12
C

4+

16
O

6+

14
N

5+
40

A
r14

+

16
O

4+
, 40

A
r10

+  ,12
C

3+

16
O

5+

14
N

4+

40
A

r13
+

40
A

r12
+

40
A

r11
+

0.1

1

10

100

1.8 1.9 2 2.1 2.2 2.3 2.4

A
na

ly
ze

d 
C

ur
re

nt
 [p

A
]

Mass/Charge Ratio (A/Q)

37
K

19
+

37
K

18
+

37
K

17
+

37
K

16
+

H
2+

15
N

7+

13
C

6+

16
O

7+

14
N

6+

12
C

6+

40
A

r17
+

40
A

r18
+

4
(a) 

(b) 

Proceedings of PAC2013, Pasadena, CA USA FRYBA2

04 Hadron Accelerators

A08 - Linear Accelerators 1461 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



 
 

 
Figure 8: Particle identification (PID) obtained with the 
ANASEN ionization chamber. (a) PID without injection 
radioactive 37K into the EBIT (b) PID when radioactive 
37K is injected into the EBIT. 

FUTURE DEVELOPMENTS 
The third cryomodule with a design β=0.085 is current-

ly in its final assembly stage. It consists of eight quarter -
wave SRF cavities and three superconducting solenoids 
for focusing. Once it is installed in the beam line it will 
add nominally 8.4 MV acceleration voltage to the accel-
erating chain. Eleven cavities have been successfully 
tested, all of which achieved a performance well above 
the nominal required accelerator gradient and Q-value 
(see figure 9) [2, 13]. A detailed description of the cavity 
design and its development can be found elsewhere [13]. 
Figure 9 shows the final acceptance test of the eight 
cavities mounted in the cryomodule.  

In parallel the first cryomodule of the high energy 
accelerator chain is under development. It will consist of 
additional eight cavities and three solenoids, providing a 
nominal total accelerating voltage of 14.24 MV.  Addi-
tionally one cold beam position monitor will be mounted 
after each solenoid. Contrary to the top-down cryomodule 
design of the first three cryomodules, where the coldmass 
is mounted on a strongback and supported from the top 
flange of the cryomodule, the new cryomodule is based 
on a modular bottom-supported design, which is 
optimized for mass-production and efficient precision 
assembly [14]. This cryomodule serves also as prototype 

cryomodule for the eleven FRIB β=0.085 cryomodules of 
linac section 1 [1].  

 
Figure 9: Q0 vs. Eacc (Va/βλ) curves measured during 
vertical acceptance tests of the β=0.085 ReA3 cavities at a 
temperature of 4.2 K. 
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Abstract
New developments at HIMAC include a super-

conducting carbon gantry, a new therapy area with three 
new treatment rooms, and substantial enhancements to the 
synchrotron extraction system to enable energy-variation 
through multiple flattops within a synchrotron cycle to 
match characteristics of the gantry and three-dimensional 
raster scanning. The carbon gantry consists of ten 
combined-function superconducting magnets, allowing a 
very compact geometry – the length and the radius of the 
gantry are approximately 13 and 5.5 m, respectively, 
comparable to the dimensions of existing proton gantries. 
Further, these superconducting magnets are designed for 
fast slewing of the magnetic field to follow the multiple 
flattop operation of the synchrotron. In this paper, the 
recent developments of HIMAC are presented. 

INTRODUCTION
Heavy-ion cancer-therapy using the Heavy-Ion Medical 

Accelerator in Chiba (HIMAC) has been carried out since 
June 1994. The successful cancer treatments have led us 
to construct a new treatment facility [1]. The new 
treatment facility equips with three treatment rooms; two 
of them have both horizontal and vertical fixed-
irradiation-ports, and the other is a rotating gantry port as 
schematically shown in Fig. 1. For all the ports, the three-
dimensional raster-scanning irradiation method with 
pencil beam will be employed [2]. 

In raster-scanning irradiation, a target is directly 
irradiated with high-energy carbon-ions, after being 
accelerated by a synchrotron ring. Since the position of 
the focused beam on a target is controlled by the fast 
horizontal and vertical scanning-magnets, the lateral dose 
distribution is determined by these scanning magnets. On 
the other hand, the depth dose-distribution is determined 
by beam energy. To control the depth dose-distribution, it 
is preferable to change the beam energy directly by the 
accelerators, instead of using energy degraders, since 
energy degraders may broaden the spot size of the beam 
on a target, and concurrently produce secondary 
fragments, which could adversely affect the depth dose-
distribution. 

To quickly change the energy of the beam, as provided 

by the synchrotron ring, we developed a multiple-energy 
operation with extended flattops [3]. The proposed 
operation enables us to provide carbon ions having 
various energies in a single synchrotron cycle; namely, 
the beam energy would be successively changed within a 
single synchrotron pulse. With this operation, the beam 
range could be controlled without using any energy 
degraders. 

To further obtain precise dose distributions, we 
developed an isocentric superconducting rotating-gantry 
for carbon therapy [4]. This rotating gantry is designed to 
transport carbon ions having 430 MeV/u to an isocenter 
with irradiation angles of over ±180 degrees, and is 
further capable of performing the fast raster-scanning 
irradiation. The combined-function superconducting 
magnets will be employed for the rotating gantry. Use of 
the superconducting magnets with optimized beam optics 
allow a compact gantry design with a large scan size at 
the isocenter; the length and the radius of the gantry will 
be approximately 13 and 5.5 m, respectively, which are 
comparable to those for the existing proton gantries. This 
rotating gantry is currently under construction, and will be 
installed in the room G of the new treatment facility. 

We report the recent developments of the multiple 
flattop operation as well as the superconducting rotating-
gantry. 

Figure 1: Layout of the HIMAC complex. 
 ____________________________________________  

*corresponding author. E-mail: y_iwata@nirs.go.jp (Y. Iwata) 

Proceedings of PAC2013, Pasadena, CA USA FRXB1

08 Medical Accelerators and Applications

U01 - Medical Applications 1463 C
op

yr
ig

ht
c ©

20
13

C
C

-B
Y

-3
.0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 2: (a) Schematic drawing of synchrotron pattern 
for multiple-energy operation. (b) The same pattern as (a), 
but with the extended flattops. The beam is extracted 
from the synchrotron ring during these extended flattops. 
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Figure 3: A current pattern for the main-bending magnets 
in the ring as a function of time. The currents of the 11 
flattops correspond to the beam energies of 430, 400, 380, 
350, 320, 290, 260, 230, 200, 170, and 140 MeV/u. 

MULTIPLE FLATTOP OPERATION 
The multiple-energy operation employs operation 

patterns having a stepwise flattop, as schematically shown 
in Fig. 2(a). With these operation patterns, the carbon ions 
injected in the ring are initially accelerated to the 
maximum energy, and then successively decelerated to 
lower energies. Although the stepwise pattern only has 
short flattops, where the beam can be extracted from the 
ring, we can extend the flattop and extract the beam 
during the extended flattop. 

BM current pattern

Beam current in synchrotron

RFKO Amp.

Beam current of extracted beams

90s

430MeV/n 380MeV/n    320MeV/n 260MeV/n    200MeV/n    140MeV/n

400MeV/n 350MeV/n    290MeV/n    230MeV/n    170MeV/n

Figure 4: Current patterns for the main bending magnets, 
beam current in the synchrotron ring, RFKO amplitude, 
and the beam current of the extracted beam. 

Figure 5: A current pattern for the main-bending magnets 
in the ring. This pattern has 201 flattops. 

Having consecutively extended the flattops, as 
illustrated in Fig. 2(b), the beams having various energies 
can be extracted from the ring within a single synchrotron 
cycle, and hence the total irradiation time can be 
considerably reduced. 

11-flattop pattern 
To prove the principle of multiple-energy operation 

with extended flattops, we have performed beam 
acceleration and extraction tests using the stepwise 
operation pattern. In the tests, a current pattern for the 
main bending magnet having 11 short flattops, 
corresponding to 11 beam energies, was prepared as 
shown in Fig. 3. Further, similar patterns were prepared 
for other devices, such as the main quadrupole, sextupole 
magnets, the RF-acceleration cavity, and the beam-
extraction devices in the extraction channel. By using the 
prepared operation patterns, the beam will be initially 
accelerated to 430 MeV/u, and then consecutively 
decelerated down to 140 MeV/u at an energy step of 20 
MeV/u or 30 MeV/u. Results of the beam test are shown 
in Fig. 4. As can be seen in the figure, beams having 11 
different energies were successively extracted from the 
synchrotron ring. The multiple-energy operation using 
this pattern was successfully commissioned, and has been 
used for scanning treatments since FY 2012. 

Full energy-scan with 201-flattop pattern 
The final goal of this project is to control the depth 

dose-distribution by varying the beam energy from the 
accelerators, namely, full energy scanning. To accomplish 

200

430-56 MeV/u

11

Current pattern of 
synchrotron BM

DCCT output 
in the ring

Figure 6: Current patterns for the main bending magnets, 
DCCT output in the synchrotron ring during beam 
acceleration tests using the 201-flattop pattern. 
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Figure 7: Three-dimensional image of the super-
conducting rotating gantry for carbon therapy. 

this, it is required to change, the beam energy 
successively by an energy step corresponding to the water 
range of 1 or 2 mm. Since the maximum and minimum 
energies, as used in the raster-scanning irradiation, are 
430 and 56 MeV/u, respectively, the synchrotron patterns 
having the 201 flattops will be needed to cover the entire 
energy range. Fig. 5 shows a current pattern of the main 
bending magnets having the 201 flattops. 

Beam acceleration and extraction tests using the 201-
flattop patterns were successfully made as shown in Fig. 6. 
In the test, we found that any of the 201 flattops can be 
extended, and that the beam can be extracted during the 

extended flattop. Hence, with this operation pattern 
having the 201 flattops - the universal pattern, the depth 
dose-distribution could be controlled without using any 
energy degrader. 

SUPERCONDUCTING ROTATING-
GANTRY 

 A three-dimensional image of the isocentric rotating 
gantry for the new treatment facility is presented in Fig. 7. 
This rotating gantry has a cylindrical structure with two 
large rings at both ends. The end rings support the total 
weight of the entire structure, and are placed on turning 
rollers so as to rotate the beam line on the rotating gantry 
along the central axis over ±180 degrees. Carbon beams, 
provided by the HIMAC, are transported with ten sector-
bending magnets, mounted on the gantry structure 
through each of their supporting structures; they are 
directed on a target located at the isocenter. In the 
treatment room, a tumour in a patient is precisely 
positioned to the isocenter by using a robotic couch. 

Layout and beam optics 
A layout of the compact rotating-gantry is presented in 
Fig. 8. The rotating gantry has ten superconducting 
magnets (BM01-10), a pair of the scanning magnets 
(SCM-X and SCM-Y), and two pairs of beam profile- 
monitor and steering magnets (ST01-02 and PRN01-02). 
A total length and radius of the rotating gantry is 13 m 
and 5.45 m, respectively. All of these devices are installed 
and mounted on the cylindrical structure. Since beam 
focusing can be made only with the combined-function 

Figure 8: Layout of the superconducting rotating gantry. The gantry consists of ten combined-function superconducting 
magnets (BM01-10), a pair of the scanning magnets (SCM-X and SCM-Y), and two pairs of beam profile-monitor and 
steering magnets (ST01-02 and PRN01-02). Representative results of 3D magnetic field calculations for the five kinds 
of the superconducting magnets are also shown. 
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Figure 9: Picture of the test bench during rotation tests of 
the model superconducting-magnet. 

superconducting magnets, no quadrupole magnets are 
needed to install in the rotating gantry, and thus we could 
design the compact rotating gantry. Details of the beam 
optics are provided in Ref. [4]. 

Field calculations 
Based on the design of the beam optics, specification of 

the superconducting magnets was determined. According 
to their apertures, the magnets are categorized into five 
kinds. All the magnets have the surface-winding coil 
structure, and were designed by using a 3D electro-
magnetic field-solver, the Opera-3d code [5]. In the code, 
the curved superconducting coils, having typically a few 
thousand turns per pole, as well as the cold yoke and 
vacuum chamber were precisely modelled, and a three-
dimensional magnetic field was calculated. 
Representative results of the calculations are shown in Fig. 
8. Having optimized the conductor position, we obtained 
the required uniformity of the calculated field.  

Figure 10: Picture of BM10 and its superconducting coil. 

Figure 11: Measured magnetic field, B, and  magnetic 
field as divided by coil current, B/I, as functions of coil 
current, I, for BM10. For comparison, calculated 
magnetic field is shown by the filled and open dots. 

Rotation tests 
Since the superconducting magnets on the rotating 

gantry are to be rotated over ±180 degrees during 
treatments, an unexpected quench of the superconducting 
magnets, as caused by rotations, is a concern. To verify 
this, a model superconducting magnet was developed and 
tested by Toshiba Corporation. This model magnet has a 
similar magnet structure as that of BM01-06, although 
this model magnet only has a dipole coil. Fig. 9 shows a 
picture of a test bench during rotation tests. Prior to the 
tests, the coil of the model magnet was cooled down to 
below 4K by cryocoolers, installed on the magnet. While 
exciting the superconducting coil with the maximum 
current, the model magnet was rotated by ±180 degrees, 
and the coil temperatures in the magnets were monitored. 
As a result, no unexpected temperature increase, which 
may cause quench problems, was observed. 

Magnetic field measurements 
The five superconducting magnets of BM01-BM04 and 

BM10 (Fig. 10) were constructed, and the rest of the five 
will be constructed within a year. Firstly, we measured 
central magnetic field by using an NMR probe. The NMR 
probe was installed in the middle of the magnet, and 
current of between I=10-240 A was applied for the dipole 

Figure 12: Measured BL products as a function of �X.
Current for the dipole coil is I=231.2A. The solid curve 
show calculated result with the Opera-3d code. 
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Figure 13: Results of the fast slewing tests for BM10. Average coil temperatures were converged below 4K. 

coil of BM10. The measured magnetic field, B, and 
magnetic field as divided by the coil current, B/I, are 
shown by the solid and dashed curves in Fig. 11, 
respectively. For comparison, calculated results of B and 
B/I using the Opera-3d code are also plotted by the filled 
and open dots in Fig. 11, respectively. We found that the 
measured and calculated magnetic field agreed with each 
other, although the measured B/I curve at the maximum 
current slightly differs with the calculated curve. This 
discrepancy might be attributed to a difference in 
estimation of a packing factor for the laminated cold yoke. 

Secondarily, measurements of magnetic field 
distributions along beam trajectories were performed.  
Measured-magnetic field distributions along the central 
beam trajectory were measured and integrated over the 
beam trajectories to determine a BL product and an 
effective length. The same analysis was made for the 
calculated distribution with the Opera-3d code. Fig. 12 
shows the BL products of various beam trajectories, as 
shifted horizontally by �X, for the dipole current of 
I=231.2A. Here, the values of the BL products are 
normalized, so as to have the same effective length of 
L=��=2.8m×22.5° for all the trajectories. Corresponding 
results, as calculated by the Opera-3d code, are also 
shown by the solid curves in the figures. The absolute 
values of the measured BL agreed with the calculated 
values within accuracy of a few times 10-3; however we 
clearly see the quadrupole component of approximately 
GL~3.8×10-2 T for the measured field in Fig. 12. We 
presume that this unexpected quadrupole component 
might be attributed to an alignment error between the 
superconducting coil and cold yoke. However, since this 
magnet has the quadrupole coil, this quadrupole 
component can be corrected by adding or reducing 
current for the quadrupole coil by approximately �I=5 A 
from the applied quadrupole current of I~200 A. 

Fast slewing tests 
To simulate the multiple flattop operation, fast slewing 

tests were made. In the tests, currents of both the dipole 
and quadrupole coils were maximized to initialize the 
magnet, and then were decreased by 201 steps. In each 
step, coil currents were kept for 0.3 s, where carbon 
beams would be extracted from accelerators and 
transported through a beam-transport line including the 

rotating-gantry during this constant-current region. 
Further, the coil temperatures were measured with 
resistance temperature sensors, installed in the inner, 
middle and outer sides of the coil. A representative result 
for BM10 is provided in Fig. 13. Although the coil 
temperature gradually increases, we found that the 
average coil temperatures were converged around 4 K, 
while the critical temperature is approximately 6.8 K. 

SUMMARY AND FUTURE PLAN 
Recent developments of the HIMAC accelerator 

complex are reported. To take advantage of the fast 
raster-scanning irradiation, the multiple energy operation 
was developed. This operation using 11-flattop pattern 
was successfully commissioned, and is presently used in 
scanning-treatment operations. Furthermore, we 
successfully made beam acceleration and extraction tests 
with 201-flattop pattern, which enables us to perform the 
full energy scanning; this operation will be used for 
treatment operation in near future. 

A compact superconducting rotating-gantry for carbon 
therapy is being developed. Having optimized the layout 
using the combined-function superconducting magnets, 
we could design the compact rotating-gantry. The design 
study as well as major tests of the superconducting 
magnets was completed, and the construction of the 
superconducting rotating-gantry is in progress. The 
rotating-gantry will be completed at the end of FY2014, 
and be commissioned in FY2015. 
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ADVANCES IN SUPERCONDUCTING UNDULATORS * 

Y. Ivanyushenkov
#
, Advanced Photon Source, ANL, Argonne, IL 60439, USA

Abstract 
Superconducting technology could be employed for 

building undulators with enhanced parameters for 

synchrotron light sources and free-electron lasers. 

Expected and measured performance of superconducting 

undulators will be presented. Although superconducting 

technology is already working in superconducting 

wigglers, the development of superconducting undulators 

was slowed down by a variety of challenges that will be 

discussed. Possible solutions with examples will be 

presented. Finally, an overview of recent developments in 

superconducting undulators is presented in this paper. 

INTRODUCTION 

Insertion devices (IDs) are essential parts of modern 

and future light sources. The trends for IDs of future light 

sources are reviewed in [1]. Until now most IDs have 

been built using permanent magnets as a source of 

magnetic flux. At the same time, there is a growing 

interest in electromagnetic devices that use 

superconducting windings. As a matter of fact, 

superconducting wigglers are a well-established 

technology; such IDs are being used in many synchrotron 

light sources [1]. In comparison, the development of 

superconducting undulators is lagging behind the progress 

being made with superconducting wigglers.  

This paper follows the review of developments in 

superconducting insertion devices given in [2] and 

concentrates on superconducting undulators (SCUs). The 

motivation of developing SCUs is first discussed, 

followed by a list of challenges. Examples of recent 

developments towards finding the solutions are then 

given. Finally, an overview of activities in 

superconducting undulators is presented. 

SCU MOTIVATION 

Interest in SCUs is stimulated by the fact that the SCUs 

can reach, for the same vacuum gap and period length, 

higher field events with respect to cryogenic permanent 

magnet undulators (CPMUs)—the state-of-the-art of 

permanent-magnet-based undulators. The undulator peak 

field for both technologies is compared in Table 1 [3]. In 

this table, NbTi-APC refers to a NbTi-superconductor 

with artificial pinning centers (APC). 

A similar comparison is given in [4].  A careful analysis 

of CPMU and SCU technologies concludes that above the 

period length of 10 mm SCUs produce the highest fields. 

For the smaller period lengths, CPMUs can compete with 

NbTi SCUs, whereas Nb3Sn or NbTi-APC devices are 

still superior. 

Table 1: CPMU and SCU Comparison [3] 

 CPMU 

PrFeB 

SCU 

NbTi 

SCU 

NbTi-APC 

Undulator period, mm 15 15 15 

Magnetic gap, mm 5.2 6 6 

Undulator peak field B, T 1.0 1.18 1.46 

Undulator parameter K  1.40 1.65 2.05 

SCU CHALLANGES 

Development of SCUs is progressing relatively slowly 

due to several challenges. The first one concerns the 

requirement of high quality field from an undulator 

magnet. The second one is operating the SCU magnet 

coils at high current densities and providing adequate 

cooling in the presence of beam heating.  

The first and second field integrals should be kept at a 

minimum to avoid electron beam position deviation by 

the undulator magnetic field. To achieve the highest 

performance of an undulator at higher harmonics, the 

phase error should also be kept at a level of a few degrees 

RMS. Those requirements are not easily achievable for 

multipole magnetic structures. 

Cooling complex multi-coil superconducting magnetic 

structures of SCUs in the presence of heating by an 

electron beam is another challenging task. The possible 

solutions are discussed below. 

SCU MAGNET 

Magnet Design 

A planar SCU generates a periodic magnetic field in a 

plane. For this, a set of linear currents is required as a 

minimum [5]. For practical reasons, a set of small 

racetrack coils (with dimensions of few a cm in height by 

a few cm in length) is used forming a multi-coil structure 

supported by a magnet former. The coils are usually 

vertically oriented due to a relatively short (15-30 mm) 

period length in the undulators. One undulator period 

contains two coils with the currents going in opposite 

directions. A magnet former, or a core, can be made of 

magnetic or non-magnetic material.  A complete SCU 

magnetic structure is then made of two such magnets 

separated by a magnetic gap where a beam vacuum 

chamber can be located [6]. 

Such a magnetic design is adopted in the SCUs for the 

National Synchrotron Radiation Research Center 

(NSRRC), Taiwan [7], Advanced Photon Source (APS), 

USA [8], Diamond Light Source (DLS), UK [9], and 

Shanghai Synchrotron Radiation Facility (SSRF), China 

[10]. In the SCU for ANKA there is no beam vacuum 
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Figure 1: Magnetic structure of the test superconducting 

undulator SCU0 at the APS [8]. 

chamber, but a thin liner is used to shield SCU coils from 

the electron beam [11]. 

The above scheme is suited for winding SCU coils with 

the low-temperature superconductor (LTS) wires although 

the exact designs could vary. Both NbTi and Nb3Sn 

superconductors were successfully used for making SCU 

magnet prototypes, but NbTi has been used so far in the 

completed devices. 

There also have been attempts to use high-temperature 

superconductors (HTSs) for SCU magnets. The idea of 

making a zigzag-like pattern on the HTS YBCO 

(YBa2Cu3O7) tape is suggested in [12]. An SCU magnet 

could then be built as a stack of such tapes. The expected 

field of this undulator could exceed 1 T for a period 

length of 7 mm and beam aperture of 2 mm. An undulator 

with such a small pole gap is targeted primarily at free 

electron lasers.  

A prototype of an HTS magnet was built and tested by 

the ANKA group and Babcock Noell GmbH [13]. The 

achieved field was lower than the field of a NbTi-based 

magnet. This is due to a very low packing factor in a 

winding made of the HTS tapes, where a superconductor 

layer is very thin and  occupies only about 1% of the tape 

overall thickness. 

Magnetic Shimming 

Magnetic and mechanical shimming is usually used to 

tune conventional undulators to achieve the required field 

integrals and phase errors. It is a common perception 

therefore that magnetic shimming should also be 

employed for SCUs. In the case of superconducting 

devices where a magnetic structure is enclosed in a 

cryostat, such an approach requires development of new 

shimming techniques. 

One possibility for planar SCUs is to add extra iron 

pieces to a magnetic pole as described in [14]. The 

measured maximum field compensation is 2.43% for a 

shimming piece of height 25 mm in a 130-pole undulator 

magnet with period length of 15 mm and a 5.6-mm pole 

gap. An additional magnetic flux could be injected into a 

pole when a trim coil is mounted directly on the outer 

faces of the iron pole with a trim iron piece [15]. 

A concept of passive shimming, based on Faraday’s 

law of induction, was suggested [16] and experimentally 

tested [17]. The induction-shimming system consists of a 

set of overlapping closed high-temperature 

superconductor (HTS) loops attached to the surface of the 

superconducting undulators. Each HTS loop covers two 

adjacent undulators’ magnet poles. The undulators’ field 

errors induce currents in the HTS loops and, as a result, 

the magnetic field generated by these induction currents 

minimizes the field errors. The compensation effect at a 

level of 6 mT was measured at a distance of 7.15 mm 

from the SCU test magnet having a period length of 14 

mm.  The estimated correction field would be about 17 

mT for an undulator with a period length of 15 mm and a 

pole gap of 5 mm with a peak field of 1.5 T [17]. 

Superconducting switches are also suggested for use in 

SCU shimming as described in [18]. This concept utilizes 

a single current source and a set of superconducting 

switches to control the current direction in the trim coils.  

At the same time, the experience of the APS group 

demonstrates that magnetic shimming is not required for a 

relatively short (300-mm-long) undulator magnet. The 

magnet former was machined with a precision of about 

10 µm, and the winding was done accurately on a 

computer-controlled winding machine. As a result, a 

phase error below 2º RMS was measured.  The required 

field integrals were also achieved without any magnetic 

shimming. Such tight mechanical tolerances are 

practically impossible for longer magnets; therefore, 

theoretical work was started in order to simulate possible 

geometrical errors in superconducting magnet windings 

and calculate their effect on the field quality [19]. It was 

found that for a given field error range, the phase error 

scales with the square root of the undulator length. This 

work needs to be continued to better understand the 

sources of the field errors in SCU magnets. 

SCU COOLING 

Heat Loads 

Design of an SCU cooling circuit requires reliable 

prediction of expected heat load in a superconducting 

undulator. Since an SCU is a superconducting magnet, all 

the heat loads that are typical for a superconducting 

magnet system are also present in an SCU. These are 

conduction heat leaks through current leads and cold mass 

supports, and radiation heat load from the vacuum vessel 

at room temperature to a cold mass at liquid helium 

temperature. Those heat loads could be calculated with 

good precision. 

Another source of heat in the SCU is the electron beam 

itself. There is a variety of ways for electron beam to 

generate heat in a beam chamber, but the largest 

contribution at a level of tens of Watts per a meter of 

chamber length is due to resistive wall wakefields.  

In addition, the SCU could be heated by any 

uncollimated synchrotron radiation from the upstream 

bending magnet. This can be mitigated by placing an 

absorber upfront of the SCU and by making the SCU 

beam chamber bore wide enough for the bending magnet 

synchrotron radiation to pass through.   
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Cooling Schemes 

The task of an SCU cooling circuit is to keep the SCU 

magnet coil cool in the presence of static heat leaks in the 

cryostat and beam heating.  

One possibility is to place the SCU magnet into a liquid 

helium bath as in superconducting wigglers [20]. The 

drawback of this approach is that the beam heat goes 

directly into the coolant and requires substantial cooling 

power at 4 K. This cooling power could be provided by 

cryocoolers or by a cryogenic plant. Taking into account 

that a modern cryocooler delivers only 1.5 W of cooling 

at 4 K, this approach is limited to a modest heat load at 

4 K. The usage of a cryoplant is likely to be cost effective 

when a long string of superconducting undulators needs 

to be built, like in free electron lasers. This scheme could 

be modified by placing a thermal screen, a liner, into a 

beam chamber bore. This liner could then be cooled by a 

separate circuit and take most of the heat from the 

electron beam.  

It should be noted that the electron beam heats the SCU 

magnet when the beam chamber is in thermal contact with 

the SCU coils. This situation could be avoided by 

thermally insulating the SCU magnet from the beam 

chamber. A vacuum gap can simply be used as a thermal 

insulator. Such an approach is adopted in the SCU for the 

APS [21]. In this undulator the SCU coils are indirectly 

cooled by LHe passing through the channels in the 

magnet cores. The LHe is kept in a tank inside the 

cryostat and, together with the magnet and piping, makes 

a closed system. The He vapor in this system is re-

liquefied by a recondenser that is located inside the tank 

and cooled by a cryocooler. An electrical heater is used to 

trigger a thermosyphon effect for circulating LHe through 

the magnet cores. 

A group in the UK is going to employ a similar cooling 

scheme for their SCU but will decrease the operating 

temperature to 1.8 K to gain a safety margin and to 

achieve the required critical current [9]. A Joule-Thomson 

expansion valve will be added to a cryogenic circuit, and 

a pressure of 16 mbar will be required on the effluent side 

of the helium expansion. A special scroll pump will be 

used for circulating He through the undulator magnet. 

Cryogen-free systems are also possible. The SCU coils 

are conduction cooled by cryocoolers as in the SCU that 

is currently being built by the ANKA group and Babcock 

Noell GmbH [22]. 

MAGNETIC MEASUREMENTS  

Measurement of magnetic performance of an SCU is 

another challenging task as it requires building a 

dedicated magnetic measurement facility. The 

measurement techniques employed for conventional 

undulators could not be directly applied for SCUs as in 

these devices the magnetic structure is located inside a 

cryostat and operated at cryogenic temperature. 

It is a common practice that undulator coils are tested 

in a vertical liquid helium cryostat. Such a system usually 

contains a single or several Hall sensors mounted on a 

vertical stage. An example of such a system is CASPER-I 

(Characterization Setup for Phase Error Reduction) 

developed at ANKA [23].  Similar systems were built at 

Brookhaven National Laboratory [24] and the APS. 

Recently a more advanced measurement facility called 

CASPER-II has been built by the ANKA group [25]. This 

system is targeted at characterization of conduction 

cooled SCU magnets. It is based on a horizontal, cryogen-

free cryostat with easy access to a test coil. The system is 

equipped with a Hall probe for local field measurements 

and a stretched wire for measuring the field integrals. 

The APS group in collaboration with a team from 

Budker Institute, Novosibirsk, Russia, has designed and 

built a horizontal measurement system [26]. This system 

utilizes a warm guiding tube approach. In this scheme, a 

Hall probe is guided through a thin-wall warm tube that is 

stretched inside the cold bore of the SCU beam chamber. 

The bore of the guiding tube is open at the ends thus 

giving easy access to the Hall probes and measurement 

coils. The system has been successfully operated for 

parameterization of the first superconducting undulator at 

the APS [27]. 

The superconducting undulators for free electron lasers 

are likely to have a smaller pole gap than the SCUs for 

synchrotron light sources. A technique for magnetic 

measurements of small-gap SCUs needs to be developed. 

One promising approach is a pulsed wire technique that 

can be used for direct measurements of the first and 

second field integrals. The possibility of using this 

method for accurate trajectory and phase error 

measurements is demonstrated in [28]. 

EXPERIENCE WITH SCU OPERATION 

A number of SCU prototypes have been built in various 

institutions around the world, but a quantity of completed 

devices is substantially smaller. Therefore any experience 

of operating a superconducting undulator on a light 

source is extremely valuable. 

Superconducting undulator SCU14 was in operation at 

ANKA light source for several years after installation in 

2005 [29]. This was a 100-period device with a period 

length of 14 mm and variable gap of 8-25 mm built by 

ACCEL Instruments GmbH. The magnet was conduction 

cooled by three cryocoolers. The measured photon spectra 

of SCU14 agreed very well with the calculations. Initial 

studies of the SCU heating by the electron beam 

concluded that the dominant heat source was the 

synchrotron radiation produced in the upstream bending 

magnets: 1 W per 100 mA stored current at a beam energy 

of 2.5 GeV and an undulator gap of 8 mm [30]. The heat 

load produced by the image current was found to be 

negligible. In the following years a nonlinear beam 

chamber vacuum pressure rise with the electron beam 

current was observed.  The large variation of the beam 

heat load was also measured for different gaps—between 

1.6 and 3 Watts for an 8-mm gap with 120-mA average 

beam current [31]. This was attributed to electron 

multipacting as the main beam heat source at ANKA for 

normal user operation [32]. 
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The first superconducting test undulator, SCU0, was 

built and installed on the APS storage ring in December 

2012. After commissioning in January 2013, the undulator 

is in user operation [33]. The SCU0 contains a relatively 

short magnet (330-mm length) in a 2-m-long cryostat [8]. 

The SCU0 magnet has a period length of 16 mm and a 

pole gap of 9.5 mm. It was designed to operate at a 

current of 500 A, but it routinely operates at a current of 

650 A, delivering a magnetic field of about 0.8 T. The 

measured heat load on the SCU0 beam chamber is 16 W, 

which agrees very well with a calculated value of 14 W. 

For the eight-month period since commissioning, the 

device has demonstrated a LHe loss-free behavior. It is 

also observed that an SCU0 quench does not trigger an 

electron beam dump since the electron trajectory is 

deviated by only about 50 µm. On the contrary, an 

unintentional beam dump causes undulator quench.  It 

takes about 20 minutes for the temperatures in the SCU0 

to stabilize after quench. The device was characterized in 

terms of photon flux. As measured, the SCU0 produces 

about 40% higher photon flux at the photon energy of 85 

keV as compared to a 2.4-m-long Undulator A, the most 

common hybrid undulator at the APS. 

RECENT DEVELOPMENTS IN SCUs 

A list of SCUs that have recently been built or are in 

the development stages (to the best of the author’s 

knowledge) is given in Table 2. In this table SC stands for 

superconductor. 

Table 2: SCUs Recently Built or Under Development 

Light 

Source/ 

Institution 

Period 

(mm) 

Pole 

gap 

(mm) K 

No. of 

periods SC Status 

NSRRC 15 5.6 1.96 ≈132 NbTi Proto- 

type 

SSRF 16 9.5 0.9 10 NbTi Proto- 

type 

ANKA 15 5-16 2.1 

max 

100.5 NbTi Being 

built 

DLS 15.5 7.4 1.83 ≈129 NbTi Proto- 

type 

NGLS/ 

LBNL 

~20 TBD TBD ~3000 Nb3Sn Proto- 

type 

APS 16 9.5 1.2 20.5 NbTi Built 

 18 9.5 1.64 59.5 NbTi Being 

built 

CONCLUSION AND DISCLAIMER 

Superconducting undulators continue to attract the 

interest of the light source community due to its promise 

of delivering high magnetic fields and therefore higher 

photon fluxes, especially at high photon energies.  

In recent years a number of SCU prototypes have been 

manufactured and tested, and more undulators are 

currently being built. Various solutions are being 

suggested and implemented to overcome SCU challenges. 

Experience gained in operating superconducting 

undulators confirms that such devices could successfully 

be operated in synchrotron light sources.  

It is inevitable with an overview like this that some 

excellent work that has made valuable contributions to the 

development of superconducting undulators has been 

overlooked, but it was not intentional. 
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DEVELOPMENT AND OPERATION OF THE SNS FAST CHOPPER 
SYSTEMS* 

R. Saethre, D. Anderson, C. Deibele, V. Peplov, M. Stockli  
ORNL, Oak Ridge, TN 37831, USA

Abstract 
The Spallation Neutron Source (SNS) at Oak Ridge 

National Laboratory requires fast chopper systems to 
create a series of mini-pulses of H- ions in the Linear 
Accelerator (LINAC) for injection into the accumulation 
ring.  The fast chopper systems are in the front end of the 
accelerator with one chopper in the Low Energy Beam 
Transport (LEBT), immediately upstream of the Radio 
Frequency Quadrupole (RFQ), and another chopper in the 
Medium Energy Beam Transport (MEBT), downstream of 
the RFQ, where the beam energy is approximately 2.5 
MeV. Clean bunching requires fast rise and fall time and 
low jitter to minimize the amount of charge in the ring 
extraction gap.  The chopper systems operate at a burst 
frequency of 1 MHz and a burst width of greater than 1 
ms and burst frequency of 60 Hz.  The choppers have had 
historical reliability issues, especially in the LEBT 
system.  This paper describes the development of reliable 
LEBT and MEBT choppers and the operational 
performance since SNS commissioning in 2006. 

INTRODUCTION 
A layout of the Spallation Neutron Source (SNS) at 

Oak Ridge National Laboratory is shown in Figure 1. The 
SNS consists of a Linear Accelerator (LINAC) which 
injects H- beam pulses into a proton accumulation ring 
where they are extracted and transported to a liquid 
mercury target to generate neutrons for studying neutron 
sciences. The ion source in the front end system [1] 
produces an H- beam that is chopped into mini-pulses for 
injection into the LINAC.  The beam is accelerated 
through the LINAC and transported through the high 
energy beam transport (HEBT) section where it is injected 
into the accumulation ring.  More than 1000 turns can be 
accumulated before the beam is extracted from the ring 
for transport to the mercury target.  Four bipolar high 
voltage pulse generators in the Low Energy Beam 
Transport (LEBT) [2-4] section and two unipolar high 
voltage pulse generators in the Medium Energy Beam 
Transport (MEBT) [5-8] section create the beam mini-
pulses.  

The pulse generators and the structures they drive have 
had many reliability issues which have required extensive 
research and development to rectify.  This paper 
summarizes the LEBT and MEBT chopper systems 
function, failure history, and development of reliable 
modules. It is focused on the reliability of the LEBT high 
voltage pulse generators used to apply pulses to the lens 
segments. Detailed descriptions of the LEBT and MEBT 

structure improvements can be found in the references. 
 

 
Figure 1: Layout of the Spallation Neutron Source in Oak 
Ridge, TN. 

CHOPPER TIMING REQUIREMENTS 
FOR BEAM EXTRACTION 

The choppers operate by generating fast rise/fall time 
high voltage pulses interspersed with periods of no high 
voltage, effectively deflecting the beam from the 
beamline to a target to generate gaps in the beam. The 
extraction kicker rise time sets the minimum gap required 
for the high voltage pulse generators used for chopping in 
the LEBT and MEBT. The beam gap in the accumulation 
ring must be clean and wide enough for the extraction 
kickers to fully turn on.  If the head and tail of the beam 
in the ring are not sharp or the gap is not free of protons, 
the extraction kickers will partially deflect the beam 
during kicker turn on, causing activation of the extraction 
septum magnet.  

The extraction kicker system consists of fourteen pulse 
forming networks (PFNs) located in the Ring Service 
Building, driving fourteen kicker magnets in the Ring 
Tunnel.  Due to the design of the PFN, the rise time is 
fixed at approximately 200 ns. Figure 2 is a graph of the 
rise time of the extraction kicker magnet current.  

 

 

Figure 2: Extraction kicker rise time.   

 ___________________________________________  

*Work performed at Oak Ridge National Laboratory, which is managed 
by UT-Battelle, LLC, under contract DE-AC05-00OR22725 for the 
U.S. Department of Energy.  
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The LEBT chopper structure is an electrostatic einzel 
lens split into four quadrants to deflect the beam to a 
diagnostic plate for a minimum of 200 ns to a maximum 
of 1000 ns, depending on the percentage of ring fill 
desired. [3] The chopping pattern rotates the beam around 
the diagnostic plate to limit heating.   Figure 3 shows the 
timing sequence used to move the beam from one 
segment to another during either beam on or off time. 

 

Figure 3: Four phase timing of LEBT chopper.   

The LEBT chopper specifications require +/- 3 kV 
pulses with rise and fall times of < 50 ns and pulse widths 
varying from 200 ns to 1000 ns.  The variable pulse 
widths provide for the ability to change the beam fill in 
the ring, beam ramping at the beginning of the macro-
pulse and permits accelerator physics studies. See 
reference [4] for a discussion of the timing limitations of 
the LEBT high voltage pulse generators. 

The MEBT chopper system consists of two high 
voltage pulse generators of opposite polarities to deflect 
the beam vertically. MEBT rise and fall times are 
specified to be less than 10 ns.  The MEBT high voltage 
pulse generators [7-10] are used for sharpening the edges 
of the pulse and to clean the gap to minimize losses 
during extraction.  

LEBT CHOPPER 
The LEBT chopper system consists of four high voltage 

pulse generators each driving a segment of the einzel lens 
to deflect the beam.  The lens is biased at near -50k Vdc 
for focusing and each segment is independently offset by 
another fraction of a 3 kVdc supply for steering.  Figure 4 
is a simplified block diagram showing the connections 
within the LEBT chopper system. Capacitive coupling is 
used to isolate the ground referenced pulse generators 
from the bias and steering voltage.  A 20k Ohm resistor 
and the inductance of the cabling are used to isolate the 
bias and steering power supplies from the pulsed high 
voltage. A relay is used to disconnect the high voltage 
pulse generator from the structure.  

 

 
Figure 4: Block diagram of one channel of the LEBT 
chopper system   

LEBT Structure 
After very high arc rates in early 2007, the lens was 

redesigned with glue-free joints and 32 intersegment 
spark gaps to limit intersegment voltages to about 10 kV 
and to divert the energy away from the intersegment 
insulators [11]. In addition, the operational arc rate was 
reduced with high voltage conditioning and the addition 
of an automatic disconnect when more than 5 arc events 
occur in a 6 minute period. 

LEBT High Voltage Pulse Generators 
The LEBT high voltage pulse generators are a ¾-H 

bridge design where the capacitive load of the LEBT lens 
segment is either switched to the positive 3 kV rail, 
ground, or the negative 3 kV rail.  The design uses eight 
high voltage metal oxide semiconductor field effect 
transistors (MOSFETs) stacked in series to create a single 
high voltage switch with enough voltage hold off to 
permit reliable operation during normal switching 
operation.   

LEBT High Voltage Pulse Generator Failure 
Analysis 

The high voltage pulse generators have experienced 
high failure rates since commissioning in 2006 with over 
180 failures after 30,000 arc events since recording 
started in 2007.  

Normally, a segment of the second lens arcs to ground, 
which is followed by intersegment arcs. Improvements to 
the LEBT structure reduced the number of arc events 
from approximately 8000 to 1000 per ~20 week long 
accelerator run cycle.  The initial high voltage pulse 
generator failure count was 80 failures per run cycle.  
Failures of pulse generators only occurred when 
accompanied by an arc.  Figure 5 is a chart of the LEBT 
high voltage pulse generator failures and arc event counts 
per run cycle.  The rise in 2009 was likely caused by the 
aggressive increase in duty factor and beam current.   
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Figure 5: LEBT high voltage pulse generator MOSFET 
failures and arc events verses run cycle. 

SNS has only six of these custom pulse generators in 
stock and four are used during operations.  The two spares 
were enough to keep SNS running but repeated repairs of 
the MOSFETS and supporting components has 
irreparably damaged the printed circuit boards. The 
replacement time for a failed pulse generator is, at best, 1 
hour when the failure occurs during normal business 
hours and up to 4 hours if it occurs when personnel are 
not already on-site.    

LEBT Chopper Improvements 
Multiple improvements to the high voltage pulse 

generators were tried up to 2011:  the existing MOSFET 
snubber circuits were improved, transorbs on the output 
node and MOVs in the mixer box were added, and the 
series resistance was increased to limit the current. All of 
these resulted in limited improvements as seen in the 
failure rate in Figure 5.  

Changes made during the summer shutdown of 2011 
essentially eliminated failures.  There have been three 
failures since 2011.  None of these were for high voltage 
MOSFET failures:  a diode isolation board had underrated 
parts installed, a timing logic board had a bad 1/4W 
resistor and a control voltage power supply failed after a 
lightning strike near the facility.   

Failure Mode Analysis 
MOSFETs can fail by two principle methods: over 

voltage or over current (thermal overheating).  Our HV 
MOSFETs usually failed as a short.  This implies that 
over voltage or punch through of the wafer was occurring.  
If the device failed from over current, it would fail as an 
open circuit when the wire bonds from the leads of the 
drain or source or the bulk semiconductor fuse open.  
Over voltage can be caused by the amplitude of the 
coupled arc voltage exceeding the individual MOSFET’s 
high voltage hold-off rating. 

An oscilloscope was added to capture and store every 
arc event.  After more than 300 arc events a pulse 
generator failed. The oscilloscope traces in Figure a are 
examples where all high voltage pulse generators 
survived and Figure b where one did not. There is no 
significant difference between an event that caused a 
failure and one that did not. The amplitude, frequency, 
and shape of the arc voltage appearing at the pulse 
generator were similar.   

 

 
Figure 6:  Examples of an arc event which did not result 
in a failure (Figure 6a) and one that did (Figure 6b). 
 

The output voltage traces for all four pulse generators 
are shown overlaid to demonstrate the similar amplitude, 
duration and shape of an arc event. A detailed analysis of 
the energy transfer during an arc event is given in [5] and 
summarized here. Figure  is a simplified schematic for 
analysis of the arc event equivalent circuit.  

 

Figure 7: Simplified Schematic demonstrating an arc in 
the LEBT Structure and voltage reversal on the Coupling 
Capacitor. 

The high voltage pulse generator 3kV power supplies 
do not supply enough voltage to exceed the 8kV rating of 
the stack and are therefore not a source of overvoltage 
failure.  The 50 kV bias supply, however, could.    

The coupling capacitor (Coupling_C) in the Mixer Box 
is charged to the dc bias voltage through the impedance of 
the pulse generator’s high voltage circuit. LEBT structure 
arcing causes the load capacitance (Cload) to short, 
pulling the series resistor (Rseries) to ground. This causes 
the coupling capacitor’s voltage to appear at the output of 
the pulser. The Transorbs and MOVs were sufficient to 
limit the voltage seen by the MOSFETs.  Arc event 
simulations with a spark gap used in place of the LEBT 
structure showed that the voltage across the stack did not 
exceed the rating.   

Gate Drive Latching 
Another discovery was the realization that the fault 

could be in the gate drive circuit.  The gate is turned on 
with a pulse through an isolation transformer and held on 
with a diode (D1) as shown in the schematic in Figure . 
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This circuit is identical for all MOSFETs in each of the 
four legs of the ¾-H bridge.  Another short pulse of 
negative polarity is sent to turn OFF the gate.  The diode 
does not latch OFF the gate so the voltage decays back to 
zero after a few microseconds due the RC time constant 
of the gate capacitance and the series resistance.  

 

Figure 8: Gate drive schematic. 

An arc event can cause a noise pulse in the low level 
drivers which results in a ringing pulse on the gate of each 
MOSFET.  This places the switches in the high voltage 
legs at risk.  One possibility is that a noise pulse turns ON 
all eight MOSFETs creating a shoot through condition 
where both the positive and negative MOSFETs are 
turned ON, resulting in high currents.  This is not 
suspected as the cause of the failures because analysis of 
the failed devices determined the root cause to be due to 
over voltage not over current.   

Another possibility is that the noise spike could latch 
ON only a few of the MOSFETs in a leg and leave OFF 
the others. This would force the remaining MOSFETs in 
the stack to hold off a higher voltage.  During the normal 
operation each 1000 V rated MOSFET sees less than 750 
V when the power supplies are charged to 3 kV.  If two or 
more gates are latched ON the rest will have to hold off 
greater than the MOSFET’s rating and fail.  Transorbs 
were installed across the drain and source of the 
MOSFETs in the original design but the parasitic 
inductance of these devices likely made them ineffective 
snubbers for these fast transient events. 

To simulate an arc event, a spark gap was used in place 
of the LEBT structure and triggered on command for 
multiple measurements.  Measurements of the gate drive 
voltages during a simulated arc event showed many 
oscillations of the gate drive signal. 

The oscillations could turn ON and OFF the device 
until they decayed lower than the gate threshold.  If the 
last oscillation was above threshold for turn ON but lower 
than the turn OFF threshold the device would stay ON.  In 
the summer of 2011 the diode was reversed in only the 
high voltage legs of the ¾-H bridge to latch OFF instead 
of ON.  The decay rate was limited so as to exceed the 
maximum pulse width required for normal operation. 

Rise/Fall Time Improvement 
When the series resistance was increased during 

attempts to reduce failures, the rise and fall times on the 
LEBT structure increased to >100 ns, more than double 

the initial specification.  By implementing the previously 
stated improvements, the series resistance of the circuit 
could be reduced, thereby decreasing the RC time 
constant. [6] The measured rise and fall times were 
reduced to less than 50 ns when measured on a simulated 
LEBT structure load as shown in Figure .   

 

 

Figure 9: LEBT high voltage pulse generator rise/ fall 
time improvement chart. 

The system with the reduced series resistance was 
installed during the summer 2013 maintenance period.  

MEBT CHOPPER 
The MEBT chopper system shown in Figure  consists 

of two high voltage pulse generators of opposite polarities 
driving a transmission line structure into a 50 ohm load. 
The MEBT high voltage pulse generators were intended 
[7-10] to be used for both sharpening the edges of the 
pulse and to reduce the beam in the gap to minimize 
losses during extraction. The LEBT choppers were found 
to be more effective than anticipated so the MEBT 
choppers are primarily used for cleaning the gap. 

 
Figure 10: Block diagram of MEBT chopper system. 

MEBT Structure 
The MEBT rise and fall times were specified to be 10 

ns.  The pulse generators did achieve these from the start 
but the system was not impedance matched.  The 
mechanical design of the structure [8] suffered failures 
due to water leaks, insufficient high voltage clearances 
and thermal performance issues.   

In 2007 the structure was redesigned to eliminate these 
issues. [11] The new structure changed from the meander 
line design to a parallel plate transmission line type 
shown in Figure .  The structure and HV pulse generators 
were impedance matched to reduce reflections of the fast 
HV edges from the pulse generators. 
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Figure 11: New MEBT structure design. 

MEBT High Voltage Pulse Generators 
The MEBT high voltage pulse generators are a two 

MOSFET series-switch design where the output resistive 
(50 ohm) load is either pulled to the high voltage rail or to 
ground.  There is a positive pulse generator and a negative 
pulse generator that operate synchronously to assist the 
LEBT pulse generators in extraction gap formation. 

Each high voltage pulse generator design uses five 
high-speed 1kV rated MOSFETs stacked in series for 
each leg to provide voltage hold off during normal 
operation. Improvements to the MEBT HV pulse 
generators include:  matching the output impedance to 50 
ohms by a custom cut copper bus (shown in Figure 12) 
upgrading the water cooled heat sinks and applying the 
LEBT gate drive latch technique described above.  

 

Figure 12: Matching 50 Ohm output impedance. 
 
The pulse timing was changed so that the pulse 

generators were not ON during the pre-beam and beam 
OFF times to limit power dissipation in the MOSFETs. 

SUMMARY 
Continued development of and modifications made to 

the LEBT and MEBT fast chopper systems have greatly 
improved their reliability and therefore the availability of 
the SNS. The LEBT structure modifications and 
administrative controls to reduce arcing along with 
MOSFET triggering modifications have virtually 
eliminated high voltage pulse generator failures.  This has 

permitted reducing the LEBT series resistance to values 
that meet the original rise and fall time specifications. 

The improvements in the MEBT structure and 
impedance matching improved reliability of the structure.  
Additional development of the high voltage pulse 
generator cooling is still required.  
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• Duffy, L.D.
• Edwards, R.L.
• Ekdahl, C.
• Elson, S.
• Fortgang, C.M.
• Garnett, R.W.
• Gilpatrick, J.D.
• Gioia, J.G.
• Hall, M.J.
• Haynes, W.B.
• Heath, C.E.
• Huang, C.
• Johnson, J.B.
• Kolski, J.S.
• Kurennoy, S.S.
• Kwan, T.J.
• Lewellen, J.W.
• Lizon, D. C.
• Lyles, J.T.M.
• Macek, R.J.
• Malyzhenkov, A.
• Marksteiner, Q.R.
• Martinez, M.P.
• McCrady, R.C.
• McCuistian, B.T.
• Moir, D.C.
• Naranjo, A.C.
• O’Hara, J.F.
• Olivas, E.R.
• Olivas, P.D.
• Pang, X.
• Rees, D.
• Romero, W.P.
• Rouleau, G.
• Roybal, R.J.
• Russell, S.J.
• Rybarcyk, L.
• Sandoval, Jr., G. M.
• Sedillo, J.D.
• Shchegolkov, D.Y.
• Shelley, F.E.
• Simakov, E.I.
• Spickermann, T.
• Sullivan, G.
• Suvorova, N.A.
• Tajima, T.
•Wangler, T.P.
•Watkins, H.A.
• Yampolsky, N.A.

LBNL
Berkeley, California, USA
• Allezy, A.P.

Institutes List 1507



Proceedings of PAC2013, Pasadena, CA USA

• Arbelaez, D.
• Bailey, B.J.
• Baptiste, K.M.
• Benedetti, C.
• Berg, K.
• Biocca, A.
• Black, A.T.
• Bowring, D.L.
• Brouwer, L.N.
• Byrd, J.M.
• Casey, P.W.
• Caspi, S.
• Colomb, D.
• Cork, C.W.
• Corlett, J.N.
• Daniels, C.S.
• Daniels, J.
• De Santis, S.
• Delp, W.W.
• DeMello, A.J.
• Denes, P.
• Deshmukh, A.
• Donahue, R.J.
• Doolittle, L.R.
• Doyle, J.A.
• Emma, P.
• Esarey, E.
• Filippetto, D.
• Floyd, J.G.
• Geddes, C.G.R.
• Gonsalves, A.J.
• Greenway, W.G.
• Gunion, R.F.
• Harkins, J.P.
• Harris, G.L.
• Hertlein, M.P.
• Hoff, M.D.
• Huang, G.
• Huang, R.
• Ji, Q.
• Jung, J.-Y.
• Kirz, J.
• Kramasz, T.D.
• Kwiatkowski, S.
• Lambert, A.R.
• Leemans, W.
• Lellinger, R.E.
• Li, D.
• Li, N.
• Lidia, S.M.
• Lou, T.P.
• Ludewigt, B.A.
• Luo, T.H.
• Madur, A.
• Magana, A.
• Mao, H.S.
• Marcus, G.
• Marcus, M.
• Marks, S.
• Matlis, N.H.
• Mitchell, C.E.

• Mittelberger, D.E.
• Monroy, M.T.
• Moroz, V.
• Murphy, K.
• Nakamura, K.
• Nishimura, H.
• Norum, W.E.
• Padmore, H.A.
• Pan, P.
• Papadopoulos, C. F.
• Pappas, G.C.
• Paret, S.
• Paret, Z.
• Penn, G.
• Petermann, K.V.
• Placidi, M.
• Portmann, G.J.
• Prestemon, S.
• Prosnitz, D.
• Qian, H.J.
• Qiang, J.
• Ratti, A.
• Rawlins, A.W.
• Reinsch, M.W.
• Riley, J.R.
• Robin, D.
• Rossi, S.L.
• Ryne, R.D.
• Sannibale, F.
• Scarvie, T.
• Schenkel, T.
• Schlueter, D.
• Schoenlein, R.W.
• Schroeder, C.B.
• Serrano, C.
• Shaw, B.
• Shiraishi, S.
• Sokollik, T.
• Staples, J.W.
• Steier, C.
• Steinke, S.
• Sun, C.
• Syversrud, D. L.
• Tarawneh, H.
• Tóth, C.
• van Tilborg, J.
• Vay, J.-L.
• Venturini, M.
• Vinco, M.
• Virostek, S.P.
•Waldron, W.L.
•Wan, W.
•Warwick, T.
•Weis, C.D.
•Wells, R.P.
•Wilcox, R.B.
•Williams, E.C.
•Wong, J.J.
• Ybarrolaza, N.
• Zimmermann, S.
• Zisman, M.S.

1508 Institutes List



Proceedings of PAC2013, Pasadena, CA USA

• Zolotorev, M.S.

LETI
Saint-Petersburg, Russia
• Baturin, S.

LLNL
Livermore, California, USA
• Albert, F.
• Anderson, G.G.
• Anderson, S.G.
• Barty, C.P.J.
• Betts, S.M.
• Dayton, E.T.
• Fisher, S.E.
• Fitsos, P.
• Gibson, D.J.
• Grote, D.P.
• Hall, M.
• Hartemann, F.V.
• Marsh, R.A.
• Pak, A.E.
• Peaslee, P.
• Pollock, B.B.
• Poole, B.R.
• Ralph, J.E.
• Rusnak, B.
• Souza, R.
• Tremaine, A.M.
•Wu, S.S.Q.

LLU/MC
Loma Linda, California, USA
• Bashkirov, V.A.
• Schulte, R.W.

Lund University
Lund, Sweden
• Seviour, R.

M.D.A.C.C.
Houston, Texas, USA
• Transtrum, M.K.

MAX-lab
Lund, Sweden
• Eriksson, M.
• Leemann, S.C.
• Olsson, T.

MEPhI
Moscow, Russia
• Bondarenko, T.V.
• Polozov, S.M.
• Smirnov, A.Yu.

MGH-FHBPTC
Boston, Massachusetts, USA
• Flanz, J.

Michigan State University
East Lansing, USA
• Rice, S.A.
• Verboncoeur, J.P.

MIT/PSFC
Cambridge, Massachusetts, USA
• Arsenyev, S.
• Cook, A.M.
• Duan, Z.
• Hummelt, J.S.
• Munroe, B.J.
• Shapiro, M.A.
• Temkin, R.J.
• Zhang, J.X.

MIT
Cambridge, Massachusetts, USA
• Lewis, S.M.

MPI-P
München, Germany
• Reimann, O.

MPI
Muenchen, Germany
• Muggli, P.

MSU
East Lansing, Michigan, USA
• Berz, M.
• Loseth, B.T.
• Makino, K.

Muons, Inc
Illinois, USA
• Ankenbrandt, C.M.
• Dudas, A.
• Dudnikov, V.G.
• Flanagan, G.
• Johnson, R.P.
• Kahn, S.A.
• Kazakevich, G.M.
• Marhauser, F.
• Neubauer, M.L.
• Nipper, J.H.
• Roberts, T.J.
• Vorobiev, L.G.
• Yoshikawa, C.Y.

MuPlus, Inc.
Newport News, USA
• Marhauser, F.

Institutes List 1509



Proceedings of PAC2013, Pasadena, CA USA

Nano Synergy, Inc.
Downers Grove, USA
• Insepov, Z.
• Nurkenov, S.

National Institute of Radiological Sciences
Chiba, Japan
• Fujita, T.F.

NCU
Chung Li, Taiwan
• Chen, S.-H.

NHMFL
Tallahassee, Florida, USA
• Park, J.
• Stillwell, R.L.

NIFS
Gifu, Japan
• Obana, T.

Niowave, Inc.
Lansing, Michigan, USA
• Boulware, C.H.
• Grimm, T.L.
• Jecks, R.
• Yancey, J.A.

NIRS
Chiba-shi, Japan
• Furukawa, T.
• Hara, Y.
• Iwata, Y.
• Mizushima, K.
• Murakami, T.M.
• Nakao, M.
• Noda, A.
• Noda, K.
• Sato, S.
• Shirai, T.
• Shoda, K.
• Suzuki, S.S.

Northern Illinois University
DeKalb, Illinois, USA
• Abeyratne, S.
• Al Marzouk, A.A.
• Blomberg, B.R.
• Boyden, D.
• Erdelyi, B.
• Gee, A.J.
• Grabenhofer, A.F.
• Mihalcea, D.
• Panuganti, H.
• Piot, P.

• Prokop, C.R.
• Robak, S.
• Schaumburg, H.D.
• Shin, Y.-M.
• Xu, T.

NPS
Monterey, California, USA
• Bennett, C.W.
• Galt, M.D.
• Holmes, A.D.
• Kara, A.
• Swent, R.

NSCL
East Lansing, Michigan, USA
• Alt, D.M.
• Baumann, T.
• Benatti, C.
• Brandon, J.F.
• Chouhan, S.
• Constan-Wahl, D.
• Cooper, K.
• DeKamp, J.
• Durickovic, B.
• Elliott, K.
• Johnson, M.J.
• Kittimanapun, K.
• Krause, S.W.
• Lapierre, A.
• Lawton, D.
• Leitner, D.
• Lin, L.Y.
• Magsig, C.
• Montes, F.
• Morrissey, D.J.
• Nash, S.
• Ottarson, J.
• Perdikakis, G.
• Portillo, M.
• Rencsok, R.
• Rodriguez, J.A.
• Schwarz, S.
• Steiner, M.
• Sumithrarachchi, C.
• Syphers, M.J.
•Williams, S.J.
•Williams, S.
•Wittmer, W.
•Wu, X.
• Zhao, Q.

ODU
Norfolk, Virginia, USA
• Castilla, A.
• De Silva, S.U.
• Deitrick, K.E.
• Delayen, J.R.
• Gamage, B.R.P.

1510 Institutes List



Proceedings of PAC2013, Pasadena, CA USA

• Hopper, C.S.
• Olave, R.G.
• Park, H.
• Satogata, T.

OHEP/DOE
Germantown, MD, USA
• Colby, E.R.

Old Dominion University
Norfolk, Virginia, USA
• Hyde, C.

Omega-P, Inc.
New Haven, USA
• Hirshfield, J.L.

ORNL RAD
Oak Ridge, Tennessee, USA
• DeGraff, B.
• Neustadt, T.S.
• Proulx, J.A.
• Saethre, R.B.
• Saunders, J.
• Shin, K.R.
• Vandygriff, D.M.

ORNL
Oak Ridge, Tennessee, USA
• Aleksandrov, A.V.
• Anderson, D.E.
• Champion, M.S.
• Coleman, A.
• Cousineau, S.M.
• Danilov, V.V.
• Deibele, C.
• Galambos, J.
• Gorlov, T.V.
• Holmes, J.A.
• Howell, M.P.
• Kang, Y.W.
• Kim, S.-H.
• Liu, Y.
• Pennisi, T.R.
• Peplov, V.V.
• Piller, C.
• Santana, M.
• Shishlo, A.P.
• Stockli, M.P.
• Strong, W.H.
•Welton, R.F.
• Zhukov, A.P.

PAL
Pohang, Kyungbuk, Republic of Korea
• Kang, H.-S.

Particle Beam Lasers, Inc.
Northridge, California, USA
• Souchlas, N.

PHOTONIS USA PENNSYLVANIA, INC.
Lancaster, USA
• DeFazio, J.

Politecnico di Torino
Torino, Italy
• Collura, M.G.

PPPL
Princeton, New Jersey, USA
• Davidson, R.C.
• Gilson, E.P.
• Grisham, L.
• Stepanov, A.D.

Private Address
Westmont, USA
• Borland, M.

PSI
Villigen PSI, Switzerland
• Hunziker, S.
• Schlott, V.

Purdue University
West Lafayette, Indiana, USA
• Boon, L.E.
• Qi, M.

Pusan National University
Pusan, Republic of Korea
• Lee, H.-J.

PU
Princeton, New Jersey, USA
• McDonald, K.T.

R&M Technical Enterprises
Pleasanton, California, USA
• Hamm, R.W.

RadiaBeam
Santa Monica, USA
• Agustsson, R.B.
• Andonian, G.
• Badakov, H.
• Boucher, S.
• Campese, T.J.
• Chen, Y.C.
• Faillace, L.

Institutes List 1511



Proceedings of PAC2013, Pasadena, CA USA

• Frigola, P.
• Grandsaert, T.J.
• Harrison, M.A.
• Hartzell, J.J.
• Jacobson, B.T.
• Murokh, A.Y.
• O’Shea, F.H.
• Ruelas, M.
• Seung, S.
• Smirnov, A.V.
• Spranza, E.
• Storms, S.
• Verma, A.
•Woods, K.E.
•Wu, S.

RAS/INR
Moscow, Russia
• Klenov, V.S.
• Zubets, V.

RISE
Tokyo, Japan
• Sakaue, K.
•Washio, M.

Ruhr-Universität Bochum
Bochum, Germany
• Eliasson, B.

SBUNSL
Stony Brook, New York, USA
• Lefferts, R.S.

SBU
Stony Brook, USA
• Chen, H.C.
• Gaowei, M.
• Khalil, N.Z.
• Liang, X.
• Maharjan, C.
• Muller, E.M.
• Yu, K.

Scandinova Systems AB
Uppsala, Sweden
• Eaton, D.W.

Siemens AG, Healthcare Technology and Concepts
Erlangen, Germany
• Beasley, P.

Siemens LLC
Moscow, Russia
• Sharkov, G.B.

Siemens Research Center
Moscow„ Russia
• Ivanov, E.V.
• Krasnov, A.A.
• Nikolskiy, K.I.
• Polikhov, S.A.
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